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ABSTRACT

Heterogeneous catalysts overcome the drawbacks of the homogeneous Fenton process, and have
attracted considerable attention for degradation of organic pollutants in wastewater. In this study,
a heterogeneous Fenton catalyst system was developed for the degradation of cationic dye by
incorporating ferric oxide nanoparticles into modified diatomite composite. The catalyst was syn-
thesized through two simple steps: firstly, the raw diatomite was modified by soaking into nitric
acid; then, through forced hydrolysis strategy, the ferric oxide nanoparticles were incorporated
into the pre-treated diatomite. The resultant catalyst were characterized by X-ray diffraction,
scanning electron microscopy, and energy dispersive X-ray spectroscopy. This novel diatomite-
Fe,O, catalyst demonstrated distinct catalytic activity and desirable efficiency for degradation of
organic dye. Methylene Blue (MB) was completely decomposed within 20 min, and the decom-
position efficiency was remained higher than 90% after 5 cycles of catalyst regeneration. The
simplicity and low cost of the demonstrated catalytic material is promising for the efficient deg-
radation of organic pollutants.
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1. Introduction

Dye wastewater has become one of the major indus-
trial water pollution sources in developing countries [1].
For instance, over 1.6 x 10° m* dye wastewater is gener-
ated in China every year. Dye wastewater contains high
concentrations of unfixed dyes, salts, and other organic
compounds [2]. Particularly, cationic dyes are amongst
most common pollutants in the dye-containing waste-
waters [3]. The dyes are usually resistant to conventional
degradation methods such as biological wastewater
treatment [4-6]. Different kinds of treatment processes
have been applied to the treatment. Advanced oxida-
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tion processes (AOPs) are efficient methods to degrade
refractory organic pollutants, as they can generate -OH
radical (E = 2.8 V) , a powerful oxidant which has been
widely recognized to effectively oxidize most organic
pollutants into harmless compounds, such as CO,, H,0,
and organic acids, such as formic acid, acetic and oxalic
acid [7]. Among the AOPs, the classical Fenton reaction,
which utilizes an aqueous mixture of ionic iron (Fe**/
Fe*") and hydrogen peroxide (H,0,), emerges to be a
promising remediation technology due to its low toxic-
ity, fast reaction rates and simplicity of control [8]. How-
ever, the conventional homogeneous Fenton process has
a number of critical drawbacks. First, the high concen-
tration (50-80 ppm) of leached iron ions in the treated
effluent can result in the formation of coagulated slud-
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ges [9]. Second, the homogeneous Fenton reaction has to
be carried out under strict control of pH value in a nar-
row range between 2 and 4 [10]. Therefore, these inevi-
table disadvantages limit its board applications in water
treatment [11].

To overcome these defect, heterogeneous Fenton sys-
tems and related reaction encompassing the reactions of
H,O, with solid iron-based catalysts have been proposed
as promising alternatives to the homogeneous Fenton
processes. The heterogeneous Fenton catalysts can avoid
sludge formation from iron ions, extend the effective pH
range, and enhance the generation of highly potent oxidiz-
ing hydroxyl radicals [12]. To date, various supports such
as aluminosilicate minerals [13-15] and activated carbon
[16] have been developed as Fenton-catalyst. Diatomite,
known as diatomaceous earth or bio-silica, consists of
about 90% silicone dioxide along with small quantities
of alumina and iron oxide. Compared to other matrixes,
diatomite is a more promising candidate to be used in
the synthesis of heterogeneous catalyst [17]. As a highly
microporous silicon material, diatomite benefits from high
capacity of adsorption, a uniform pore size distribution, a
large surface area [18], desirable hydrophilicity and decent
chemical stability [19,20]. In addition, diatomite of various
structures is easier to handle compared to granular sup-
ports [21]. However, the thermal treatment significantly
decreases diatomite surface area and the pores of raw
diatomite are always blocked by carbonate [18]. In recent
years the heterogeneous Fenton -like reaction- has been
thoughtfully studied to modify the surface characteristic
of diatomite by acid or base treatments [22]. Acid treat-
ment may increase surface area and the concentration of
these medium acid sites [23].

Based on these remarkable properties of diatomite,
this study focused on a novel D-Fe,O, heterogeneous Fen-
ton catalyst which was fabricated through a simple forced
hydrolysis method to enhance the catalytic performance.
The catalytic properties of D-Fe,O, were evaluated by the
degradation of cationic-dye wastewater in the presence
of H,O,. In this paper, Methylene Blue (MB) was selected
as a model contaminant and a representative modern cat-
ionic-dye with low biodegradability in water treatment
systems. Several reaction systems were systematically
investigated, along with the factors that may influence the
removal of dyes such as dosage, initial pH, reaction tem-
perature, and catalyst stability.

2. Materials and methods
2.1. Materials

The raw diatomite powder, ferric nitrate (Fe(NO,),-9H,0,
> 98.5%), nitric acid (HNO,, 65-68%), sodium hydroxide
(NaOH, > 98%), sulfuric acid (H,SO,, 98%) were obtained
from Chengdu Kelong Chemical Reagent Company (Sich-
uan, China). Hydrogen peroxide (H,O,, 30 wt%) was sup-
plied by Tianjin Zhiyuan Chemical Reagent Company
(Tianjin, China). All reagents were used as received with
no further purification. All solutions were prepared with
distilled deionized water (18.25 M/cm), obtained with a
Milli-Q Water Purification System (Ulupure Corporation,
Chengdu).

2.2. Preparation of diatomite-Fe,0,

The heterogeneous catalyst applied in catalytic ozona-
tion was prepared by a impregnation method. Prior to Fe, O,
coating, the raw diatomite was modified with HNO, solu-
tion for purification. The mixture was mechanically stirred
at room temperature for 4 h, filtered, washed with deion-
ized water for several times, and finally dried at 110°C. The
above process was repeated three times to steadily modify
catalyst loading.

Diatomite-Fe,O, compound was synthesized based on a
simple forced hydrolysis method as shown in Fig.1.

In brief, different amounts of modified diatomite pow-
der was added into a vigorously stirred 0.5 M solution of
Fe(NO,),. The solid-to-liquid ratio was set at 1:10 (wt%).
After 60 min of stirring, the suspension was heated to 95°C
until the suspension evaporated to slurry. Subsequently, the
slurry was dried at 110°C for 5 h. The as-prepared catalyst
was obtained after washing, filtering and stoving. During
the preparation, the catalyst was repeatedly washed until
the iron ions were not detected by flame atomic absorption
spectrometry.

2.3. Characterization

Scanning electron microscopy (SEM) images were
obtained using an S-3000N field emission scanning elec-
tron microscope (Hitachi, Japan) equipped with an energy
dispersive X-ray (EDX) spectroscopy. The composition and
crystallinity of the samples were characterized by powder
X-ray diffraction patterns (XRD) on a DX-2700 X-Ray dif-
fractometer using Cu-Ka radiation (A = 1.540562 A, 40 kv,
30 mA) as the X-ray source at a scanning rate of 3°/min in
the range of 3° to 80°.

2.4. Catalytic test

The catalytic activities of the modified diatomite and
diatomite-Fe,O, were studied in order to evaluate their
effectiveness in degradation of MB in aqueous solution.
For the degradation of MB, a certain amount of diatomite-
Fe,O, catalyst was suspended in a 250 mL of MB (50
mg/L) aqueous solution and the pH value was adjusted
by H,SO,/NaOH solution. The pH was not controlled
by buffer solutions during the oxidation experiments.
Before the reaction, the suspension was sufficiently soni-
cated for 10 min to disperse the catalyst and the reaction
temperature was maintained at different temperature by
water bath. Next, a certain amount of H,O, (30%) aque-
ous solution was gently added to the reaction solution.
About 3 mL of the sample was collected at each given
reaction time, filtered through a 0.25 pm filter and ana-
lyzed immediately using a V-1100D UV-vis spectropho-
tometer (Shanghai United Instrument Co., Ltd, China) at
a wavelength of 665 nm.
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Fig. 1. Reaction flow chart of Diatomite-Fe,O, catalyst preparation.
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The decoloration efficiency (DE%) was calculated to
evaluate the degradation effect based on the following for-
mula:

DE%=(C,-C,)/ C, x100% (1)

where C (mg/L) is the initial concentration of MB and C
(mg/L) is the remaining concentration of MB after reaction.
All the batch experiments were conducted in duplicates
and the results showed that the experimental errors were
less than 5%.

3. Results and discussion
3.1. Preparation of heterogeneous Fenton catalyst

The modified diatomite and ferric nitrate mixture was
first heated to 95°C to form Fe(OH),, and then the composite
was dried at 110°C to form Fe,O,loaded on the diatomite.
The preparation process of the D-Fe O, is shown in Fig. 2A.
The modified diatomite appeared as a milky white powder.
The D-Fe,O, was still of powder morphology, except that
the color became dark brown indicating the presence of iron
oxide. A schematic illustration of the D-Fe,O, preparation
as well as the degradation of cationic dye by heterogeneous
catalysis of H,0,/D-Fe,O, system is shown in Fig. 2B. The
diatomite-Fe mixture was heated to 95°C to trigger the
hydrolysis reaction to form Fe(OH),, then dried at 110°C to
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form Fe,O,. During the reaction, the extra H* was evapo-
rated in the form of HNO,.

Next, the micromorphology of the prepared catalyst
was studied by scanning electron microscopy (SEM). SEM
images of the modified diatomite and D-Fe,O, are shown in
Fig. 3. The structure of the modified diatomite is character-
ized by the extraordinary diversity of size, shapes, morphol-
ogy and organization of diatomite particles. The material
had a highly porous, discoid morphology as depicted in
Fig. 3A and 3C, showing an array of ordered circular pores
of discoid structure with a diameter around 350 nm. Fig. 3B
and 3D were images of the prepared catalyst showing sim-
ilar structure to the modified diatomite except that the sur-
face was densely deposited with dispersed Fe,O, compared
to Fig. 3C. Most importantly, it indicated that Fe,O, was
not simply mixed with but fully coated onto the diatomite,
which was in favor of the catalytic activity.

Next, the purity and phase of the modified diatomite
and D-Fe,O, were characterized by XRD, as shown in Fig.
4A. Curve (a) indicates that the peaks in the XRD pattern
of the modified diatomite was in a good agreement with
the pure phase of SiO,. The peaks at 26 = 22.052, 36.165
corresponded to SiO, and were characteristic of diatomite
comparing to the standard card (75-0923). Curve (b) corre-
sponded to XRD pattern of Fe,O, nanoparticles formed on
the surface of the modified diatomite. The emerging signals
at 21.073, 26.667, 35.147, 45.251 and 48.499, indicated the
existence of goethite (FeO(OH)) and ferric oxide (Fe,O,).
Shape similarity of curve (a) and curve (b) indicated that the

-

Dried at 110 C

Heterogeneous Fenton
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Fig. 2. A) Photographs of diatomite-based materials at different steps of D-Fe,O, preparation; B) Schematic illustration of the D-Fe,O,
preparation and degradation of cationic dye by heterogeneous catalysis in H,0O,/D-Fe,O, system.
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Fig. 3. SEM images of the modified diatomite (A and C) and diatomite-Fe,O, catalyst (B and D).

>

@sio,
vFeZOS
VFeO(OH)

Intensity
g «
3
3
;4
o 4
3
1
2
o

0 o 20 30 4 S0 6 70 80
20 (degree)

Counts
)

4
Energy (keV)

Fig. 4. A) XRD patterns of diatomite (a), D-Fe,O, (b); B) EDX pat-
terns of diatomite (a), D-Fe,O,(b).
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structure of D-Fe,O, was similar to the modified diatomite.
This Figure indicated that Fe,O, has been successfully
coated on the surface of diatomite. Most importantly, this
evolution of Fe,O, coated diatomite was speculated to be
acting favorably for a high catalytic activity during the
degradation of organic dye solution, as described further
below. XRD patterns indicated the crystal form of the Fe,O,
was not very stable, which gave the possibility to release
iron ions into Fenton reaction systems.

In order to further confirm the existence of Fe,O, in
D-Fe,O, composite, the corresponding EDX analysis of
the modified diatomite and D-Fe,O, were carried out and
the results are shown in Fig. 4B. EDX pattern of modified
diatomite indicated the presence of silicon oxide, which was
in agreement with the XRD results. Spectrum (b) showed
two other peaks that corresponded to the presence of iron
oxide. As expected, the pattern confirmed the presences of
Si, Fe and O within D-Fe,O, composite. No other elements
were detected in the EDX spectrum.

3.2. Degradation of MB by diatomite-Fe,O, catalyst

The performance of D-Fe,O, as heterogeneous Fenton
catalyst was tested by the degradation of MB aqueous
solution (50 mg/L) under several operating conditions.
The experiments were performed using various reaction
systems (D-Fe,O,/H,O,, diatomite, D-Fe,O,, H,0, and
Fe**/H,0,), catalyst dosages (2, 4, 6, 8, 10 and 12 g/L),
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reaction temperature (25, 35, 45, and 55°C), H,O, concen-
trations (20, 40, 60, 80, 100, and 120 mmol/L), and initial
pH (3,4,5,6,and 7).

3.2.1. Performance of the reaction system

Different systems of H,O,, D-Fe,O,, modified diatomite,
conventional Fe**/H,O, and heterogeneous D-Fe,O,/H,O,
were evaluated at 55°C, with the H,O, concentration of 120
mmol/L, and initial pH of 3. The dosage of D-Fe,O,, modi-
fied diatomite and heterogeneous D-Fe,O,/H,O, were 12
g/L, respectively. As illustrated in Fig. 5A, adding H,O,
or D-Fe,O, compound alone to the MB solution had nearly
no degradation effect during the 90 min reaction time. Due
to the porous structure and high specific surface area, the
modified diatomite could remove a certain amount of pol-
lutant through adsorption, and the decoloration efficiency
was about 30% after equilibrium reached. In heteroge-
neous Fenton system composed of D-Fe,O, and H,O,, the
dye (MB) could be efficiently removed and fully degraded
(>99.9%) within 20 min. The result revealed that H,O, alone
could hardly oxidize and break the MB molecules, and the
adsorption capacity of D-Fe,O, compound was much lower
than the modified diatomite since the Fe,O, loading on sur-
face blocks its surface pores to a great extent. However, the
degradation efficiency greatly increased in heterogeneous
Fenton system(H,0,/D-Fe,0,), since H,O, could be effi-
ciently decomposed under catalysis of the loading ferric
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oxide and produce hydroxyl radicals (-OH) to attack the
pollutant molecules according to Eq. (2)-(4) [24].

Fe,0,,, +6H" —2Fe™ +3H,0 )
S—Fe™ + H,0, — Fe* + HO, - +H* 3)
S—Fe* + H,0, — Fe** +-OH + OH" o)

S: Catalyst surface

The iron ions in heterogeneous system fully produced
through the reaction between D-Fe,O,and H,O,. The reac-
tion rate increased by 4.5 times in the heterogeneous system
compared to the conventional homogeneous Fenton sys-
tem (Fe**/H,O,) under the same iron ion concentration (3
mg/L).

3.2.2. Effect of the H,O, concentration

The H,O, concentration effect was evaluated at 55°C,
with D-Fe, O, dosage of 12 g/L, initial pH of 3 and with a
H,O, concentration of 0, 20, 40, 60, 80, 100, and 120 mmol /L,
respectively. As shown in Fig. 5B, the highest removal
efficiency of H,O, free system was 4% which is mainly
attributed to the adsorption effect. Under constant iron
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Fig. 5. A) The MB degradation efficiency in various systems; B) The effect of H,O, concentration on degradation of MB; C) The effect
of temperature on the degradation of MB; D) The reusability of the D-Fe,O, catalyst.
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dosage, the decoloration ratio enhanced with increasing
H,O, dosage since it provided more radical sources [25,26].
However, the degradation rate grew slowly due to partial
decomposition of H,0O, in solution. Based on the experi-
mental data and reported literature [24], possible reaction
pathways has been proposed as follows.

H,0, - H,0+0, (5)

H,0,+-OH - H,0+HO,- (6)

3.2.3. Effect of the reaction temperature

The reaction temperature effect was evaluated at
D-Fe,O, dosage of 12 g/L, an initial pH of 3, H,O, con-
centration of 120 mmol/L, and a reaction temperature of
25, 35, 45, 55°C, respectively. As illustrated in Fig. 5C, the
reaction temperature was crucial in heterogeneous Fenton
system. High temperature, which played an important role
in homogeneous systems [27,28], could also be beneficial in
heterogeneous Fenton as the kinetic constants for both rad-
ical production and Fe*/Fe* regeneration exponentially
increased as the reaction temperature increased. The decol-
oration ratio was improved from 84% to 99% in 90 min as
temperature increased and the degradation rate reached the
highest level at 55°C. Since the H,O, decomposition and MB
degradation processes are endothermic, the rising tempera-
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ture not only improved the activation energy of the reac-
tants but also increased the possibility of the collision and
contact between molecules.

3.2.4. Effect of the catalyst dosage

The catalyst dosage effect was evaluated at 55°C, with
a H,O, concentration of 120 mmol/L, an initial pH of 3 and
with D-Fe,0O, dosages of 2, 4, 6, 8, 10, 12 g/L, respectively.
Asillustrated in Fig. 6A, the degradation process accelerates
and the time to reach equilibrium shortened as the dosage
increased. In heterogeneous Fenton system, when the cata-
lyst contacted with H,O, solution, iron could be slowly dis-
solved into liquid phase to form a Fenton reactant, which
converted into iron ions. This was because the addition of
catalyst provides more catalytic sites and ferric ions (Fig.
5B), thus accelerating the transformation of H,O, to hydroxyl
radicals (-OH). The degradation rate enhanced quickly until
the dosage added up to 6 g/L since the extra free ferric ions
capture the radicals in solution according to Eq. (7).

Fe** +-OH — Fe** + OH™ (7)

3.2.5. Effect of the initial pH

The initial pH effect was evaluated at 55°C, with a
D-Fe,O, dosage of 12 g/L, a H,O, dosage of 120 mmol/L,

oo)

Iron concentration (mg/L)

2 4 6 8 10 12
D-Fe,04 dosage (g/L)

3.0

-

257

2.07

1.07

Iron concentration (mg/L)

0.57

0.07

Fig. 6. A) The effect of D-Fe,O, dosage on the degradation of MB; B)The effect of D-Fe,O, dosage on the dissolved iron; C) The effect
of pH on the degradation of MB; D: The effect of different pH on the dissolved iron.
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and initial pH of 3, 4, 5, 6, and 7, respectively. According
to Fig. 6C, 90% decoloration could be achieved in 20 min
when the initial pH was 3 and the degradation rate drasti-
cally decreased by 33% as the initial pH increased to 7. This
could be explained by the transformation of Fe,O, to Fe**
that promoted oxidation of hydroxyl radicals in acidic con-
ditions [29]. By increasing the pH value, the production of
hydroxyl radicals and iron ions would be largely inhibited,
the dissolved fraction of iron species decreased as colloidal
ferric species appeared (Fig. 6D) [30]. The H,O, was unsta-
ble at high pH solution according to Eq. (8).

H,0,+0H™ — OOH™ + H,0 ®)

3.3. Reusability of diatomite-Fe,O, catalyst

The reusability was evaluated at 55°C, with a D-Fe,O,
dosage of 12 g/L, a H,O, dosage of 120 mmol/L, and an
initial pH of 3. The diatomite-Fe,O, catalyst could be easily
separated from the reaction solution by filtration. Prior to
each reuse, the catalyst was washed with deionized water
and ethanol for several times, and dried at 60°C immedi-
ately. As shown in Fig. 5D, the concentration of MB during
the first run decreased by 99% during 30 min. After five
cycles, the decoloration rate moderately slowed down in
first 40 min. This was because the loaded Fe,O, reacted with
H,O, and transforms to Fe*, and the amount of insoluble
iron gradually decreased after every use. However, the
complete degradation could still be reached within 50 min.
The prepared D-Fe,O, material did not show any significant
loss of catalysis activity, indicating that the catalyst has a
good stability and great application potential.

3.4. The kinetic analysis of MB degradation

To measure the decomposition of MB in the H,O,/D-
Fe, O, system, the samples were collected at given reaction
times and analyzed immediately using a UV-vis spectropho-
tometer at 665 nm. According to Fig. 7, the intensity of the
characteristic peak decreased gradually with the reaction
time, indicating that the chromophores of MB were damaged.

For quantitative analysis, the kinetics of the decoloriza-
tion of MB was simulated using a pseudo-first order kinetic
model (Fig. 8). In the heterogeneous Fenton system, the
reaction between Fe**/Fe** and H,O, occurred mainly at the
solid catalyst surface. Therefore, the catalytic activity was
largely determined by its specific surface area. By fitting
data points using these equations, the initial rate constants
(k, min™) of the reaction were calculated to be 0.033, 0.073,
0.117, 0.147, 0.172, and 0.246 min™', respectively.

The reaction rate enhanced with the catalyst dosage.
This was because the H,0, molecules could be captured by
increasing the Fe,O, nanoparticles on surface of the catalyst
and be transformed to hydroxyl radical (-OH). Subsequently,
the free radicals oxidatively damage and further mineralize
the MB molecules. As the key material in the catalysis, iron
catalytically enhances the productivity of hydroxyl radi-
cals leading to the increase of the reaction rate. Increasing
diatomite-Fe,O, dosage provides more catalytic sites and
iron ions, thus accelerating the degradation process.

4.8
4.0 — 0 min
——— 5 min
~———10 min
3.2 4 ——20 min
8 30 min
5 ~———40 min
2 2.4+ 50 min
E —— 60 min
« 1.6 ——70 min
—— 80 min
—— 90 min
0.8 1
0.0 — T

. T T T L
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Wavelength (nm)

Fig. 7. UV-vis spectra of MB solutions at different time intervals
during the typical degradation process using H,0,/D-Fe,O,
system.
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Fig. 8. The curve-fitting of MB degradation kinetics at different
D-Fe,O, dosage.

4. Conclusions

In this paper, the efficient heterogeneous Fenton cata-
lyst diatomite-Fe,O, has been successfully prepared by a
simple impregnation strategy, as verified by SEM and EDX
characterizations. The novel and highly efficient catalytic
oxidation system of diatomite/Fe,O, is a promising catalyst
for the rapid removal of cationic-dye in textile wastewater.
The diatomite-Fe O, catalyst is highly effective for com-
plete decoloration of MB (50 mg/L) in aqueous solution
supplied with H,O,. This excellent catalytic performance is
attributed to the highly porous morphology of diatomite,
which acts as the host matrix for Fe,O,. Its porous mor-
phology greatly increases the reaction area resulting in a
highly efficient catalytic activity. The mechanism of cat-
ionic dye degradation is mainly attributed to the formation
of hydroxyl radicals that are produced on the surface of
the catalyst as a result of heterogeneous Fenton reactions.
These findings provide new and practical approaches for
textile wastewater treatment.
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