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Abstract

Project Code : MRG5580065

Project Title : Characterization of iron containing Thai natural clay and
its application as heterogeneous Fenton catalyst in the
decolourization of methyl orange

Investigator : Mr. Artit Ausavasukhi
Rajamangala University of Technology Isan

E-mail Address : ausavasukhi@gmail.com

Project Period : 2 years

In this study, iron containing clay prepared by thermal treatment was used as
Fenton-like catalyst for the decolourization of methyl orange (MO) aqueous solution, a
model compound representing an azo dye. The parent catalyst is a composite material,

naturally contained crystalline magnetite (Fe;O,) and montmorillonite. Under thermal

treatment = 500 °C, the catalyst was completely transformed into hematite (Fe,O;) and
illite. The iron containing clay treated at 500 °C (Clay-500) was found to be the most

active catalyst for oxidation. It was proposed that the active iron species formed by high

thermal treatment (= 500 °C) initiated the H,O, decomposition leading to the formation
of the active oxidant on the surface of catalyst. Such active species can promote
oxidation of MO based on surface reaction. While the iron containing clay treated at
lower temperature (< 500 °C) provided the lower activity. Moreover, the formation of the
iron active species were evidenced by electron spin resonance (ESR), diffused
reflectance-ultraviolet visible spectroscopy (DR-UV), and Fourier transformed infrared
spectroscopy (FTIR). Approximately 88 % decolourization efficiency was achieved within
120 minutes when using the Clay-500. The high-temperature dehydroxylation may well
be responsible for both phase transformation and generation of active species

promoting Fenton oxidation.

Keywords : Thermal treatment, Iron containing clay, Fenton oxidation,

Decolourization, Methyl orange
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ABSTRACT

In this study, iron-containing clay prepared by thermal treatment was used as Fenton-like
catalyst for the decolorization of methyl orange (MO) aqueous solution, a model compound
representing an azo dye. The parent catalyst is a composite material, naturally contained
crystalline magnetite (Fe;04) and montmorillonite. Under thermal treatment > 500 °C, the
catalyst was completely transformed into hematite (Fe,O3) and illite. The iron-containing clay
treated at 500 °C (Clay-500) was found to be the most active catalyst for oxidation. It was
proposed that the active iron species formed by high thermal treatment (> 500 °C) initiated
the H,O, decomposition leading to the formation of the active oxidant on the surface of
catalyst. Such active species can promote oxidation of MO based on surface reaction. While
the iron-containing clay treated at lower temperature (< 500 °C) provided the lower activity.

Moreover, the formation of the iron active species were evidenced by electron spin resonance


http://ees.elsevier.com/clay/download.aspx?id=329635&guid=6c6c4928-d118-4234-9e7c-aa9d5605f36e&scheme=1
http://ees.elsevier.com/clay/viewRCResults.aspx?pdf=1&docID=7084&rev=0&fileID=329635&msid={47B1E05A-033A-4382-8756-B5EAE1A9A321}

(ESR), diffused reflectance-ultraviolet visible spectroscopy (DR-UV), and Fourier
transformed infrared spectroscopy (FTIR). Approximately 88 % decolorization efficiency
was achieved within 120 minutes when using the Clay-500. The high-temperature
dehydroxylation may well be responsible for both phase transformation and generation of

active species promoting Fenton oxidation.

Keywords: Thermal treatment, Iron-containing clay, Fenton oxidation, Decolorization,

Methyl orange

1. Introduction

Catalytic wet peroxide oxidation (CWPO) is nowadays in focus of the wide range of
effective methods for oxidation organic compounds to valuable product and treatment of
industrial wastewater containing non-biodegradable organic pollutants. Many efforts have
been made to develop new catalysts to oxidize organic substrates under mild conditions [1-6].
Iron is the element of choice which perform a number of chemically challenging oxidative
processes. Although many researchers have intensively studied the Fenton (Fe(I1I)/H,0O,) and
Fenton-like (Fe(Ill)/H,0;) reactions, the nature of both mechanisms and kinetics is still
unclear [7-11]. However, the interconversion of Fe(Ill)/Fe(Il) plays an important role in both
the Fenton and Fenton-like reactions, and research on this interconversion is also crucial for
understanding the mechanisms of these reactions [12]. The major drawback of the Fenton
system was the accumulation of Fe(IIl), which could further result in the decline of reaction
rates. Some researchers introduced UV radiation [13] into Fenton system, which accelerated
the interconversion of Fe(Ill)/Fe(Il) and the oxidation reactivity. Others adopted

electrochemistry [14] in Fenton system, but the optimum pH ranges were even narrower than



that in classical Fenton system. Some researchers added quinone [15] and humic acid [16] to
Fenton system, which acted as catalyst to facilitate the transformation of Fe(III) to Fe(II).

In this research, heterogeneous Fenton systems using iron-containing clay catalysts
have recently been developed by thermal treatment process. It was expected that the active
iron species formed by thermal treatment can greatly accelerated the oxidation, which was
due to the formation of active oxidant on the catalyst surface. Accordingly, we have
undertaken a study of the Fenton-like processes by decolorization of methyl orange using
iron-containing clay as catalyst. The iron-containing clay catalyst was characterized by X-ray
fluorescence spectroscopy (XRF), powder X-ray diffraction (XRD),
thermogravimetric/differential thermogravimetric (TGA/DTG), Fourier transform infrared
spectroscopy (FTIR), electronspin resonance (ESR), and diffused reflectance-ultraviolet
visible spectroscopy (DR-UV). The effects of thermal treatment of such iron-containing clay

on its oxidation activity was studied in this work.

2. Experimental
2.1 Chemicals

All chemicals used here are of reagent grade and used without further purification.
Methyl orange (MO) was purchased from Carlo Erba. Hydrogen peroxide (H,0O,) (30 % w/v)
was obtained from Merck. The pH of the solution was adjusted to a desired value using dilute
solutions of H,SO4 or NaOH. The required concentration of the MO solution was made using
deionized water. Iron-containing clay was obtained from the SCG Chemicals. The clay
samples were calcined at 100-700 °C for 5 hours. Hereafter, the catalysts will be designated

as Clay-100, Clay-300, Clay-500 and Clay-700 according to their thermal treatment.



2.2 Catalyst Characterization

X-ray fluorescence (XRF) was carried out for determining the elemental composition
of the iron-containing clay. Powder X-ray diffraction (XRD) was employed for determining
phase formation and crystallographic state (CuKa radiation (A = 0.154 nm)). For TGA/DTG,
the sample (10-15 mg) was heated from 50 to 900 °C under a flow of N, with a heating rate
of 10 °C/min. FTIR spectra were acquired in the transmission mode at room temperature over
the wavenumber range of 4000-650 cm™. The UV-vis-diffuse reflectance spectra of the clay
samples in the form of self-supporting pellets were recorded with BaSO,4 coated integration
sphere. The ESR spectra was taken in the X-band at 20 °C and registered at microwave power

I mW in the field range of 10-810 mT (one scan with a sweep time of 4 min).

2.3 Decolorization of methyl orange

The activity of this catalyst to decolorize MO was tested by varying other parameters
such as solution pH in the range of 3.0-7.0, volume of H,O; solution between 0.1-0.6 mL,
reaction time between 7-120 minutes, volume of MO solution between 50-500 mL, and
reaction temperature in the range of 25-50 °C. For each experiment, the concentration of MO
and dosage of the catalyst were 60 mg/L and 1 g/L, respectively. The color removal of dye
solutions analyzed by measuring the absorbance with UV-Vis spectrophotometer at Ap,x =

507 nm.

3. Results and Discussion
3.1 Characterization of iron-containing clay

Table 1 shows the approximate elemental composition of parent clay determined from

XRF.



Table 1 Elemental composition using XRF (relative wt.%)

Elements % Weight Elemental oxide % Weight
Si 56.68 Si0; 51.04
Al 9.67 ALLOs 15.40
Fe 9.45 Fes;04 16.53
Ca 9.41 CaO 5.55
Mg 6.92 MgO 4.84
Na 1.91 Na,O 2.18
Ti 3.74 TiO, 2.63
K 0.94 K>,O 0.95
Cu 0.41 CuO 0.22
Pd 0.41 PdO 0.20
P 0.13 PO, 0.17
Mn 0.19 MnO, 0.13
S 0.14 SO;4 0.17

The formation of clay is a result of the weathering of magmatic and metamorphic
rocks. Therefore, depending on the type of primary rocks and the conditions of processes, the
clays with various mineralogical and elemental compositions are formed. The clays are
highly dispersive aluminosilicates with the macrocomponents: SiO, and Al,O3; contain
impurities such as Ca, Mg, Na, Ti, K, Cu, Pd, and Mn. Apparently, the parent clay possesses
a relatively high wt.% of Fe (~ 9 %), which make it ideal as Fenton catalyst.

The XRD patterns of the parent and the thermally treated iron-containing clay are

shown in Fig. 1.
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Fig. 1. XRD patterns of treated-clay (M = Montmorillonite, I = Illite, H = Hematite, MA =

Magnetite).

The parent clay shows a strong diffraction peak at 5.9°, 17.6°, 19.9° and 35.6°
corresponding to montmorillonite phase [17]. While, the diffraction peaks at 29.5° and 35.6°
are assigned to the magnetite (Fe;O4 or FeO-Fe,03) crystallite [18]. The peak intensity of
Fe;O4 crystallite are accordingly low as some iron species may well be dispersed. The
presence of iron species may include; (i) iron oxide species distributing onto the surface of
montmorillonite and/or (ii) iron oxide species present in the intercalating layer.

After thermal treatment (> 300 °C), the treated-clay shows the shift peak at 5.9° to
9.1° and peak at 17.6° to 18.3° (lower d-spacing). This is presumably due to a removal of
interlayer water molecules as evidenced by TGA/DTG (Fig. 2) and FTIR (Fig. 3). The peak
at 9.1° and 18.3° indicates the formation of illite [19], as a result of thermal treatment.
Moreover, the magnetite structure was altered after thermal treatment (> 300 °C) as a new
peak at 27.8° was appeared indicating the formation of hematite (Fe;O3) [20]. However, no
significant change of XRD pattern can be observed after treating at temperature greater than
500 °C. The oxidation of iron(Il) to iron(IIl) (particularly iron present in the intercalating

layer) may lead to a change in the total layer charge and consequently d-spacing layer. The



magnitude of the possible alteration due to oxidation of structural iron is restricted by the iron
content in the montmorillonite. This result indicates that the dehydroxylation may well

promote a phase transformation of both iron species and clay.
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Fig. 2. TGA/DTG thermogram of treated-clay.

From Fig. 2, the weight-loss at 60-180 °C which corresponds to desorption of the
physisorbed water can be observed [21]. While the weight-loss at 450-700 °C denotes the

dehydroxylation of iron hydroxide and/or clay layer [21].
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Fig. 3. FTIR spectra of treated-clay.

Consistent with the FTIR results that a decrease in O-H vibration at 3600-3200 cm’
(Fig. 3a) and 1700-1550 cm™ (Fig. 3b) can be observed after the thermal treatment. In
conclusion, the oxidation of iron species and the removal of water molecules by desorption of
physisorbed water and dehydroxylation may lead to the phase transformation of the iron-

containing clay.

3.2 Catalytic activity for methyl orange (MO) decolorization



3.2.1 Adsorption and catalytic decolorization of MO
From Fig. 4, decolorization of 60 mg/L MO was tested with Clay-500. It was found
that % decolorization of MO over Clay-500 in the presence of H>O, is much higher than

those over Clay-500 in the absence of H,O,.
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Fig. 4. Effect of H,O, on % MO decolorization catalyzed by Clay-500 as a function of time.
Reaction condition: [MO], = 60 mg/L, Clay-500 = 50 mg, [H>0;], = 0.5 mL, Temperature =

50°C, pH = 3, Volume of MO solution = 250 mL.

In the case of without H,O,, the % decolorization of MO increased with increase in
contact time and reached equilibrium after approximately 60 min. This may be due to strong
adsorption of MO on iron-containing clay via the sulfonic group, forming bridged bidentate
complex with iron species on the clay surface [22]. To compare the adsorption kinetics
precisely, the changes of adsorbed amount with time are treated with the versatile pseudo-
second-order kinetic model [23]. The calculated equilibrium adsorption capacity (qe) is 51.81
mg/g. In the case of H,O, addition, the decolorization of MO at 120 min contact time is ~ 264

mg/g, approximately 5 times larger than the equilibrium adsorption capacity (q.). It is



speculated that loading H,O, over iron-containing catalyst can generate the active oxidant.
Such active oxidant can readily decompose the diazo-linkage of the dye leading to
decolorization. To elucidate the significant role of iron-containing clay as catalyst, the
decolorization of MO experiment was carried out in the absence of iron-containing clay and
in the presence of H,0,. It was found that the % decolorization of MO is exceedingly low (5
% decolorization) in consistent with an observation made by Panda and et al. [24]. This result
can be explained by the fact that HO, possesses a poor oxidation potential, as compared to
the active oxidant generated in-sifu in presence of iron-containing clay catalyst.

The MO decolorization efficiency was tested with different type of the catalysts (Fig.

5).
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Fig. 5. Effect of H,O, on % MO decolorization catalyzed by various treated-clay.
Reaction condition: [MO], = 60 mg/L, Catalyst = 50 mg, [H;0;], = 0.5 mL, Temperature =

50°C, pH = 3, Volume of MO solution = 250 mL, Reaction time = 30 min.

In consistent, % decolorization of MO over the treated clay in the presence of H,O, is

much higher than those over the treated clay in the absence of H,O,. This confirms that the

10



iron-containing clay sample can readily provide the catalytic activity for Fenton-like

reactions.

In addition, it is found that Clay-500 is the most active catalyst for decolorization of
MO among those investigated in this work. It is expected that the formation of active iron
species by thermal treatment would play important role for MO decolorization. The thermal
treatment at 500 °C can remove the water molecules by desorption of physisorbed water and
dehydroxylation may lead to the phase transformation of the iron-containing clay and the
oxidation of iron species. It is expected that the active Fe(IIl) species which is on the surface
of the catalyst reacts with hydrogen peroxide and leads to the formation of a high valent iron-

oxo species (Surface-Fe(IV)=0) (Scheme 1).
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Scheme 1

Such iron-oxo species can further react with hydrogen peroxide forming hydroperoxo-
iron species which is proposed as the active species that oxidizes the diazo-linkage of the MO

leading to decolorization (Scheme 1).
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In the case of using Clay-700 as the catalyst, MO decolorization decreases with rise in
treatment temperature (Fig. 5). This is presumably due to the further dehydroxylation of clay
under high thermal treatment at 700 °C leading to the lost of surface area of catalyst (Surface
area of Clay-100, Clay-300, Clay-500 and Clay-700 were 85, 84, 72 and 43 m%g,
respectively). This is consistent with the TGA/DTG (Fig. 2) and FT-IR results (Fig. 3) that
show the dehydroxylation of clay layer.

In evaluating the activity of different iron minerals in catalyzing the degradation of
2,4,6-trinitrotoluene (TNT) through a Fenton-like reaction in aqueous solution at pH 3, Matta
et al. [25] found that iron(IIl) oxides (hematite, goethite, lepidocrocite, and ferrihydrite) were
less effective than iron(Il) minerals, such as magnetite and pyrite. As iron(Ill) oxides are
catalytically less active than their iron(Il) counterparts [26], one can expect that if the iron
species mostly present as iron(Il) oxide, it would be able to decolorize MO when using iron-
containing clay treated at low temperature (Clay-100 or Clay-300). Conversely, Clay-500
provides a relative higher % decolorization of MO (Fig. 5). It is believed that bulk iron(III)
oxide are less active. While the active Fe(IIl) species are suggested to be the non-framework
Fe species generated by dehydroxylation of the clay structure. However, the presence of the
active Fe(Ill) species may include; (i) iron oxide species distributing onto the surface of
montmorillonite and/or (i1) iron oxide species present in the intercalating layer. Interestingly,
one could not expect only a single form of iron species for all cases. This is because the iron
species formed are affected by many parameters. Accordingly, the alteration of iron species
during the thermal treatment and reaction can largely affect the catalyst activity and stability.

In addition, the relative lower decolorization of MO was obtained from the reaction
using Clay-100 and Clay-300 as catalsyt. This is due to the fact that the Fenton process
involves the reaction of Fe(Il) with H,O,, giving rise to hydroxyl radicals (*OH) (Eq. (1)).

This catalytic reaction is proceeded by the reduction of Fe(IIl) to Fe(Il) (Eq. (2)) [26].

12



Surface-Fe(Il) + H,O, > Surface-Fe(III) + *OH + OH" Eq. (1)

Surface-Fe(I1I) + H,0, > Surface-Fe(I) + *OOH + H" Eq. (2)

This may be the case particularly for the reaction using Clay-100 and Clay-300
(where less active Fe species is present) as catalyst. Since the reduction of Fe(IIl) by
hydrogen peroxide is too slow to generate Fe(Il) [27-29], the removal of the MO in the
activation period is delayed.

From the above results, it can be concluded that the active iron species was
successfully generated on the clay surface at 500 °C. Such active iron species can readily
react with hydrogen peroxide forming the active intermediates that can decolorize the MO.
This is also consistent with the Zhang’s report [30]. The structure of the activate iron species
in the montmorillonite was an amorphous FeO(OH)-like species after calcining at 500 °C.
Such iron active species generated by dehydroxylation reaction at high temperature is
suggested to play a decisive role on the catalytic activity towards MO decolorization.

The formation of different oxidative intermediate species generated by the active iron
species (Clay-500) and less active iron species (Clay-100 and Clay-300) for the
decolorization of the MO was proposed. It is expected that the oxidation activity provided
Clay-100 and Clay-300 was *OH radical mechanism. Interestingly, the surface reaction
promoted by Clay-500 can provide a high catalytic oxidation. The high valent iron-oxo
species process does not involve free radicals. The bond formation between organic substrate
and O* is assumed to originate from a Fe(IV)(OH)(OOH) intermediate that undergoes
oxidation (Scheme 1).

From the catalytic activity results, it is suggested that the active sites may be

generated by reaction of H,O, with Fe species formed by dehydroxylation of Fe;O4 in the
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clay structure. The formation of iron active site can be evidenced by ESR (Fig. 6) and DR-

UV (Fig. 7).

Clay-500

Clay-300

Clay100

Derivative of absorption (A.U.)

150 300 450 600 750
Field (mT)

Fig. 6. ESR signal of the treated-clay.

Fig. 6 reveals the presence of two characteristic Fe(IIl) signals in iron-containing clay
to values of g = 4.3 and 2.3. The signal at g = 4.3 is assigned to the presence of isolated
Fe(Ill) [31-32] in tetrahedral or octahedral coordination, which in the case of the clay
minerals corresponds to the iron located in the interior of the clay sheets (iron substituting
aluminum in the octahedral layers). Therefore, we can suggest that the active iron species
partially present in the interlayer of clay (due to the small signal at g = 4.3), while mostly
present in iron oxide minerals generated by dehydroxylation. Additionally, the signal at g =
2.3 is associated to the presence of clusters of iron [31-32]. Experimentally, the intensity of
the ESR line at g = 2.3 increased significantly when the parent clay was thermal treatment
due to the transformation of Fe;O4 to Fe,Os. It is interesting to note that the weak signals
were also visible on the ESR spectra which were attributed to Fe(Ill) ions in different
coordination environments (Clay-500) (Fig. 6). This is consistent with the observed the DR-

UV spectra recorded for the treated-clay (Fig. 7).
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Fig. 7. DR-UV spectra of the treated-clay.

In the spectrum of the Clay-100 and Clay-300 only two absorption bands are observed
at about A=263 nm, corresponding to octahedral Fe(IIl) substituting for AI(IIT) [33], and at
about A=525 nm, corresponding to larger particles of Fe,Os aggregates [34]. Interestingly, the
additional signal of the 425 nm band ascribed to the smaller and larger oligomeric
octahedrally coordinated Fe(III) species [34], can be observed over the Clay-500. This is the
further evidenced supporting the formation of iron active site generated by the

dehydroxylation under thermal treatment at 500 °C.
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Fig. 8. FTIR spectra of treated-clay with and without H,O,.

Moreover, the oxidative intermediate species generated by reaction of H,O; and iron
activate sites can be investigated by FTIR (Fig. 8). The FTIR spectrums at 1000, 916 cm™
were assigned to Fe-O-H overlapped with montmorillonite [21] and Al,-OH [35],
respectively. Interestingly, a new signal at 1050 cm™ become pronounced when H,0, is
introduced into Clay-500. It is proposed in this work that the active Fe(Ill) species which is
on the surface of the dehydroxylated clay reacts with H,O, and leads to the formation of
Fe(IV)(OH)(OOH) species exhibits an additional signal at 1050 cm™. However, we suggest
that the additional signal could be obtained only for the reaction of H,O, and Clay treated at
high reaction temperature (Clay-500). This leads to the formation of a high valent iron-oxo

species which can promote decolorization of MO.
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Fig. 9. Effect of reaction time on % MO decolorization catalyzed by various treated-clay.
Reaction condition: [MO], = 60 mg/L, Catalyst = 50 mg, [H>O0;,], = 0.5 mL, Temperature =

50°C, pH = 3, Volume of MO solution = 250 mL.

From Fig. 9, the MO decolorization efficiency was tested over the treated clay with
different reaction time. This again confirms that Clay-500 was found to be the most active
catalyst both reaction at 30 and 60 minutes. The increase in reaction time leads to an increase
in the % decolorization of MO. Approximately 77 % decolorization efficiency was achieved

within 60 minutes when using the Clay-500.
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Fig. 10. Effect of MO volume on % MO decolorization catalyzed by Clay-500.
Reaction condition: [MO], = 60 mg/L, Clay-500 = 50 mg, [H>0;], = 0.5 mL, Temperature =

50°C, pH = 3, Reaction time = 7 min.

Fig. 10 showed an increase in MO removal (mg of MO/g of catalyst) when the
volume of MO solution was increased. The MO was removed from 54 to 218 mg/g when the
volume of MO solution was increased from 50 to 500 mL within a period of 7 minutes.
Accordingly, using the iron-containing clay as catalyst for the heterogeneous Fenton
oxidation of MO from aqueous solution has proven to be an excellent way to treat organic

pollutants.
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Fig. 11. Effect of reaction temperature on % MO decolorization catalyzed by Clay-500 as a

function of time.
Reaction condition: [MO], = 60 mg/L, Clay-500 = 50 mg, [H;0;], = 0.5 mL, pH = 3,

Volume of MO solution = 50 mL.
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The decolorization of MO was investigated at different temperatures (25, and 50 °C)
over Clay-500. The results presented in Fig. 11 showed clearly that the % decolorization of
MO increased with increasing temperature. At higher reaction temperature, the iron-
containing catalyst can readily accelerate decomposition of H,O, and generate the active

oxidant which causes an increase in % decolorization of MO.

100

% Decolorization

pH=7

Fig. 12. Effect of pH on % MO decolorization catalyzed by Clay-500.
Reaction condition: [MO], = 60 mg/L, Clay-500 = 50 mg, [H>0,], = 0.5 mL, Temperature =

50°C, Volume of MO solution = 50 mL, Reaction time = 7 min.

It is worth noting that the increase in pH the degree of decolorization decreases (Fig.
12). No significant decolorization occurs (~ 31 %) above pH 5. This is due to the fact that
H,0, can decompose to molecular O, and H,O in basic medium and hence, relative less
oxidizing agent is available [24]. Moreover, at higher pH, the catalyst surface becomes
negatively charged and the adsorption of MO (containing SO3™ group) on the catalyst surface
is very weak [24]. While in acidic medium, the nitrogen-nitrogen double bond (-N=N-) can

be protonated and its resonance structure provide nitrogen-nitrogen single bond (-(H)N-N=)
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linkage. Consequently, such protonated MO are more easily decomposed by the active

oxidant.
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Fig. 13. Effect of H,O, volume on % MO decolorization catalyzed by Clay-500.
Reaction condition: [MO], = 60 mg/L, Clay-500 = 50 mg, Temperature = 50 °C, pH = 3,

Volume of MO solution = 250 mL, Reaction time = 30 min.

The decolorization of MO increases 17 to 64 % (Fig. 13) with increasing volume of
H,0, solution (0 to 0.5 mL). This is due to the fact that at higher H,O, concentration more
available active oxidant is produced leading to almost complete decolorization. However,
increase of H,O, (0.6 mL) further results decrease in degradation process because surplus
H,0, molecules act as scavenger of hydroxyl radical to generate perhydroxy radical which
has lower oxidation potential than the former [36]. The optimum volume of H,O, solution
about 0.5 mL was obtained for efficient decolorization of MO and this result is consistent
with the observation by Chen et al. [37].

From the above results, the best reacting conditions were found to be initial pH of 3.0,
[H,0,], of 0.02 mol/L (Volume of H,O, solution = 0.5 mL), [Methyl orange], of 60 mg/L,

volume of MO solution = 250 mL, and the dosage of catalyst is 2.0 g/L at temperature 50 °C.
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Under these conditions, 88 % decolorization efficiency of methyl orange was achieved within

120 minutes reaction time when using the iron-containing clay treated at 500 °C.

I Fresh
777 Reuse 1"
[ Reuse 2™

% Decolorization

45 min 60 min

Reaction time (min)

Fig. 14. Effect of recovery activity of catalyst on % MO decolorization.
Reaction condition: [MO], = 60 mg/L, Catalyst = 50 mg, [H>O,], = 0.5 mL, Temperature =

50°C, pH = 3, Volume of MO solution = 250 mL.

To study the reusability of the catalyst, the catalyst recovered from decolorization
experiment was treated with the dye solution under similar condition for another two cycles
(Fig. 14). The catalytic behavior of iron-containing clay is reproducible in consecutive
experiments without a remarkable drop in the process efficiency, which indicates the absence

of significant deactivation of the catalyst due to small amount of iron leaching.

4. Conclusions

In this research, catalytic activity of the Fenton-like catalyst iron-containing clay
towards successful decolorization of methyl orange was demonstrated. Among the iron-
containing catalyst, the sample treated at 500 °C provides highest activity presumably due to

high number of available active sites. The formation of such iron active species by
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dehydroxylation reaction evidenced by TGA/DTG and FTIR is suggested to play a decisive
role on the catalytic activity. The decolorization process is found to be optimum with an
acidic solution pH at 3 giving 88 % decolorization. The successive reusability of the catalyst
can be obtained in consecutive experiments without a dramatic drop in activity, which

indicates the absence of significant iron leaching.
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Ethane dehydrogenation over [Ga]JHZSM-5 catalyst were studied to probe activity of various gallium species
(Gay03,GaO™, Ga™, and GaH3") in a pulsed reactor. H,-TPR was used for characterizing the reducible Ga species.
It was found that the activity of [Ga]HZSM-5 can be regulated by the H, treatment. Among the various Ga species,
the H,-incorporated species (i.e. GaH3") displays the highest dehydrogenation activity (~55% conversion) under
the H, stream. However, this so-called GaH3™ can readily decompose in the absence of H,, presumably to Ga™ that
give a lower ethane conversion (~30%). While the Ga oxide species, which may well be retained as isolated Ga,05
and exchangeable GaO™, provide the lowest dehydrogenation activity (~25% conversion). The lower activity is
observed with an increase in the Si/Al ratio of the host zeolite, suggesting that the active site is associated with
the negative framework charge, presumably as a charge balancing cation (i.e. GaH3, Ga*, GaO™). In addition,
treatment with hydrogen and steam can readily disperse occluded Ga,Os into exchangeable Ga™ and GaO™,

respectively.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Gallium incorporated HZSM-5 zeolites ([Ga]JHZSM-5) are recog-
nized as effective bi-functional catalysts for converting light alkanes
to aromatics [1-8]. The dehydrogenation of paraffins, is played by
the incorporated Ga species [1-3], whereas Brensted acid catalyzes
the oligomerization of the olefins and their subsequent aromatization.
While the study of the type of Ga species has spanned over past years,
controversy remains on which gallium species is responsible for the
catalytic activity [1,9-12]. It was first believed that the Ga,05 obtained
after calcination, was the active catalytic species for dehydrocyclization
[9,13] and H, dissociations [ 14]. However, it was later found that the in-
trinsic dehydrogenation activity of Ga,0s/HZSM-5 was better than that
of Ga,03 alone [15]. Since this discovery, several investigations attempt
to elucidate the structure of the Ga species under the reducing atmo-
sphere and its interaction with Brgnsted acid sites. Researchers have
reported that the Ga,05 species are readily reduced during pretreatment
with hydrogen or with the hydrocarbon feed to Ga,0 species that migrate
into the zeolite channels [3,10,16,17].

Ga,0; + 2H,—Ga,0 + 2H,0 (1)

* Corresponding author. Tel.: +66 8 1929 8288; fax: + 66 2 326 4415.
E-mail address: kstawan@gmail.com (T. Sooknoi).
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These mobile species react with the zeolitic Brensted acid, resulting
in the formation of reduced cationic, Ga™ species bound to a negative
framework charge of the zeolites [3,10,16,17].

Ga,0 4+ 2H"—>2Ga™ + H,0 2)

Alternatively, several reports [3,18-20] suggest that Ga(OH)3 is pri-
marily exchanged into the negative framework of HZSM-5. Such species
can dehydrate to form GaO™ at high temperature [3,21].

Ga(OH),"—Ga0" + H,0 3)

The GaO™ would be dispersed over the exchangeable sites in the
framework, however, such Ga species can readily react with H, finally
forming the Ga™ species [22,23].

Ga0™ + H,—Ga" +H,0 (4)

It is also suggested that H, not only keeps Ga species in its reduced
forms but can also chemisorb on Ga™ species and consecutively dissociate
to form dihydrido gallium complex (GaH3") [24].

Ga" +H,—GaH," (5)

The existence of the dihydrido gallium species is in good agree-
ment with the observed adsorption band at ~2040 cm™ ' [24]. Kazansky
et al. [21,24] reported that such Ga species are relatively stable and
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decompose only partially in a reductive hydrogen atmosphere at elevated
temperatures.

One could expect that upon calcination, the gallium oxides (Ga;0s,
GaO™) are most likely species present in the catalysts. The oxide species
may include aggregates both on the external surface and in the micro-
pores of the zeolite. These species may even retain under the reducing
stream of Hy, if the reduction process is not complete. However, the
presence of Ga™, and GaH3 would be expected under flow of H, as
suggested previously. As most of the studies on [Ga]HZSM-5 focus on
alkane aromatization, the Ga active species initially promoted alkane
dehydrogenation has not been fully understood.

Accordingly, this research has attempted to demonstrate the dehy-
drogenation activity of various Ga species that can be purposely pre-
pared using different treatments (i.e. reducing and steaming). Ethane
was used as a model feed to selectively probe the dehydrogenation ac-
tivity without inference from further aromatization of the olefin pro-
duced. A pulsed reactor allows an observation of an initial activity and
also deactivation if applicable. H,-TPR and NH5-TPD provide insight on
reducibility and acidity of the Ga species formed under various treat-
ments. In addition, the effect of Si/Al ratio of the host zeolite was
highlighted. Due to the high activity obtained from this results, [Ga]
HZSM-5 may also become an alternative dehydrogenation catalyst for
light alkanes.

2. Experimental details

HZSM-5 samples were commercially obtained from Zeolyst Interna-
tional (Si/Al ~ 11 and 28) and Sud-Chemie (Si/Al ~ 165). Conventional
impregnation of HZSM-5 with Ga(NOs); was employed to obtain
3 wt.% Ga loading. The sample was then calcined at 550 °C for 4 hin a
flow of dry air. Hereafter, the catalysts will be designated as [Ga]
HZSM-5(Si/Al) according to their Si/Al ratio. In addition, the b-[Ga]
HZSM-5 (3 wt.% Ga loading) was prepared by physical mixing of
HZSM-5 with bulk Ga,053 (particle size ~ 50-200 nm) in order to
evaluate bi-functional behavior of the catalyst. Temperature-
programmed reduction (TPR) and NHs-temperature-programmed
desorption (NH3-TPD) experiments were carried out using a TCD detec-
tor. All temperature-programmed measurements were taken with a
heating rate of 10 °C/min, with He as the carrier gas. For the pulse reac-
tion studies, 15 mg of catalyst was pretreated in a flow of He or H,
(60 mL/min). After the pretreatment, 25 pL of 5 v/v% ethane in He or
H, gas was injected into the pretreated catalyst bed to obtain its initial
activity. The pulses were repeated for different reaction conditions/
treatment. The products of the ethane pulse reaction were on-line
analyzed by the FID detector.

3. Results and discussion
3.1. Catalyst characterization

The characteristics of the zeolite samples including Si/Al ratio of the
host zeolite, % Ga loading, and BET surface area are shown in Table 1. The
Ga contents of the impregnated and physical mixed catalyst are compa-
rably in the same range. Fig. 1a shows the TPR profile of the Ga modified
HZSM-5(28) zeolite samples. With the Gaussian deconvolution
(Fig. 1b), two major reduction were assigned to (i) the well-dispersed
Ga species (~510 °C) such as small Ga,0; particles and/or GaO™ species
interacting with the zeolite framework and (ii) bulk Ga,03 particles
(~600 °C) separated from or loosely supported on the zeolite matrix
[20]. Detail of these species has fully described in previous work [25].

After the primary H,-TPR, the sample was cooled down to 100 °C,
then purged with air for 2 h in order to recover the Ga oxide species.
Secondary and tertiary H,-TPR was then performed. It clearly showed
that the reduction temperature shifted toward lower temperature
with increasing hydrogen consumption (Fig. 1c and d) indicating that
re-dispersion of the Ga species was obtained after series of reduction/

Table 1
Chemical composition and surface area of zeolite samples.

Catalyst Si/Al Al/Ga Ga content® Surface area (m?/g)
(wt%)
ICP XRF
HZSM-5(11) 1 o - - 645
HZSM-5(28) 28 o - - 560
HZSM-5(165) 165 0 - - 540
[GaJHZSM-5(11) 1 345 28 29 590
[GaJHZSM-5(28) 28 143 28 29 525
[Ga]HZSM-5(165) 165 0.25 28 29 520
b-[Ga]HZSM-5(28) 28 148 27 2.8 530

b-[GaJHZSM-5(165) 165 026 27 28 510

¢ Elemental analysis for Si, Al, and Ga was performed using ICP and XRF.

oxidation cycles. It is suggested that the Ga,05 particles can be partially
reduced and subsequently migrated to the negative framework sites.
When this species was re-oxidized, a smaller particle of Ga species
was generated resulting in the shift to a lower reduction temperature.
An increase in hydrogen consumption also indicates the better reduc-
ibility of the Ga species formed after a series of re-dispersion.

One may expect that dispersion of Ga species may be better inferred
from XRD or TEM. However, no Ga;03 or Ga phase is observed by XRD
for all cases. In our previous work [26], TEM provided additional clues
for a better dispersion of Ga species when the catalyst was treated
with steam. However, it may be a mistake to deduce Ga dispersion
from TEM in these samples. This is because, unlike other metals that
trend to form aggregates upon reduction, Ga cannot be readily reduced
to metallic species (Ga). The cationic species, such as Ga* and GaO™
formed after reduction with H,, would also be highly dispersed at the
exchangeable sites and cannot be observed by TEM.

In fact, the previously published TPR study on the same catalyst sys-
tems [25] describes the dispersion of Ga species in detail. The observed
reduction peak at high temperature indicates that the incorporated
Ga species agglomerate into larger Ga,Os clusters at higher loading
(~6 wt.%), and are probably segregated to the outer surface of ZSM-5.
As a series of TPR is repeated, the shift toward lower reduction temper-
ature is clearly noticed and this must be derived from the reduction of
different species. Moreover, the increase in H, consumption, as the
TPR is repeated, may well support the reversible association of H, of
highly dispersed Ga species (Ga™ to GaH3") proposed in literatures
[24]. With these reason we believe that, for [Ga]HZSM-5, the nature
and dispersion of Ga species can better be investigated using TPR.

Although acid site is not active site for dehydrogenation, NH3-TPD
provides a clue for the dispersion of the reduced Ga species into the ex-
changeable sites. It can be seen from NHs-TPD in Fig. 2 that when the Ga
species was introduced into zeolite, strong acid sites (~300-500 °C,
[27,28]) is slightly decreased while the weak acid sites and physisorbed
NHs5 were slightly increased (50-200 °C). The observed change in
acidity distribution, when Ga is incorporated, is in line with acidity
measured by IPA-TPD [25] and MAS-NMR [26] of the same catalyst
system previously reported.

The above observation suggested that, as the catalyst was calcined,
the incorporated Ga were mostly retained as isolated oxides (Ga,03)
and cationic species (GaO™) that would also occupy some of the ex-
changeable sites. Accordingly, the acidity of the [Ga]HZSM-5 is relatively
reduced as compared to that of HZSM-5. However, a noticeably de-
crease in strong acid site can be seen when the catalyst was reduced
in H,. This is presumably due to the better dispersion of Ga species as
cationic species (Ga™ and GaH3 ), which is consistent with the previous
suggestions that reduced Ga species (i.e.,, Ga* and GaH3) act as ex-
changeable cations and replace the acid sites [24,25,29]. Together with
the TPR results, the reduction of the [Ga]HZSM-5 can readily disperse
the incorporated Ga species, predominantly as the Ga cationic species
on the exchangeable sites. It should be noted that, for [Ga]HZSM-



Fig. 1. The TPR profiles of (a) comparison data of [Ga]HZSM-5(28), (b) the primary H,-TPR of [Ga]HZSM-5(28), (c) the secondary H,-TPR of [Ga]HZSM-5(28), (d) the tertiary H,-TPR of [Ga]HZSM-5(28). The samples were first calcined at 550 °C and
cooled down to 50 °C in air; then, heated in a flow of 2% Hy/Ar (30 mL/min) with a heating rate of 10 °C/min up to 900 °C. After primary TPR experiments, the samples were then cooled to 50 °C in a flow of He and the experiments were repeated
under the same condition.
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Fig. 2. NH3-TPD profiles of (a) HZSM-5(28), (b) [Ga]HZSM-5(28) and (c) [Ga]HZSM-5(28)
reduced with H, at 550 °C. The samples (0.05 g) were dried in flowing He at 425 °C for
2 h. Adsorption of 10% NH3/He until saturation took place at 50 °C, then the samples
were flushed with He at the same temperature for 2 h. TPD measurements were done
from 50 to 700 °C with a heating rate of 10 °C/min, with He as the carrier gas.

5(11) and [Ga]HZSM-5(28), number of exchangeable sites in this sam-
ple are in excess, as compared to the Ga loading (Al/Ga >1, Table 1). In
the case of [Ga]HZSM-5(165), the oxide species may include aggregates
on the surface of the zeolite. These species may even retain under the
stream of H,.

It is also worth noting that no attempt to prove or propose new Ga
species in GaHZSM-5 was made in this work. All species are referred
to those previously reported and proposed in literatures. Additional
characterization including effect of high temperature treatment can be
deduced from some of our own characterization results as well as previ-
ously published spectroscopic studies on the same catalyst systems
[25,26].

3.2. Dehydrogenation of ethane

From Table 2, it can be clearly seen that the conversion of ethane to
ethylene is increased with reaction temperature for all experiments. For
HZSM-5(28), a low conversion of ethane is obtained either using H, or
He as carrier gas. While [Ga]HZSM-5(28) show a higher dehydrogena-
tion activity, particularly in the H, stream. This implies that the reduced
Ga species (Ga™, GaH3") possesses a high dehydrogenation activity, as
compared to the Ga oxide species (Ga,03, GaO™). In order to clearly

Table 2
% Conversion of ethane to ethylene over various modified HZSM-5.

compare the catalytic activity of the Ga species under H, and He atmo-
sphere, the pulsed reaction was carried out as shown in Fig. 3.

From Fig. 3, ~25% conversion of ethane was obtained at 650 °C using
He as a carrier gas (Exp. 1). It is believed that Ga,05 particles and/or
GaO™ were the active species under this reaction condition. As the
catalyst was calcined and only treated with He, the incorporated Ga
are mostly retained as isolated Ga,03 and exchangeable GaO™ (from de-
hydration of Ga(OH)3, Eq. (3)) [3]. Such Ga oxide species in [Ga]HZSM-
5(28) can provide a relatively higher activity of ethane dehydrogena-
tion, as compared to HZSM-5 (~2% conversion). Again, it is interesting
to note that only ethylene and hydrogen are produced and there is no
change of activity with the number of ethane pulses. This clearly
shows that there is an excess of Ga active sites and the initial activity
can be obtained from every single pulse.

When the catalyst was in situ reduced with 10 pulses of pure H, and
ethane was then pulsed under He (Exp. 2), a marked increase in activity
was initially observed, but slowly decline to a certain level (~30% con-
version) after 7-8 pulses of ethane. It was suggested that, by pulsing
with Ha, a reduced Ga species (presumably Ga™t) could be generated.
Moreover, the Ga* formed may also chemisorb H, to form a H»-
incorporated Ga species, “GaH3 " ((Eq. (5)) as reported earlier
[24]. These two species seem to be responsible for the high activity
observed initially, as compared to that over the oxide forms. How-
ever, at high reaction temperatures, the “GaH3 ” cannot be stabi-
lized in the absence of H, as reported by Kazansky et al. [21,24]. It
would be readily decomposed to the reduced Ga™ species after H,
is withdrawn. Hence, a decrease in catalytic activity can be ob-
served (~40% to ~30% conversion after 7-8 pulses) in Exp. 2. The
reduced Ga™ species appears to be less active, as compared to the
H,-incorporated Ga species (GaH3 ), but somewhat more active,
as compared to the Ga oxide species. The same operating condition
as Exp. 2 was performed for Exps. 3 and 4 and similar results can be
repeatedly observed. It is, therefore, assumed that H, chemisorp-
tion of Ga™ and decomposition of GaHJ species in [Ga]HZSM-
5(28) is readily reversible.

Since the decomposition of such GaH3 to Ga™* would be favored in
the absence of H,, one could expect that by keeping the catalyst in a
H, stream, decomposition of the so-called GaH;™ may well be prevented.
Hence, H, mixed with ethane was then pulsed in the reaction (Exp. 5)
under the H, carrier. It was found that a relatively high activity was ob-
tained (~55% conversion) and there is no change in catalytic activity
throughout a series of ethane pulses under H; as the carrier gas. Accord-
ingly, it is believed that the Hj-incorporated Ga species (presumably
GaH3") is kept under this condition and this species seems to be more
active, as compared to other Ga species mentioned previously. To eluci-
date that, the carrier was switched back to He (Exp. 6), and while puls-
ing of ethane was continued. It can be clearly seen that, a result as in
Exps. 2-4 was exactly reproduced for Exp. 6. This again demonstrates
that the H,-incorporated Ga species (GaH3 ) could only be preserved

Catalyst Type of carrier gas % Ethane conversion at various reaction temperature (°C)

550 600 650 700 750
HZSM-5(28) He 0.0 0.7 26 6.1 12.6
HZSM-5(28) H, 0.0 0.0 09 2.2 34
[Ga]HZSM-5(28) He 49 185 25.8 55.9 67.7
[Ga]HZSM-5(28) H, 193 423 53.4 62.4 69.1

(94.9,5.1)* (82.4,17.6)*

b-[Ga]HZSM-5(28) He 0.0 1.1 29 7.7 9.9
b-[Ga]HZSM-5(28) treated with H, He 0.0 43 184 273 354
b-[Ga]HZSM-5(28) treated with steam He 0.0 2.7 121 19.1 29.1
b-[Ga]HZSM-5(165) He 0.0 0.0 0.0 39 84
b-[Ga]HZSM-5(165) treated with H, He 0.0 0.0 6.3 12.6 26.7
b-[Ga]HZSM-5(165) treated with steam He 0.0 0.0 54 9.2 14.9

Reaction condition: Reaction temperature = 550-750 °C, Carrier gas = He and H,, Reactant = ethane
2 The selectivity of ethylene was 100% except these results that ethylene and methane selectivity were shown in blanket.
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Fig. 3. Ethane pulsed reaction over [Ga]HZSM-5(28) catalyst with different reaction condi-
tion. exp 1 = 5% ethane/He was feed using He as carrier gas, exp 2 = the 10 pulses of
pure H, was injected to the catalyst, and then 5% ethane/He was feed using He as carrier
gas, exp 3, 4 = the exp 2 was re-operated, exp 5 = 5% ethane/H, was feed using H; as
carrier gas, exp 6 = the exp 2 was re-operated, exp 7 = the exp 5 was re-operated, exp
8 = the exp 2 was re-operated. Reaction condition: Catalyst = [Ga]HZSM-5(28), Reac-
tion temperature = 650 °C, Pulsed volume = 25 L.

under the reducing H, stream. As a non-reducing stream of He replaced
H,, the active “GaH3™” was gradually decomposed to “Ga™", leading to a
decrease in dehydrogenation activity as observed in Exps. 2-4. Exps. 7
and 8 were further performed to verify the above phenomenon and,
as expected, the process was clearly reversible.

From the above results, it can be concluded at this stage that dehy-
drogenation activity of [Ga]JHZSM-5 is largely dependent upon the Ga
species present. The H,-incorporated Ga species (presumably GaH3")
exhibits higher activity, as compared to the reduced Ga* and Ga oxide
species, respectively. This is probably due to the noble-metal-like char-
acteristics of such H,-incorporated Ga species [30], as compared to
others. If this species is really GaH3', one could expect that such 16-
electrons complex with soft hydrido ligands would interact well with
hydrogen in a manner similar to the noble metals. However, this species
appears to be present only under H, stream.

According to the above observation, the active Ga species would be
highly dispersed as exchangeable cationic species. This can be demon-
strated by the reaction using the bulk Ga,03; support on HZSM-5(28)

Fig. 4. Effect of catalyst preparations and treatments. Reaction condition: Catalyst = [Ga]
HZSM-5(28), b-[Ga]HZSM-5(28), st-b-[Ga]HZSM-5(28) and red-b-[Ga]HZSM-5(28), Re-
action temperature = 550-750 °C, Carrier gas = He, Reactant = ethane.

(b-|Ga]HZSM-5(28)) under non-reducing stream of He as shown in
Fig. 4.

As expected from Fig. 4, a relatively lower ethane conversion can be
obtained over b-[Ga]JHZSM-5(28) (Ga particle size ~ 50-200 nm, not
shown), as compared to the [Ga]JHZSM-5(28). It is noted that the con-
version over b-[Ga]JHZSM-5(28) is only 2-3% higher than that over
HZSM-5 (Table 2) suggesting that, predominantly, the observed activity
is thermally driven. After steaming at 425 °C for 2 h, the dehydrogena-
tion activity can be enhanced (st-b-[Ga]HZSM-5(28)). It is believed that
water can react with the bulk Ga,03 forming relatively well-dispersed
GaO(OH) species that can consecutively react with Brgnsted acid sites
to form an exchangeable GaO™ species [26,31].

Ga, 05 + H,0—2GaO(0OH) (6)
GaO(OH) + H'—-Ga0" + H,0 (7)

The better dispersion of Ga species in st-b-[Ga]JHZSM-5(28) can be
supported by the TPR, as shown in Fig. 5a. It is clearly seen that a H; con-
sumption peak of the Ga species in the steamed sample (st-b-[Ga]
HZSM-5(28)) shifted toward a lower temperature, as compared to
that of the b-[Ga]HZSM-5(28) (~670 °C). This is probably because re-
duction of the dispersed Ga species (presumably GaO(OH) or GaO™) ob-
tained from the steam treatment would be more feasible, as compared
to the bulk Ga,0s. With the Gaussian deconvolution, a weaker signal
at ~670 °C was observed over the st-b-[Ga]HZSM-5(28), indicating
that less bulk Ga,03 was retained in this sample. In other words, larger
parts of the bulk Ga,05; may well be re-dispersed by the reaction with
steam ((Eqgs. (6-7)) to form GaO(OH) or GaO™ that possesses a higher
dehydrogenation activity, as compared to the bulk Ga,03 (Fig. 4).

After H, reduction at 750 °C, the catalysts (red-b-[Ga]HZSM-5(28))
become even more active as shown in Fig. 4. In line with the change
in the nature of the Ga species observed upon H, reduction (Fig. 1), it
is believed that the some parts of bulk Ga oxide species could be
reduced and re-dispersed on the zeolite support, presumably forming
exchangeable Ga™ species that is more active than the Ga oxide species
as discussed earlier.

To emphasize the role of these exchangeable Ga species, the same
loading of bulk Ga,03; on HZSM-5 with a higher Si/Al (b-[Ga]HZSM-
5(165)) was prepared (Table 1). After reduction at 750 °C, the dehydro-
genation activity in He was compared as shown in Table 2. It is clearly
seen that, despite of the same Ga,03 loading, the lower dehydrogena-
tion activity can be obtained from b-[Ga]HZSM-5(165), as compared
to that from b-[Ga]HZSM-5(28). This is expected because b-[Ga]
HZSM-5(165) would possess relatively less acid sites and, according to
Eqgs. (2) and (7), less exchangeable Ga species would be obtained in
this catalyst after reduction. In line with a separate measurement,
higher number of dispersed Ga species was obtained for the same Ga
loading on zeolite with lower Si/Al (Fig. 5b). From the above results, it
is interesting to note that the acidity of zeolite determines the disper-
sion of the Ga species and hence the high dehydrogenation activity.

4. Conclusions

As [Ga]HZSM-5 was calcined in air and only treated with He, the in-
corporated Ga oxide species provide ~25% ethane dehydrogenation at
the reaction condition studied (650 °C). After reduction, the catalyst
shows a slightly higher activity (~30% conversion), presumably due to
the presence of more active reduced Ga species, i.e. Ga™. Under H,
stream, the active site can reversibly chemisorb H, forming so called
“GaH3z " that is even more active for ethane hydrogenation (~55%
conversion). However, such H,-incorporate Ga species (GaH3) can
gradually decompose in the absence of H,. Nevertheless the process is
readily reversible. In addition, steam treatment and reduction with H,
can disperse the bulk Ga oxide into the higher active cationic Ga species
(presumably GaO* and Ga™). In addition, the number of acid sites of the
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Fig. 5. The TPR profiles of (a) b-[Ga]HZSM-5(28) and st-b-[Ga]HZSM-5(28) treated with steam at 425 °C and (b) [Ga]HZSM-5 different Si/Al ratio. The samples were first calcined at 550 °C
and cooled down to 50 °C in air; then, heated in a flow of 2% H,/Ar (30 mL/min) with a heating rate of 10 °C/min up to 900 °C.

host zeolite determine the Ga species dispersion and hence the dehy-
drogenation activity. This result indicates that [Ga]HZSM-5 can be an al-
ternative candidate for light alkane dehydrogenation catalyst.
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Abstract: Methyl orange decolorization by hydrogen
peroxide was performed on local clay catalyst, a
composite material that naturally contains crystalline
magnetite (Fe;0,) and montmorillonite characterized by
XRD. Under thermal treatment at 500 °C, the iron-
containing clay catalyst was completely transformed into
hematite (Fe,Os;) and illite. Moreover, intensity of the
ESR line at g = 2.3 which was characteristic of the Fe®*
ion in the iron oxide phase (Fe,O;) increased
significantly. The weak signals were also visible on the
ESR spectra which were attributed to Fe®* ions in
different coordination environments. From the catalytic
results, the iron-containing clay treated at 500 °C
provided a good performance toward total methyl orange
decolorization (~ 65% decolorization at 50 °C). It is
suggested that the dehydroxylation at the clay surface,
which occurs by thermal treatment, plays an important
role on the catalytic activity. Upon heating, the
TGA/DTG profile of the catalyst sample showed the
weight-loss at 450-700 °C which denoted the
dehydroxylation of iron hydroxide and/or clay layer.
Consistently, the FTIR result showed the decrease in O-
H vibration at 3600-3200 cm™ and 1630 cm™ The
activate sites, i.e. FeO(OH)-like species, may be
generated by reaction of H,0O, with Fe species formed by
dehydroxylation of Fe;O, in the clay structure.

1. Introduction

In the last decade, several systems based on
heterogeneous Fenton-like catalyst (Fe-supported
solids), such as iron oxides, zeolites, pillared clays,
and alumina, have been investigated for use in
environmental remediation processes [1-4]. Using such
heterogeneous  catalyst avoids the significant
disadvantages of homogeneous Fenton: (i) the need for
the removal of remaining iron ions after the treatment
and (ii) a limited yield of reaction process due to the
formation of stable iron-complexes [5-7]. Moreover,
the heterogeneous catalyst can also be easily recycled,
and all operations in the effluent treatment are
significantly simplified if the solid catalyst is easy to
handle.

Natural clays locally found in Thailand already
contain iron that is present in the form of exchangeable
iron cation and/or iron oxide minerals. Such
incorporated iron within the clay structure makes them
possible as Fenton-type catalyst designed for oxidation

process. We have recently shown that the iron-
containing clay is an efficient catalyst in the Fenton
oxidation for methyl orange (MO) decolorization [8].
However, the understanding of the altering of iron
species and/or phase transformation influenced their
catalytic behavior during the reaction and also
preparation by thermal treatment is unclear.

Therefore, this research will be studied the nature
of the active species in the iron-containing clay
catalyst used in the MO decolorization. For that
purpose, the characterization of catalysts with various
hydrothermal treatment has been undertaken using X-
ray diffraction (XRD), Fourier transformed infrared
spectroscopy (FTIR), Raman spectroscopy (Raman),
electronspin  resonance (ESR), and diffused
reflectance-ultraviolet visible spectroscopy (DR-UV).

2. Materials and Methods

2.1 Catalyst preparation

The iron-containing clay sample was obtained from
the SCG Chemicals. The sample material was brown
color and was used as received. The sample was
calcined at 100-700 °C for 5 hours. Hereafter, the
catalysts will be designated as FeClay-(Temperature)
according to their treatment temperature.

2.2 Catalyst characterization

X-ray fluorescence (XRF) was carried out for
determining the elemental composition of the iron-
containing clay. Powder X-ray diffraction (XRD) was
employed for determining phase formation and
crystallographic state. For TGA/DTG, the sample (10-
15 mg) was heated from 50 to 900 °C under a flow of
N, with a heating rate of 10 °C/min. FTIR spectra was
acquired in the transmission mode at room temperature
over the wavenumber range of 4000-650 cm. The
FT-Raman spectra was recorded using 1064 nm
excitation from a Nd:YAG laser. Two thousand scans
were accumulated at 8 cm™ resolution. The UV-vis-
diffuse reflectance spectra of the clay samples in the
form of self-supporting pellets were recorded with
BaSO, coated integration sphere. The ESR spectra was
taken in the X-band at 20 °C and registered at
microwave power 1 mW in the field range of 10-810
mT (one scan with a sweep time of 4 min).




2.3 Decolorization of methyl orange

The activity of this catalyst to decolorize methyl
orange was tested by varying the parameters such as
solution pH, initial concentration of H,0,, reaction
time, and temperature [8].

3. Results and Discussion

3.1 Characterization of the iron-containing clay

From XRF result, the parent clay possesses a
relatively high wt.% of Fe (~ 10 %), which makes it
ideal as Fenton catalyst. The XRD patterns of the
parent and the thermally treated iron-containing clay
are shown in Figure 1.

350
300
S 250
< 200
2
2 150
] Parent Clay
£ 100 FeClay-100
50 FeClay-300
FeClay-500
FeClay-700
8 12 16 20 24 28 32 36 40
2 theta

Figure 1. XRD patterns of the treated-clay (M =
Montmorillonite, I = Illite, H = Hematite, MA
Magnetite).

The parent clay shows the strong diffraction peaks
at 5.9°, 17.6°, 19.9° and 35.6° corresponding to
montmorillonite phase [9]. While, the diffraction peaks
at 29.5° and 35.6° are assigned to the magnetite (Fe;O4
or FeO-Fe,0;) crystallite [10]. The presence of iron
species may include; (i) iron species distributing onto
the surface of montmorillonite and/or (ii) iron species
present in the interlayer.

After thermal treatment (> 300 °C), the treated-clay
shows the shift peak at 5.9° to 9.1° and peak at 17.6° to
18.3° (lower d-spacing). This is presumably due to a
removal of interlayer water molecules as evidenced by
TGA/DTG (Figure 2) and FTIR (Figure 3).

100+ r100
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S o] =
L40 @
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80 0
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Figure 2. TGA/DTG thermogram of the parent clay.

The peaks at 9.1° and 18.3° indicate the formation
of illite [11], as a result of thermal treatment.
Moreover, the magnetite structure was altered after
thermal treatment (> 300 °C). The new peak at 27.8°
was appeared indicating the formation of hematite
(Fey0Os) [12]. However, no significant change of XRD
pattern can be observed after treating at temperature
greater than 500 °C.

The oxidation of iron(Il) to iron(IIl) (particularly
iron present in the interlayer) may lead to a change in
the total layer charge and consequently d-spacing
layer. This result indicates that the oxidation may well
promote a phase transformation of both iron species
and clay.

From Figure 2, the weight-loss at 60-180 °C which
corresponds to desorption of the physisorbed water can
be observed [13]. While the weight-loss at 450-700 °C
denotes the dehydroxylation of iron hydroxide and/or
clay layer [13]. Consistent with the FTIR results
(Figure 3) that a decrease in O-H vibration at 3600-
3200 cm™ and 1630 cm™ can be observed after the
thermal treatment.
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2 604 Parent Clay
<
= ]
© 40
20+

0 T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3. FTIR spectra of the treated-clay.

The formation of Fe,Os after thermal treatment at
500 °C is further confirmed by the Raman results
(Figure 4) showed that the characteristic features
around 247, 293, 412, 503, 613, and 702 cm’! [14].
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Figure 4. Raman spectra of the treated-clay.

The characteristic peaks at 298, 319, 540, and 668
cm’ corresponding to Fe;O4 [14] cannot be observed
over FeClay-100, although the XRD of FeClay-100




shows a strong diffraction peak assigned to the Fe;0,4
(Figure 1). This is presumably because magnetite is
easily prone to oxidation when exposed to heating or
laser irradiation (from Raman analysis) [15].

In conclusion, the oxidation of iron species and the
removal of water molecules by desorption of
physisorbed water and dehydroxylation may lead to
the phase transformation of the iron-containing clay.
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Scheme 1. Catalytic decolorization of the iron-
containing clay.

Fe3* defect structure

N

3.2 Catalytic activity for MO decolorization

From Figure 5, it was observed that concentration
of MO decreased after the additional of the iron-
containing clay, particularly in the reaction with H,O,.
This is due to the fact that loading H,O, over the iron-
containing catalyst can generate the hydroxyl (*OH)
and perhydroxy (*OOH) radicals (Scheme 1). Such
radicals can readily decompose the azo dye leading to
decolorization of MO. This confirms that the iron-
containing clay sample can readily provide the
catalytic activity for Fenton-like reactions.

70- mm with H O,

—— without H 2O R
60 -

50+

N
()
1

[\®)
(e}
1

% Decolorization
W
S
;

—
(=)
|

FeClay-100 FeClay-300 FeClay-500 FeClay-700
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Figure 5. Effect of H,O, on % MO decolorization
catalyzed by various treated-clay.

Reaction condition: [MO], = 60 mg/L, Catalyst = 50
mg, [H,0,], = 0.5 mL, Temperature = 50 °C, pH = 3,
Volume of MO = 250 mL, Reaction time = 30 min.

Moreover, it is found that FeClay-500 provides a
relative higher % decolorization of MO (Figure 5). It is
expected that the formation of active iron species by
thermal treatment would play important role for MO

decolorization. In the case of the FeClay-700, MO
decolorization decreases with rise in treatment
temperature. This is presumably due to the further
dehydroxylation of clay under high thermal treatment
at 700 °C leading to the lost of surface area of catalyst.
This is consistent with the TGA/DTG (Figure 2) and
FT-IR results (Figure 3) that show the dehydroxylation
of clay layer.

In evaluating the activity of different iron minerals,
the efficiency of the catalysts decreased in the
sequence magnetite > hematite > goethite [16-17]. One
can expect that if the iron species mostly present in
iron oxide minerals it will be able to dramatically
decolorize MO when using iron-containing clay
treated with low temperature (FeClay-100 or FeClay-
300). Conversely, the FeClay-500 provides a relative
higher % decolorization of MO. It is suggested that the
activate sites, i.e. FeO(OH)-like species, may be
generated by reaction of H,O, with Fe species formed
by dehydroxylation of Fe;O, in the clay structure. The
formation of iron active site can be evidenced by ESR
(Figure 6) and DR-UV (Figure 7).

FeClay-500

FeClay-300

FeClay-100

Derivative of absorption (A.U.)

150 300 450 600 750
Field (mT)
Figure 6. ESR signal of the treated-clay.

Figure 6 reveals the presence of two characteristic
Fe®* signals in iron-containing clay to values of g = 4.3
and 2.3. The signal at g = 4.3 is assigned to the
presence of isolated Fe' [18-21] in tetrahedral or
octahedral coordination, which in the case of the clay
minerals corresponds to the iron located in the interior
of the clay sheets (iron substituting aluminum in the
octahedral layers). Therefore, we can suggest that the
active iron species partially present in the interlayer of
clay (due to the small signal at g = 4.3), while mostly
present in iron oxide minerals generated by
dehydroxylation.

Additionally, the signal at g = 2.3 is associated to
the presence of clusters of iron [18-20].
Experimentally, the intensity of the ESR line at g =2.3
increased significantly when the parent clay was
thermal treatment due to the transformation of Fe;O,
to Fe,Os. It is interesting to note that the weak signals
were also visible on the ESR spectra which were
attributed to Fe’" ions in different coordination




environments (FeClay-500) (Figure 6). This is
consistent with the observed the DR-UV spectra
recorded for the treated-clay (Figure 7).

Absorbance (A.U.)

300 400 500 600 700 800
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Figure 7. DR-UV spectra of the treated-clay.

In the spectrum of the FeClay-100 and FeClay-300
only two absorption bands are observed at about
A=263 nm, corresponding to octahedral Fe®*
substituting for AP** [22], and at about A=525 nm,
corresponding to larger particles of Fe,O; aggregates
[23]. Interestingly, the additional signal of the 425 nm
band ascribed to the smaller and larger oligomeric
octahedrally coordinated Fe'* species [23], can be
observed over the FeClay-500. This is the further
evidenced supporting the formation of iron active site
generated by the dehydroxylation under thermal
treatment at 500 °C.

From the above results, it is suggested that the
active iron species was successfully generated into
surface of the iron-containing clay and was an
amorphous after 500 °C treatment. This is consistent
with the Zhang’s report [24]. The structure of the
activate iron species in the montmorillonite was an
amorphous FeO(OH)-like species after calcining at
500 °C. Such iron active species generated by
dehydroxylation reaction at high temperature are
suggested to play a decisive role on the catalytic
activity towards MO decolorization. Moreover, the
catalytic behavior of the iron-containing clay is
reproducible in consecutive experiments without a
remarkable drop in the process efficiency, which
indicates the absence of significant deactivation of the
catalyst due to small loss of iron.

4, Conclusions

In this research, catalytic activity of the Fenton-like
catalyst iron-containing clay towards successful
decolorization of MO. Among the iron-containing
catalyst, the sample treated at 500 °C was found to
provide the highest activity. The formation of such
iron active species by dehydroxylation reaction is
suggested to play a decisive role on the catalytic
activity.
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