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ABSTRACT

A Zn’[Fe,O, composite catalyst was synthesized by co-precipitation and tested as a Fenton-like system
for crystal violet decolorization. The prepared Zn°/Fe,O, catalyst was characterized by scanning elec-
tron microscopy, X-ray diffraction and vibrating sample magnetometry. The results indicated that Zn°
was successfully distributed on Fe,O, and that the composite showed a large specific surface area and
high magnetic separation ability, the results also showed that the Zn°/Fe,O, crystallites size was about
32-45nm. The Zn"/Fe O, catalyst also showed high activity at neutral pH value. The effects of Zn’/Fe,O,
dosage, hydrogen peroxide (H,O,) concentration and reaction time were optimized for the catalytic
oxidation of crystal violet. The reaction of crystal violet in these Fenton-like systems followed a pseu-
do-first order reaction, with rate constants (k) of 0.26, 0.19 and 0.02 min™ for the Zn’/Fe,O,-H,0,,
Zn°/H,0, and Fe,0,/H,O, systems, respectively. At neutral pH, the optimal conditions were identified
as 0.7 g/L of Zn“/Fe30 A and 0.41 mmol/L of H,0,. Under these conditions, 94% of crystal violet could be
removed within 7 min. The lack of residual sludge is an advantage of this method. A decrease in the
decolorization efficiency is observed when other synthetic dyes or common natural organic matters
are present. Crystal violet was completely decolorized and mostly degraded by Zn’/Fe,O,-H,0, as
measured with UV-Vis, HPLC and TOC. The Zn/Fe,O,-H,O, system was shown to be a promising

and highly efficient catalyst for the decolorization of crystal violet in water.
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1. Introduction

hydroxyl radicals (HO-) are produced from H,O,, and these

27

In recent years, several advanced oxidation processes
have been proposed for the treatment of organic pollutants
in water. The Fenton reagent, comprising Fe*" as a catalyst
and hydrogen peroxide (H,O,) as an oxidant, is particularly
promising for this application [1]. In an acidic medium,

* Corresponding author.

radicals rapidly oxidize organic contaminants [2]. However,
the Fenton process produces a large volume of sludge, requir-
ing further treatment and disposal [3]. Moreover, acidic
conditions are harmful to aquatic organisms [4,5]. To over-
come these disadvantages, supported iron catalysts, such
as zero valent iron (Fe°) [6,7], iron oxides (a-Fe,O,, y-Fe,O,,
a-FeOOH, y-FeOOH) [8,9], Fe,O, [10,11] and Fe’/Fe O, [12],
have been developed and tested.
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Despite their simplicity, the application of iron-based
Fenton-like systems has been restricted by acidity and iron pre-
cipitation. To solve these problems, ongoing efforts have been
devoted to exploring alternative non-iron Fenton catalysts.
Recently, zinc-based catalysts, such as dysprosium-doped ZnO
[13] and Gd-doped ZnO [14] in photocatalytic technology and
Zn0O-TiO, [15], ZnO [16] and Sm-doped zinc oxide [17] in sono-
catalytic technology, have often been proposed for the removal
of organic pollutants. Some other studies have reported that
supported zinc metal catalysts showed high catalytic activity
in Fenton-like systems in a wide range of pH [18,19].

Another issue is the separation and recycling of catalysts
after the completion of the reaction due to its complexity,
cost and production of sludge [20,21]. Some alternative strat-
egies have been explored to solve this problem as well. It was
reported that a magnetic material is one of the best options
for the separation of the catalyst [22,23]. Additionally, Wang
et al. [24] also reported that magnetic iron oxides demon-
strated superior catalytic activity as well as high magnetic
separation ability.

As a representative triphenylmethane dye, crystal violet
is widely used in the dyeing industry and coloring oil, which
has caused the presence of this substance in water environ-
ment [25-28]. Also, crystal violet is highly mutagenic and car-
cinogenic and is a mitotic poison for mammalian cells [29-31].
In this study, crystal violet was chosen as a model pollutant.

The aim of this work was to prepare a new catalyst,
namely, zero valent zinc/magnetic iron oxide (Zn°/Fe,O,).
The combination of zinc metal materials and iron oxides may
provide the advantages of both high catalytic activity and
good separation from water. In this study, we investigated
the oxidation of crystal violet using Zn’/Fe,O, and H,O,. The
effects of important parameters, such as Zn’Fe,O, dosage,
H202 concentration, pH range and reaction time, were inves-
tigated. Additionally, the interference of other synthetic dyes
and common natural organic matter was also investigated.
The objective of this study was to develop a new and effec-
tive Fenton-like method for the treatment of wastewaters and
establish the optimum conditions for this method.

2. Materials and methods
2.1. Materials

All chemicals used in this study were of analytical grade
and were used without further purification. Crystal vio-
let, methylene blue, methyl orange, fuchsin acid, L-malic
acid, L-histidine and humic acid were obtained from
Sinopharm Chemical Reagent Co., Ltd., China. Ferric chlo-
ride hexahydrate (FeCl,-6H,0O), ferrous sulfate heptahydrate
(FeSO,7H,0), zinc sulfate heptahydrate (ZnSO,7H,0),
sodium borohydride (NaBH,) and sodium hydroxide
(NaOH) were purchased from Xilong Chemical Co., Ltd.
H,O, (30%, v/v) and ammonia solution (NH,-H,O, 28%, v/v)
were obtained from Beijing Chemical Works. Nitrogen (N,)
gas was supplied by Beijing Aolin Gas Company.

2.2. Preparation of the catalyst

Magnetite particles were synthesized by
co-precipitation [32]. FeCl,-6H,O (8.9 mmol) and FeSO,-7H,0

(4.8 mmol) were dissolved in 20 mL deionized water under
nitrogen for 10 min, and the resulting solution was added drop-
wise to 180 mL deionized water with NH,-H,O (0.04 mol) with
a dropping rate of 3 mL/min, then stirring for 30 min under
vigorous mechanical stirring. The following reactions occurred:

Fe* +30H ——Fe(OH),

@
Fe(OH), - FeO(OH)+H,0 @
Fe* +20H" — Fe(OH),

®)
2FeO(OH) + Fe(OH), — Fe;0, +H,0 @

The freshly formed Fe,O, was subsequently washed
three times with ultrapure water to remove the residual iron
ions and separated by a magnet. Fe,O, was placed into a
three-necked bottle with 100 mL deionized water, and then,
0.0269 mol ZnSO,-7H,O was added. Then, 200 mL 0.269 mol/L
NaBH, aqueous solution was administered dropwise under
mechanical stirring for 30 min. Thus, the Zn"Fe,O, composite
was formed as described by Eq. (5).

Zn*+Fe,O, +2BH,” + 6H,0 - Zn -Fe,O,
+2B(OH), +7H, T ©)

2.3. Characterization of the catalyst

The surface morphology of the catalyst was investigated
using an 5-4700 scanning electron microscope (SEM) (Hitachi
Ltd., Japan). X-ray diffraction (XRD) patterns of the catalyst
were scanned over a 20 range from 10° to 80° using a Bruker
D8 Advance X-ray diffractometer (Bruker Corporation,
Germany). Magnetic measurements were performed using a
vibrating sample magnetometer (Quantum Design Inc., USA).

2.4. Experimental procedure

The catalytic activity of the Zn/Fe,O, composite was
tested for decolorizing crystal violet. The analysis of crystal
violet was performed using a UV-Vis absorption spectro-
photometer (Purkinje General Corporation, TU-1900, China),
and the absorption wavelength was set at 590 nm. The con-
centration of hydrogen peroxide (H,O,) was measured by
iodometry. The initial concentration of crystal violet was
15 mg/L. The effect of the catalyst dosage was investigated
in the range from 0 to 1.0 g/L. The effect of the H,O, concen-
tration was investigated in the range from 0 to 0.68 mmol/L.
The effect of the reaction time was studied from 0 to 10 min.
For the experiments in the presence of co-existing dyes, the
total dye concentration was 15 mg/L. For the co-existing
natural organic matter experiments, the total concentration
was also set to 15 mg/L. For HPLC measurement, the condi-
tions of HPLC were as follows: leachate: 9.0 mmol/L Na,CO,,
flow rate: 1.0 mL/min, injection volume: 20 mL, wavelength:
584 nm, flow phase: V(CH,OH):V(H,0) = 7:3.
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3. Results and discussion
3.1. Characterization of the Zn°/Fe O, catalyst

Scanning electron microscopy micrographs of Fe,O, and
Zn"/Fe,O, are presented in Figs. 1(a) and (b), respectively, and
it can be seen that the Fe,O, particle showed dispersed irreg-
ularity structure, single particle showed columnar structure,
whereas when zinc was loaded onto the Fe,O, particle, the
catalyst had a lamellar shape. This proves the incorporation
of Zn? over the surface of the Fe,O, magnetite structure and
verifies that the specific surface area was large, increasing the
probability of contact with the dye molecules.

Fig. 1(c) shows the XRD patterns of the Fe,O,and Zn°/Fe,O,
catalysts. The peaks at 25.68°, 35.17° and 60.71° were indexed
as diffractions of (100) of Fe,O, and those at 35.36° as diffrac-
tions of (101) of zero-valent zinc. These results indicated that
zero-valent zinc was successfully loaded onto Fe,O,. It also
seems that the change of peaks intensity in XRD pattern of
Zn°/Fe,O, was related to the location of Zn°. According to the
following Scherrer equation (Eq. (6)) [33,34], the average size
(D) of crystallites of the samples was estimated in the range
of 3245 nm.

D =kA/PcosO 6)

In this equation, {3 is the peak half-width, k is the constant
(k=10.89), A is the wavelength (A = 0.154056) and O is the inci-
dent angle of the X-rays.

A prominent advantage of the prepared Zn"/Fe,O, catalyst
is that it could be easily separated from water by an external
magnet. The magnetic hysteresis loop is illustrated in Fig. 2.
The saturation magnetization of Zn’%Fe,O, is 16.65 emu/g
and shows evidence of super-paramagnetism. Fig. 2 (inset)

(a) Fe,0, (b) Zn/Fe,0,
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Fig. 1. Characterization of Zn’/Fe,O, as a catalyst. (a) SEM image
of the Fe,O,; (b) SEM image of the Zn’/Fe,O, composite; (c) XRD
profile of the Zn°/Fe,O, composite with comparison with Fe,O,,
(c) Fe,0O,; (c,) Zn’/Fe,O,.
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verifies that the catalyst could be easily separated by using an
external magnet, which is highly advantageous for the fur-
ther application of this catalyst.

3.2. Catalytic activity of the Zn°/Fe,O, catalyst

Experiments were conducted to demonstrate the cata-
lytic activity for the decolorization of crystal violet. We first
examined the efficiency of (i) zero-valent zing, (ii) Fe,O, and
(iii) Zn°/Fe,O, without H,0,. Fe,O, shows little effect in the
removal of crystal violet, while zero-valent zinc produced
good reduction (Fig. 3(a)). The results indicated that adsorp-
tion was very low but that reduction played an important
role. However, compared with zero-valent zinc, the reduc-
ibility of the Zn°/Fe,O, composite diminished, indicating that
Fe,O, restrains the reducibility of zero-valent zinc.

H,0O, alone showed very poor performance (<5%) in
crystal violet removal (Fig. 3(b)). A combination of Zn’/H,0,
showed a much better result, and the removal efficiency
was higher than the sum of the efficiencies of zero-valent
zinc and of H,O, used separately. The results indicated that
zero-valent zinc acts as a catalyst in this system, with Zn° as
areductant and H,0, as an oxidant. The Zn’/Fe O, composite
had the highest catalytic activity, and the catalytic activity of
zero-valent zinc was clearly promoted by Fe,O,. This finding
is also very interesting because the reducibility of zero-valent
zinc was decreased by Fe O, (Fig. 3(a)).

As shown in Fig. 3(c), Fe,O, showed some catalytic activ-
ity in Fenton-like systems, indicating that it may contribute
to crystal violet removal, in addition to providing easy sepa-
ration after the reaction. Fig. 3(d) was the plot of In(C/C,) with
reaction time in Zn°/Fe,O,-H,0,, Zn"/H,O, and Fe,O,/H,0,
systems (d,: linear segment of the curves used for calculation
of k values). The reaction of crystal violet in these Fenton-like
systems could be expressed by the Langmuir Hinshelwood
kinetics curve [35,36], as shown in Fig. 3(d,) and (d,), the
Zn°/Fe,0,-H,0,, Zn’/H,0, and Fe,O,/H,0, systems followed
a pseudo-first order reaction, respectively, with rate con-
stants (k) of 0.26 (R*>= 0.9948), 0.19 (R*= 0.9958) and 0.02
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Fig. 2. Magnetization hysteresis loop of the Zn’/Fe, O, composite
(the photograph in the inset shows magnetic separation with an
external magnet).
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(R*= 0.9667) min™. The catalytic activity of the Zn/Fe,O,
composite was higher than the sum of the activities of Fe,O,
and zero-valent zinc used separately, clearly showing a syn-
ergetic effect. This agreed with Costa et al.’s [12] finding in
degradation of methylene blue in a Fe’/Fe,O,-H,O, system.
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As a result, after 10 min, more than 95% of crystal violet
was catalytically oxidized by Zn"Fe,O,-H,O,. Furthermore,
no remaining H,0, was detected after the reaction, indicat-
ing the high catalytic ability of Zn°Fe,O, for the reduction
of HO,. The lack of residual sludge production is another
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Fig. 3. Removal efficiency of crystal violet in different systems (15 mg/L crystal violet concentration, 1.0 g/L catalyst dosage,

0.68 mmol/L H,O,, t =10 min, pH =5.0).
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important advantage of this system, thus saving the trouble
and costs of sludge treatment.

The reusability of the catalyst was also tested. As shown
in Fig. 4, after the second time use of the catalyst, the removal
efficiency of crystal violet was 7.56% lower than that of the
first time, and the zinc concentration in water was 3.32 mg/L;
after the third time use of the catalyst, the removal efficiency
of crystal violet was 14.94% lower than that of the first time,
and the zinc concentration in water was 2.75 mg/L. This
shows that the catalysts still maintained high activity after
three times of use. It also showed that the zinc concentration
was lower than 5 mg/L in water after reaction, meeting the
national discharge standard of China.

The enhanced catalytic activity for Zn"Fe,O, is schemat-
ically presented in Fig. 5. Magnetite is a high conductivity
semiconductor, the conduction band of was 0.10 eV with
almost metallic character, which is also helpful for electron
transport [12,37-39]. Based on the observed data in our
Fenton-like system, Zn’and Fe,O, can form a very efficient
interface, which can promote the electron transport between
Zn°and Fe,0O,. As a result, Zn’ in the composites was highly
reactive toward H,O,.

I F.cmoval efficiency of crystal violet (%)
V/777] Zinc concentration (mg/L)

Zinc concentration (mg/L)

Removal efficiency of crystal violet (%o)

1 2 3
Usage time of the catalyst
Fig. 4. Reusability of Zn/Fe,O, in removal of crystal violet

(15 mg/L crystal violet concentration, 1.0 g/L catalyst dosage,
0.68 mmol/L H,0,, t =10 min, pH = 5.0).
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Fig. 5. Schematic diagrams for the electron-transfer process in
Zn"Fe,O,.

3.3. Effect of pH range

In addition to enhancing the catalytic activity, the devel-
opment of this new Fenton-like catalyst system seeks to
extend the applicable pH range. The traditional Fenton’s
reagent only works well for strongly acidic conditions, which
severely limits its application. It has been proven that the pH
is one of the decisive factors that influence the performance of
Fenton-like systems [40,41]. Many studies reported that dye
decolorization in Fenton or Fenton-like systems were most
efficient at pH 2.0-4.0 [4,42]. Hence, the effect of the initial
pH on the decolorization of crystal violet by Zn’Fe,O,-H,0,
was investigated. However, as shown in Fig. 6(a), a much
lower catalyst activity was found for pH 3.0 than at higher
pH; at low pH, the excess H" reacts with H,O, to produce
H,O,", which is stable and less active in forming the -OH radi-
cals [1]. Additionally, -OH can also be consumed by excess H*
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Fig. 6. (a) Effect of initial pH on the decolorization of crystal
violet; (b) determination of pH,,. for the catalyst (15 mg/L crys-
tal violet concentration, 1.0 g/L catalyst dosage, 0.68 mmol/L
H,O,, t =10 min).
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[43]. As shown in Fig. 6(b), pH,,,. (pH of point of zero charge)
for the Zn’/Fe O, catalysts was estimated about 7.0. At lower
or higher pHs than pH ., catalysts are positively charged or
negatively charged, respectively [46-47]. At pH higher than
pH,,., the catalyst surface is negatively charged, oxidation
of cationic electron donors and acceptors are advantageous.
At pH lower than pH, ., the catalyst surface is positively
charged, the acidic solution provides more protons than the
hydroxide solution. Fig. 6 shows that the catalytic activity of
Zn’/Fe O, remained high in a wide range of pH. At the initial
pH value of 7.0, a complete degradation of crystal violet was
observed within 10 min. The catalytic activity of Zn"/Fe O, in
the neutral pH range was higher than that of many reported
Fenton-like catalysts [4,11,44,45]. Adaptable to a wide pH
range, Zn’/Fe,O,-H,0, was superior to other Fenton-like sys-
tems. Compared with current Fenton techniques, the new
Zn’/Fe,0,-H,0, system showed the advantages of a wider
pH range (4 < pH <9), easier separation from water and less
sludge production.

3.4. Effects of operational parameters

The catalyst dosage is one of the chief parameters in cata-
lytic oxidation. In this section, the effects of Zn°/Fe,O, dosage
are studied, and the results are illustrated in Fig. 7(a). When
the Zn°/Fe,O, dosage rose from 0.1 to 0.7 g/L, the decolor-
ization efficiency of crystal violet was gradually amplified.
This also could be explained by the fact that increase in the
catalyst dosage provided an increased number of active sites
for producing electron-hole pairs [48,49] and higher concen-
tration of -OH arising from H,0, decomposition [50]. Once
the Zn°/Fe,O, dosage reached 0.8 g/L, the decolorization rate
remained stable. This can be explained by the consumption
of -OH radicals by Zn* as expressed by Eq. (7), in an analogy
to the Fe’/H,O, system [3, 11]. Therefore, 0.7 g/L was the opti-
mal Zn’/Fe,O, dosage.

Zn’ +-OH —» Zn* + OH~ ?)

The concentration of H,O, is another key parameter
in Fenton-like reactions. In this section, the effect of H,O,
concentration was investigated. The results are shown in
Fig. 7(b). When the H,O, concentrations ranged from 0 to
0.07 mmol/L, the crystal violet decolorization efficiency
remained less than 50% due to insufficient -OH [51]. When
the H,O, concentration rose to 0.41 mmol/L, the crystal vio-
let decolorization efficiency was significantly enhanced. The
decolorization efficiency was increased from 65.5% to 88.6%
as the H,O, concentration rose from 0.14 to 0.41 mmol/L.
However, with a further increase of the H,O, concentration
from 0.54 to 0.68 mmol/L, the efficiency diminished slightly;
at higher H,0, concentrations, -OH radicals are consumed to
produce perhydroxyl radicals (as shown in Eq. (8)) [52,53].
According to above analyses, H,O, enhanced the degra-
dation of pollutants due to more efficient generation of
hydroxyl radical and inhibition of electron/hole pair recom-
bination [54,55]. Hence, the optimal H,0O, concentration was
chosen as 0.41 mmol/L.

-OH + I“IZO2 — HOZ -/Ozf+ HZO (8)

100 -
a3

5 i

T o

E

=z .

7 6+ /

£

s

g w0t

E

g

T WL

3

=l

£

-4
l' T T T T T
0.0 0.2 04 0.6 08 1.0

g L

100 ~

aE—0n
~ /— =
g i 3
T st ./
E ./_
1Y
3 -
E 60 |
~
. "
g wl
&
=2
E
“
B wf
g
g
-7
0 v T T T T T T T T T T T v T
0.0 0.1 0.2 0.3 04 0.s 0.6 0.7
mmel Lt
(b)
100 ~
;,,f!—é——_I—Q
= §—a—1 4
€ i
:g 80 - I—"i/‘
"
=
% 6 -
:
Wl
g
T NG
2
g
<1
0 T T T T T
1] 2 4 6 8 10
min

(c)

Fig. 7. Effects of operational parameters on the decolorization of
crystal violet. (a) Zn/Fe,O, dosage; (b) H,O, concentration; (c)
reaction time (15 mg/L crystal violet concentration, pH = 5.0).
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The effect of the reaction time on the rate of crystal
violet decolorization was also investigated. As shown in
Fig. 7(c), the decolorization efficiency of crystal violet rapidly
reached 70% in 1 min. This rapid decolorization rate could be
explained by the fast reaction between Zn" and H,0O, to pro-
duce a sufficient amount of -OH [56]. The efficiency reached
92.63% in 7 min. Subsequently, no significant decolorization
occurred. Therefore, the optimal reaction time was 7 min,
which is much shorter than the rates obtained for other
Fenton-like systems [57].

3.5. Interference from co-existing pollutants

During the above experiments, the effect of the key influ-
encing parameters on the decolorization of crystal violet was
studied. The results showed that under optimal conditions,
Zn°Fe,O, had high catalytic activity. However, in real dye-
ing wastewater, there are various kinds of dyes present, as
well as natural organic matter, and these other compounds
may significantly hinder the removal of the target pollut-
ant. Therefore, we tested the catalytic activity of Zn%Fe O,
in water containing other typical dyes and natural organic
matter.

3.5.1. Interference with other dyes

After adding other dyes into the wastewater, the cata-
lytic oxidation of crystal violet in the Zn/Fe,O,-H,O, system
was carried out to investigate the possible effects of co-ex-
isting dyes. As shown in Figs. 8(a)—(e), crystal violet con-
centration was 15 mg/L, respectively, while for the results
presented in Figs. 8(b)-(e), the total concentration of other
dyes was 15 mg/L. Namely, the concentration of methylene
blue (Fig. 8(b)) was 15 mg/L; the concentration of fuchsin
acid (Fig. 8(c)) was 15 mg/L; the concentration of methyl
orange (Fig. 8(d)) was 15 mg/L and the concentration of
methylene blue, fuchsin acid and methyl orange (Fig. 8(e))
was 5 mg/L for each dye. Examination of Fig. 6 shows that
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Fig. 8. Effect of co-existing dyes on the removal efficiency of crys-
tal violet. (a) Crystal violet; (b) crystal violet + methylene blue;
(c) crystal violet + fuchsin acid; (d) crystal violet + methyl orange;
(e) crystal violet + methylene blue + fuchsin acid + methyl orange
(0.7 g/L catalyst dosage, 0.41 mmol/L H,O,, t =7 min, pH =7.0).
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in the presence of interference by other dyes, the crystal vio-
let decolorization efficiency declined but remained high. The
results showed that this new Fenton-like system was still
effective for the decolorization of crystal violet in wastewater
containing other pollutants.

3.5.2. Interference of natural organic matter

The presence of natural organic matter greatly affects
the catalytic oxidation ability of Fenton-like systems in dye
wastewater [58,59]. For the results presented in Figs. 9(a)—(e),
the crystal violet concentration was 15 mg/L, respectively,
whereas for the results presented in Figs. 9(b)-(e), the total
concentration of natural organic matter was 15 mg/L. Namely,
the concentration of L-malic acid (Fig. 9(b)) was 15 mg/L;
the concentration of L-histidine (Fig. 9(c)) was 15 mg/L; the
concentration of humic acid (Fig. 9(d)) was 15 mg/L and the
concentration of L-malic acid, L-histidine and humic acid
(Fig. 9(e)) was 5 mg/L for each. During the test, L-malic acid,
L-histidine and humic acid, three typical kinds of natural
organic matter, were selected to examine their impact on
this new Fenton-like system. Examination of the obtained
results showed that the efficiency of the decolorization effi-
ciency of crystal violet declined from 92.7% to 73.24%, 71.03%
and 87.48% in the presence of L-malic acid, L-histidine and
humic acid, respectively (Fig. 9). Due to the interference by
all three natural organic matter types, the crystal violet decol-
orization efficiency decreased slightly. Overall, the catalyst
still retained a high catalytic ability for H,O, in the presence
of natural organic matter, which is very important because
these compounds exist widely in natural water systems as
well as in wastewaters.

3.6. Fate of crystal violet

The absorption spectrum of the crystal violet during
the Fenton-like process is shown in Fig. 10. Fig. 10(a) shows
the UV-Vis spectra of crystal violet decolorization within the

) ©) (d) (®)

Fig. 9. Effect of co-existing natural organic matter on removal
efficiency of crystal violet: (a) crystal violet; (b) crystal violet +
L-malic acid; (c) crystal violet + L-histidine; (d) crystal violet
+ humic acid; (e) crystal violet + L-malic acid + L-histidine +
humic acid (0.7 g/L catalyst dosage, 0.41 mmol/L H,O,, t =7 min,
pH=7.0).
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time interval from 0 to 7 min in the Fenton-like system with
Zn’/Fe,O, as a catalyst. The absorption spectrum of crystal
violet includes one main band in the visible region with the
maximum absorption at 590 nm, and another band in the UV
region is located at 300 nm. The peak at 300 nm is associated
with aromatic structures in the molecules, and that at 590 nm
originates from an extended chromophore. Usually, the pri-
mary attack on a dye molecule by hydroxyl radicals begins
with the chromophore with the formation of a colorless inter-
mediate [60,61]. The cleavage of the chromophore structure
will lead to the decay of absorbance [60]. In addition to this

35
3.0 4
254

2.0 H

Absorbance (a.u.)

500 600
Wavelength (nm)
(a) UV-visible spectrum
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Fig. 10. Absorption spectrum of crystal violet in Fenton-like
systems. (a) UV-Vis spectrum and (b) HPLC spectrum.

Table 1
Removal efficiency of TOC during the catalytic degradation
process

Time (min) TOC,, , (mg/L) Removal efficiency (%)
0 12.94 0.0
7 11.84 8.5

60 4.27 67

rapid decolorization effect, the decay of the visible band at
300 nm is considered to be evidence of aromatic fragment
degradation by oxidation in the dye molecule. The decrease of
the absorption maximum peak at 590 nm may result from the
formation of a series of N-demethylated intermediates [62].
Noticeably, with the increase of the discoloration time, the
intensity of crystal violet absorbance continuously decreased,
and intermediates of N-demethylation formed within the
absorption wavelength range from 341 to 400 nm [57].

Fig. 10(b) shows the HPLC spectrum of crystal violet in
Fenton-like systems. The results show that absorbance of
crystal violet decreased after the reaction comparing with
before the reaction. Moreover, after 7 min reaction, the con-
centration of TOC (total oganic carbon) was 11.84 mg/L
(Table 1). Organic intermediates are generated during the
degradation of the target dye, contributing to the TOC. As
a result, the removal efficiency of TOC changed little after
7 min. A much longer time is needed to achieve mineraliza-
tion. He et al. [63] found that the decrease of TOC required
much more time than the degradation of crystal violet. In this
study, the removal efficiency of TOC reached 67% in 1 h.

4. Conclusions

In this paper, a new Fenton-like system was prepared
and used for the catalytic oxidation of crystal violet. The pre-
pared catalyst showed that Zn” was successfully distributed
on Fe,O,, and the Zn’/Fe,O, composite showed a large spe-
cific surface area and high magnetic separation ability. The
prepared catalyst combines a high activity with high mag-
netic separation ability. The results proved Zn’Fe,O,-H,O,
to be an efficient and rapid system that decolorized crystal
violet within 7 min at neutral pH and was superior to many
H,O,-based systems. Almost complete decolorization of
crystal violet could be achieved with 0.41 mmol/L H,O, and
0.7 g/L Zn°/Fe,O, and there was no residual sludge forma-
tion. Furthermore, the catalyst retained high activity in the
presence of other synthetic dyes or common natural organic
matter. The decolorization efficiency of crystal violet was
between 57.89% and 90.81% in the presence of other syn-
thetic dyes, the decolorization efficiency of crystal violet was
between 71.03% and 93.55% in the presence of common natu-
ral organic matter. Crystal violet was completely decolorized
and mostly degraded by using Zn’/Fe,O,-H,0,.
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