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ABSTRACT

Attapulgite (ATP)-based Fenton catalyst (Fe,O,/ATP) was studied during the decolorization of non-
biodegradable dye methylene blue (MB). We achieved such goal by performing several batch degra-
dation experiments under various conditions, including different pHs, Fe,O,/ATP and H,O, dosages
and the initial MB concentrations. Results revealed that relatively high decolorization efficiency (more
than 99%) can be achieved in only 10 min at an initial MB concentration of 100 mg/L and temperature
of 60°C. Response surface methodology (RSM) was applied with a Box-Behnken design to a series of
experiments. The order of influence of the factors tested was pH > Fe,O,/ATP dosage > H,O, dosage.
By RSM, a mathematical model was established, and optimal conditions were determined.
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1. Introduction

Recently, several studies have been conducted to explore
heterogeneous catalysts adopted for the substitution of deli-
quescent Fe(II) reagents of traditional homogeneous Fenton
systems. Such works were formulated because the ferric ion
is a kind of secondary pollutant and requires a large amount
of chemicals and manpower to remove from treated water.
Heterogeneous Fenton-like systems can also overcome
another drawback of homogeneous Fenton systems, that
is, the tight pH range. Heterogeneous Fenton-like reactions
on solid catalysts can effectively catalyze the oxidation of
organic pollutants at wide pH conditions, which is bene-
ficial for the in situ remediation of polluted groundwater
and soil [1].

Several kinds of heterogeneous Fenton catalysts have been
studied. Tian et al. [2] and Ji et al. [3] successfully prepared
iron compounds, Fe,(MoO,), and LiFe(WO,), separately as
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heterogeneous Fenton-like catalysts to degrade dyes, such
as Acid Orange II (AOII) and methylene blue (MB), in aque-
ous solution. Matta [1], Yu [4], Sun [5] and Giraldi [6] used
iron-bearing earth materials and iron oxide minerals, such
as ferrihydrite, hematite, goethite, lepidocrocite, magnetite,
pyrite and schorl as heterogeneous Fenton catalysts to decol-
orize the dyes. Iron oxide minerals attract more attention
for their wide spreading in the natural environment, being
easily applied to in situ remediation processes. The iron-
bearing catalysts or those loaded with irons can be reused
for further runs and extend the pH range for Fenton oxi-
dants. Some researchers were concerned about introducing
Fe or Fe(Il) or Fe(IIl) into porous materials (zeolite, activated
carbon and activated aluminum oxide) or clays (montomo-
rillonite, kaoline and attapulgite [ATP]) [7-16] to lower the
treatment cost of waste water. For example, Feng et al. [11]
studied the discoloration and mineralization of an azo dye
Orange II using a bentonite-clay-based Fe-nano-composite
(Fe-B) film as a heterogeneous photo-Fenton catalyst in the
presence of UV-C light and H,0,. Hassan et al. [12] carried
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out a study of the decolorization of azo dye Acid Red 1 (AR1)
in an aqueous solution using Fe-zeolite Y type (Fe-ZYT)
catalyst. B. Muthukumari et al. [13] studied photo-assisted
Fenton mineralization of two azo dyes, Direct Red 23 (DR23)
and Reactive Orange 4 (RO4) in detail using an Fe(II)-loaded
ALO, as a heterogeneous catalyst in the presence of H,O,
and UV-A light. Zhong et al. [14] prepared iron-containing
mesostructured silica (Fe,O,/SBA-15) and used the material
as heterogeneous catalyst in the integrated sono—photo-Fen-
ton process.

Along with research on various heterogeneous
Fenton catalysts, researchers are paying increased atten-
tion to the catalytic degradation process and process
optimization of heterogeneous catalytic systems in degrad-
ing hard-to-degrade organics. For instance, Sun et al. [5]
investigated the heterogeneous Fenton-like reactions on
nano-magnetite (Fe,O,) for the degradation of p-nitrophenol
(p-NP), and its process optimization, kinetics and degrada-
tion pathways. A four-factor central composite design (CCD)
coupled with response surface methodology (RSM) was
applied to evaluate and optimize the important variables. The
optimum conditions were determined to be 1.5 g-L™' Fe,O,,
620 mM H,O,, pH 7.0 and 2545 mg-L™" p-NP. Chen et al.
[17] studied the decolorization of azo dye Orange II using a
montomorillonite/H,O, system and a heterogeneous Fenton
system. RSM was applied with a Box-Behnken design (BBD)
of a series of experiments, and results showed that the order
of influence of the different factors tested was pH > KSF
dosage > H,0, dosage. We established a mathematical model
and determined optimal conditions by RSM.

Among the promising clays, ATP clay is widely used
in various processes because of ATP’s crystalline, hydrated
magnesium aluminum silicate exhibiting a unique three-
dimensional structure, fibrous morphology and reactive
—-OH groups on its surface. ATP is less sensitive to salts than
are other clays. Given its special layer structure, chain struc-
ture and good absorption, ATP has received considerable
attention as regards its role as substrate for super absorbent
composite materials and support for catalysts [18-21]. In our
previous work, we investigated the catalytic Fe,O,/ATP in a
Fenton system during degrading sodium dodecyl benzene
sulfonate (SDBS), decolorizating MB and Congo red (CR)
[22,23].We found that Fe,O,/ATP possessed a high catalytic
reactivity at a wider pH range and repeated usage than in
the other substances tested. When introducing ATP to Fe,O,,
the degradation ratios of the catalysts were greatly enhanced
because of ATP’s excellent auxiliary catalytic ability.

In the present study, MB was also employed as a model
dye compound. A series of experiments on MB degrada-
tion by a Fe,O,/ATP/H,O, system was studied in detail. We
employed RSM to optimize related parameters and ana-
lyzed the degree of importance of each factor. This study can
enhance the general understanding on the catalytic process
of Fe,O,/ATP in a heterogeneous Fenton system.

2. Experimental
2.1. Materials

ATP clay was obtained from the Xuyi county, Jiangsu
Province, China (specific surface area of 146-210 m?/g), with

ATP content of 60%—-70%, hydromica and montmorillonite
content of 15%-28%, dolomite and quartz content of
10%—-20%. Its chemical components (%) are as follows: SiO,,
57.006; TiO,, 0.893; ALO,, 8.583; Fe,0,, 4.641; SO,, 0.007; MnO,
0.034; MgO, 8.456; CaO, 0.216; K,O, 0.094; and Na,O, 0.948.

MB (C H CIN.S, analysis purity) was purchased for use
as target pollutant. The Fe(NO,),, H,O, (30%), NaOH and
HCI supplied by corresponding manufacturers were analyt-
ically pure.

2.2. Decolorization and analysis methods

MB, a common cationic dye (molecular weight: 373.90),
was selected as model pollutant. Its structure is shown in
Fig. 1. A stock solution containing MB (1,000 mg/L) was pre-
pared using distilled water and subsequently diluted to the
required concentrations for our experimental work. Fe,O /ATP
particles (3 mm) were prepared by the incipient wetness tech-
nique [23]. Fe,O,/ATP catalyst samples were added to 100 mL
of MB concentrations in conical flasks. Then, the pH was
adjusted by addition of NaOH or H,SO, to the dye solutions,
and H,0, was added. The conical flask was sealed and placed
in a constant-temperature water bath. The MB concentration
was measured by MB spectrophotometry using an INESA
752N type UV-visible spectrophotometer at A = 664 nm.

2.3. Experimental design and data analysis by RSM

The BBD is an extensively used, three-level, incomplete
factorial design. Seventeen experimental runs of BBD were
performed to optimize the initial reaction rate and the deriv-
ative of the initial portion of the kinetic curve and to arrange
in order of importance the various influencing factors tested.
Table 1 shows the BBD matrix for the three variables pH,
Fe,O,/ATP dosage and H,O, dosage. The experimental data
were analyzed using Design Expert 8.0.6.1 software and were
fitted to a second-order polynomial equation. The optimized
parameters for maximizing the initial rate were also obtained
using the established equation.

2.4. Repeated decolorization experiments

To test the stability of Fe,O,/ATP as a catalyst and to
explore the possibility of recycling, repeated decolorization
experiments were performed at least 10 times. To guarantee
that the initial concentrations of MB and H,O, were the same
for all runs, 100 mg/L of MB and 9.8 mmol/L of H,O, were
added to the conical flask containing 0.5 g Fe,O,/ATP cata-
lyst for every run. The Fe O,/ATP catalysts for each run were
washed by distilled water. The experimental and analytical
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Fig. 1. Structure of methylene blue.
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Table 1
Box-Behnken design for the three variables together with the
observed and predicted responses

Experimental Coded variables
run pH H,0, dosage Fe,O,/ATP dosage
X) (X, mmol/L) (X, g/L)

1 12 98 6

2 2 19.6 6

3 7 19.6 2

4 2 58.8 2

5 7 98 10

6 7 58.8 6

7 2 98

8 7 19.6 10

9 7 58.8 6

10 7 98 2

11 12 19.6 6

12 58.8 6

13 7 58.8 6

14 12 58.8 10

15 7 58.8 6

16 2 58.8 10

17 12 58.8 2

methods for each run were the same as that for the oxidation
reaction and analysis mentioned above.

3. Results and discussion
3.1. Comparison experiment

Setting the initial concentration of MB at 100 mg/L and
pH at 2, the efficiency for the decolorization of MB by adding
5 g/L of Fe,O,/ATP and 9.8 mmol/L of H,O, was investigated.

To gain an insight into the process of the MB decoloriza-
tion by Fe,O,/ATP/H,O, system, comparative experiments
were undertaken in the presence of (i) H,O, only, (ii) Fe,O,/
ATP only and (iii) both Fe,O,/ATP and H,O,. The results are
displayed in Fig. 2. Fig. 2(a) displays that at room tempera-
ture, the decolorization ratio of MB is not extremely high
when only H,O, exists and merely obtains 20% decoloriza-
tion ratio after 24 h. When only Fe,O,/ATP exists, the decolor-
ization ratio of MB can reach over 60% after 24 h. This result
may be due to the adsorptive ability of Fe,O,/ATP or the cata-
lytic reaction occurring on Fe,O,/ATP with light and oxygen.
When both Fe,O,/ATP and H,O, exist, the decolorization ratio
of MB can reach 99% in 4 h. At a high temperature of 60°C,
the decolorization ratio of MB considerably fluctuated when
only H,O, existed; the ratio rose then declined and obtained
an 80% decolorization ratio at 60 min (Fig. 2(b)). This find-
ing can be explained by the notion that MB can be oxidized
by H,O, and generate an intermediate product of high chro-
maticity. Such intermediate can then be partially oxidized by
H,O, gradually, and the decolorization ratio increases but not
substantially. When only Fe,O,/ATP was present at 60°C, the
decolorization ratio was extremely low because of the high
temperature and short contact time. When both Fe,O,/ATP
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Fig. 2. Comparison of MB decolorization versus time among dif-
ferent temperatures (a) at 25°C and (b) at 60°C.

and H,0O,was present at 60°C, the decolorization ratio of MB
can reach 99% in 10 min.

Fe,O,/ATP exhibited good adsorption of MB (Fig. 2), and
some experiments on adsorption isotherms were conducted
(Fig. 3). The isotherm was fitted with the Langmuir equation,
and results showed that the process of Fe,O,/ATP adsorption
of MB attained a good fit because of the high R value (R =
0.999).

According to literature [24] and Table 2, H,O, is highly
stable and will not decompose at temperatures below 35°C.
At 60°C, the H,0O, decomposition ratio was only 0.67%.
Under 90°C, the H,O, decomposition ratio was not extremely
high. These results reveal that the experimental tempera-
tures we adopted were feasible and slightly influenced H,O,
decomposition. Meanwhile, high temperature was observed
to greatly improve the catalytic and decolorizing efficiency.

3.2. Effect of pH on MB decolorization

The decolorization of MB in aqueous solution in the pres-
ence of Fe, O,/ATP was studied in the pH range between 2
and 12. Table 3 shows the decolorization efficiency of MB
after 60 min at different pH values using an initial solution
containing 100 mg/L MB, 5 g/L catalyst and 4.9 mmol/L
H,O,. Almost complete decolorization was achieved at pH 2
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Fig. 3. MB adsorption at different initial concentrations by Fe, O,/
ATP at 25°C.

Table 2
Relationship between temperature and H,0, decomposition ratio

Temperature (°C) H,O, decomposition ratio (1, %)

30 0

40 0.16
50 0.61
60 0.67

(99.56%) and pH 4 (98.95%) (Table 3). At pH 6, 8, 10 and 12,
40.91%, 40.84%, 35.85% and 20.88% decolorization ratios
were obtained, respectively. Some researchers reported that
the stability of H,O, was dependent on pH value. H,O, did
not decompose at pH < 3.5 and presented with relatively low
decomposition ratios in acidic pH. In the presence of cata-
lysts, most of the H,O, was transformed to OH radicals. At
neutral and alkaline pH conditions, H,O, decomposition
ratios were extremely high, reaching about 60%-80% H,O,
decomposed and O, released. Only a small portion of H,O,
was catalyzed and produced OH radicals (Table 4) [25]. The
oxidation potential of OH radicals was shown to be lower in
alkaline than in acidic conditions [5]. OH radicals achieve a
stronger oxidation at acidic conditions than at neutral and
alkaline conditions.

Table 3
Effect of individual variables on the decolorization efficiency
after 60 min

Variables Decolorization
pH Fe,O,/ATP dosage  H,0, dosage efficiency
(g/L) (mmol/L) (%)
2 5 4.9 99.56
4 5 4.9 98.95
6 5 4.9 40.91
8 5 49 40.84
10 5 49 35.85
12 5 49 20.88
2 1 49 97.18
2 3 49 99.51
2 5 0.98 1.35
2 5 1.47 90.61
2 5 1.96 93.24
2 5 3.92 99.50
2 5 9.8 99.01
2 5 19.6 99.72
2 5 39.2 99.82
Table 4
Relationship between decomposition ratio of H,0, and pH value
pH Decomposition ratio of
H,0, (M, %)
3.10 1.0
4.13 1.2
5.09 2.6
5.30 5.6
5.50 12.1
6.22 20.9
6.33 40.0
6.55 55.2
7.00 62.8
8.00 80.0
9.00 86.0
9.03 86.1
10.10 74
11.20 67.3
12.00 61.9

3.3. Effect of Fe,O,/ATP dosage on MB decolorization

An increase in MB decolorization efficiency was noted
with an increase in Fe,O,/ATP dosage and experimental con-
ditions of 100 mg/L MB, 4.9 mmol/L H,0, and pH 2 (Table 3).
This phenomenon illustrates that an increase in Fe,O,/ATP
dosage favored the enhancement of MB decolorization.
Results of a series of experiments indicated that MB decol-
orization efficiency slightly decreased at a Fe,O,/ATP dosage
of 3 g/LL and even 1 g/L in contrast with 5 g/L. A sufficient
amount of Fe,O, active sites were present on ATP even at low
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dosages and can catalyze H,O,, still consequently yielding
high decolorization efficiency.

3.4. Effect of H,O, dosage on MB decolorization

The influence of H,O, concentration on MB decolorization
is also investigated and presented in Table 3. H,O, concentra-
tion varied from 0.98 mmol/L to 39.2 mmol/L with experi-
mental conditions of 100 mg/L. MB, 5 g/L Fe,O,/ATP dosage
and pH 2. The results show that MB decolorization ratio
was heavily dependent on H,O, concentration. Only a 1.35%
decolorization ratio was achieved when the H,0, concentra-
tion was 0.98 mmol/L, and a slight increase in H,O, concen-
tration (1.47 mmol/L) led to a high decolorization efficiency
(90.61%). We deduce the presence of a breakthrough point
between 0.98 mmol/L to 1.47 mmol/L for the MB decoloriza-
tion. Before this breakthrough point, no OH was produced.
Only after this breakthrough point, OH was produced, and
the catalysis reaction was effective. Over 90% decoloriza-
tion ratios were achieved when H,0O, concentration changed
from 1.47 mmol/L to 39.2 mmol/L. This observation can be
explained by the fact that H,O, does not decompose into H,0O
and O, at pH 2, but transforms to-OH completely when cata-
lyzed by Fe,O,/ATP. Furthermore, the OH decomposed from
only a slight amount of H,0, (1.47 mmol/L) that can oxidize
and fade the chromogenic groups of MB. We can also see
that when H,O, concentration varied from 3.92 mmol/L to
39.2 mmol/L, the decolorization ratios almost remained the
same, indicating that 3.92 mmol/L H,O, was sufficient to
decolorize 100 mL, 100 mg/L of MB, and increasing H,0, does
not directly result in big augmented decolorization ratio.

3.5. Experimental design, data analysis and optimization by RSM

The data of 17 experimental runs using the BBD were
analyzed using Design Expert 8.0.6.1 software and were fit-
ted to a second-order polynomial equation. The function pre-
sented below was employed as the prediction model:
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Y = 58.06343 — 1.97448X + 1.13259X  + 52.8675X
+0.020867X X, + 7.4425X X, — 0.21186X,X,
- 0.77118X,2 - 8.78E - 03X,2 - 36.94688X 2

where Y is the decolorization ratio of MB (%), X, is the pH
(2-12), X, is the H,O, concentration (19.8-98 mmol/L), and
X, is the Fe,O,/ATP dosage (1-10 g/L). Analysis of variance
(ANOVA) was used to test the significance and adequacy
of the model, giving a correlation coefficient of R*= 0.9834
(Table 5).

ANOVA analysis indicated that the calculated F value of
46.1 was much larger than the critical value of 3.68 for F,
(9, 7). This information implies that the derived quadratic
polynomial model was significant. In addition, the model
correlation coefficient of R* = 0.9834 suggests the good agree-
ment between the experimental and predicted values of the
degradation efficiency of MB. The predicted decolorization

Predicted vs. Actual

12000 —

10000 —

80.00 —

60.00 —

Predicted

40.00 —

2000 —

000 —

-20.00 —

T T T
0.00 20,00 40.00 60.00 80.00 100.00

Actual

Fig. 4. Comparison of the model-predicted decolorization
efficiencies of MB and experimental values.

Table 5
ANOVA results of the quadratic model of the decolorization ratio
Source Sum of Degree of Mean square F value p-value
squares freedom (prob >F)
Model 16,868.97 9 1,874.33 46.1 <0.0001 Significant
X, (pH) 10,021.03 1 10,021.03 246.46 <0.0001
X, (H,O, concentration) 173.05 1 173.05 4.26 0.078
X, (catalyst dosage) 2,970.2 1 2,970.2 73.05 <0.0001
XX, 66.91 1 66.91 1.65 0.2404
XX, 886.25 1 886.25 21.8 0.0023
X, X, 44.14 1 44.14 1.09 0.3321
X? 1,565.05 1 1,565.05 38.49 0.0004
X2 766.97 1 766.97 18.86 0.0034
X} 147.14 1 147.14 3.62 0.0989
Residual 284.61 7 40.66
Lack of fit 268.28 3 89.43 21.89 0.0061 Significant
Pure error 16.34 4 4.08
Corrected total 17,153.58 16

Note: R? = 0.9834; adjusted R*=0.9621.
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efficiency of MB agrees well with the experimental values
(Fig. 4). The derived model was adequate in performing the
process variable optimization for the decolorization of MB.
The significance of each independent variable was evaluated
in accordance with its P-value of 0.0061, which was lower
than 0.05, signifying that the term was significant at 95%
confidence level. The results indicate that the decolorization
efficiency of MB was significantly affected by catalyst dosage,
initial H,O, concentration and initial pH.

Fig. 5 shows the response surface modeling in the 3D rep-
resentation of the effects of catalyst dosage, initial H,0, con-
centration and the initial pH on the decolorization of MB by
heterogeneous Fenton-like reactions on Fe,O,/ATP. Figs. 5(a)
and 5(b) show that pH is a crucial operating parameter for the
Fe,O,/ATP/H,0, system in MB decolorization, directly affect-
ing the catalytic performance. Along with increasing pH value,
MB decolorization decreased rapidly, even at a relatively high
H,O, concentration and catalyst dosage. This result can be
explained by the fact that neutral and basic conditions pro-
vide more hydrogen peroxide to decompose into O, and H,O,
while not generating OH. The optimum dosages of hydrogen
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Fig. 5. 3D response surface and contour plots of the MB
decolorization ratio.

peroxide and catalyst increased with initial pH rise (Fig. 5(a)
and 5(b)). In Fig. 5¢c, H,O, concentration and catalyst dosage
slightly influenced MB decolorization ratio, whereas the over-
all trend suggested that higher catalyst dosage and moder-
ate H,0, concentration generated a high MB decolorization.
Excessive H,0, levels resulted in a slight decrease in MB decol-
orization ratio because H,O, reacted with OH.

3.6. Effect of M B initial concentration

The effect of initial MB concentration on its decoloriza-
tion was also investigated. The experimental conditions are
the H,O, concentration of 9.8 mmol/L, Fe,O,/ATP dosage
of 5 g/L, pH value of 3, temperature of 60°C and the initial
MB concentration from 50 mg/L to 200 mg/L. The results are
shown in Fig. 6 and indicate that the decolorization efficiency
at 50 mg/L MB was not obviously higher than at 200 mg/L MB.
The decolorization after 40 min was 97.19% at 50 mg/L and
96.19% at 200 mg/L. Even after 60 min, the decolorization
efficiency at 50 and 200 mg/L reached 99.04% and 98.31%,
respectively. Meanwhile, during the decolorization of high
concentrations (150 and 200 mg/L) of MB, the obvious phe-
nomena of color reversion was observed. We thus conclude
that during the OH oxidation of MB, an intermediate product
with high chromaticity was produced, and this intermediate
was oxidized by OH. This color reversion phenomena also
occurred during the decolorization of low concentrations (50
and 100 mg/L) of MB, but the production and oxidation of the
high-chromaticity intermediate in this case took place exces-
sively fast to be detected.

To investigate the kinetics, we used three models, namely,
first-order, second-order and the Langmuir-Hinshelwood
(L-H) equations, to describe our experimental data. The
results are presented in Table 6. By comparing the R? value for
each equation, we concluded that the L-H equation achieved
the best fit. The R? values for first-order, second-order and
L-H equations were 0.9034, 0.8367 and 0.9833, respectively.
Given these data, we chose the Langmuir-Hinshelwood
(L-H) equation to describe MB decolorization for the concen-
tration range of 50 mg/L to 200 mg/L.
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Fig. 6. MB degradation vs. time at different initial concentrations
under 60°C.
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Table 6
Kinetics analysis of MB decolorization
Model Kinetics k R? K
equation (mg/L-min) (L/mg)
First-order ~ r=0.052C 0.052 0.9034
Second-order r=0.0479C> 0.0479 0.8367
L-H model . 0.046C 45.457 0.9833 0.001012
~ 1+0.001012C
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Fig. 7. Ten-times repeated decolorization experiments.

3.7. Repeat decolorization experiments

Ten-times repeated decolorization experiments were
performed to test the stability of Fe,O,/ATP as catalyst
(Fig. 7). After the first run, the decolorization efficiency
of MB was 99.9%. In subsequent runs, the decolorization
efficiency decreased but not excessively. At the end of the
fifth and tenth runs, the efficiency was 98.65% and 97.39%,
respectively. The experiments showed that catalyst Fe,O,/
ATP did not lose its catalytic function after several runs,
suggesting that the catalyst did not lose its active Fe(III)
from the catalyst surface. For practical application, how
many runs by which Fe,O,/ATP can catalyze and degrade
organic pollutants while maintaining high efficiency is
worth further investigation. The resultant data could pro-
mote the wider application of Fe,O,/ATP as a catalyst for
the Fe,O,/ATP/H,O, system and other wastewater treat-
ment processes.

4, Conclusions

MB was successfully decolorized in water by the hetero-
geneous catalytic decomposition of hydrogen peroxide on
Fe,O,/ATP. With the coating iron species on the ATP surface,
the materials provided a sufficient number of active sites
to support heterogeneous Fenton reactions and exhibited
remarkable catalytic performance. The MB degradation per-
formances by Fe,O/ATP, H,O, and Fe,O,/ATP/H,O, under
different temperatures were studied. The experimental
results demonstrated in the presence of H,O, or Fe, O,/ATP
alone that the MB decolorization ratio was not considerably
high. By contrast, under the presence of both H,0, and Fe O,/

ATP in solution, the decolorization efficiency reached as high
as 99% after 5 h under 25°C and after 10 min under 60°C.
Furthermore, the results indicated that BBD coupled
with RSM is a useful technique for optimizing the import-
ant parameters of heterogeneous Fenton-like reactions on
Fe,O,/ATP for MB degradation. The order of influence of the
different factors studied was pH > Fe,O,/ATP dosage > H,O,
dosage. Moreover, the model predicted that the optimal con-
ditions were pH 3, 10 g/L Fe,O,/ATP and 58.8 mmol/L H,O,.
At pH 3 and initial concentrations of 50 mg/L to 200 mg/L, the
decolorization of MB followed the L-H equation. The Fe,O,/
ATP catalyst was reused for more than 10 times. Given the
experiments, we found that Fe O,/ATP-catalyzed Fenton-like
systems hold the unique advantages of easy separation from
treated wastewater, high catalytic reactivity at a wide pH
range, recyclability and absence of secondary pollutants.
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