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Abstract: In the present study, zeolite X (FANaX) was synthesized from coal fly ash (FA) by a two-step
high-temperature method. In order to follow the effect of different contaminants in the starting coal
ash, zeolite X was also synthesized from pure chemicals according to a classical recipe (NaX). Iron
was loaded on this reference zeolite with the amount which was contained in the coal FA. The final
catalytic samples were obtained by wet impregnation of Pt nanoparticles on both types of zeolite
crystals. The most active samples in the benzene oxidation were the platinum-modified ones and,
among them, the Pt-impregnated FA zeolite (Pt FANaX). The comparison of the catalytic activity of
Pt FANaX with the reference PtFe NaX zeolite showed a temperature difference of 10 °C in favor of
Pt FANaX at 50% benzene conversion. From these results, it can be concluded that FA zeolites are
a good, cheaper and environmentally friendly alternative to traditional zeolites, synthesized from
pure chemicals, which can be applied in the preparation of catalysts for the purification of gaseous
mixtures from harmful organic compounds.

Keywords: fly ash; zeolite X; Pt nanoparticles; catalytic oxidation; benzene

1. Introduction

The increased energy consumption implies an increased release of coal fly ash (FA)
from thermal power stations in the environment. About 800 million tons of FA per year are
separated as a waste product from coal-fired power plants, and this amount is expected to
grow. Only in India, more than 65,000 acres of the mainland are used to store coal ash [1,2].
Coal ash is characterized by low pH, high salinity, lack of beneficial substances for the
soil and a number of toxic elements (heavy metals and radionuclides). Depending on the
specific coal deposit, the toxic components vary, and different amounts of the following
elements may be included: As, Be, B, Cd, Cr, Co, Pb, Hg, Se, T1, V and others. The most
common chemical composition of FA presents amorphous aluminosilicates (formed by Si
and Al oxides) in combination with variable mineral structures, such as quartz, magnetite,
hematite, anhydrite, lime, feldspar and small amounts of iron, sodium, potassium, calcium,
titanium, etc. The disposal of FA is a real environmental risk, and its utilization a global
challenge, as today only 15% of FA is used as additives in the production of cement,
building materials, polymer fillers, light ceramic materials, materials with low dielectric
constant, as well as for the preparation of geopolymers [34].

Due to the chemical, mineral and textural nature of the fly ash, it is a suitable initial
material for the synthesis of zeolite structures. Thus, on one side, a certain amount of FA
will be utilized, and on the other hand, a low-cost starting material will be used to obtain
a product with a high added value. Zeolites are well known for their unique properties,
which give them many advantages in the catalytic processes: large specific surface area,
high diffusion of reagents in the volume, ion exchange properties, etc. [5,6]. By melting
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the ash with an alkaline base, soluble aluminates and silicates are formed, which could
be easily transformed into a zeolite phase [7-10]. The zeolites obtained by this method,
in contrast to the natural and synthetic zeolites obtained from pure chemicals, contain a
significant amount of iron oxides (y-Fe;O3, a-FeyO3, y-FezOy4) together with traces of other
active metals, which is a precondition for their good catalytic activity [11,12]. Zeolite X
belongs together with zeolite Y to the family of aluminosilicate molecular sieves with a
faujasite-type structure (FAU). Zeolite X differs from zeolite Y by its Si/ Al atomic ratio,
which is typically in the range from 1 to 2 for the X-type and higher for the Y-type zeolite.

The catalytic activity of FA zeolites can be improved by post-synthesis wet impreg-
nation of different active metal phases depending on the desired catalytic reaction. It is
well known that the main part of industrially important catalysts for CO oxidation and
combustion of volatile organic compounds (VOCs) belongs to the group of catalysts with
applied noble metals [13-16]. The platinum catalysts demonstrate higher activity than the
palladium ones in complete oxidation reactions of VOCs [17]. Chunyu Chen et al. [18]
monitored the effect of the size and dispersion of platinum nanoparticles on the catalytic
performance of Pt-ZSM-5 in the reaction of total toluene oxidation. By impregnation of
platinum nanoparticles over H-BETA zeolite structure, Rubén Lopez-Fonseca et al. [19]
obtained catalytic systems suitable for the oxidation of chlorinated VOCs. They proved
that the presence of humidity in the reaction system does not interfere with the catalyst’s
activity; on the contrary, it significantly helps to direct the process to HCl formation instead
of the unwanted product Cl,. According to the order of relative activity of catalysts in
the CO oxidation proposed by Kummer [20], Pt and Pd-containing catalysts show the
highest activity. The metal oxides of the transition elements are less active, but they are a
good alternative to the noble metals due to their cost and availability. Iron oxides exhibit
moderate activity in oxidative reactions, but they are attractive due to their high stability,
low cost and the fact that they are not harmful to the environment. Investigations of iron
catalysts for the purification of automotive gases from CO and propane were conducted
by Walker et al. [21]. In the reaction of CO oxidation at 300 °C the authors established
the following order of catalytic activity: Fe;O3/Al,O3 > Fe;O3/TiO, ~ Fe,Os > FeSbO4 >
FePOy4 > Fep(M0Qy)3. A characteristic of the iron catalysts is their ability to oxidize CO in
oxygenated and deoxygenated media via the oxygen in their lattice. In addition, the ob-
tained iron oxide is a catalyst in the disproportionation of CO to carbon and/or CO,, which
are less harmful [22,23]. Mojca Rangus et al. [24] found that mesoporous silica modified
with iron oxides appeared as an efficient and low-cost catalyst for the elimination of VOCs.
The authors showed that the highest activity was demonstrated by the mesoporous silicate
with Fe/Si ratio = 0.01, which can be due to (1) the optimal concentration of Fe3* species
and (2) the facilitated diffusion of reagents in the disordered structure of mesoporous silica
compared to mesoporous silicon materials with arranged porous structure.

In recent years, scientists have focused their efforts on the preparation of catalysts
containing more than one type of metal nanoparticles [25-27]. In these systems, a synergetic
effect is achieved, which helps to increase significantly the catalytic activity compared to
that of the mono-metal catalysts. An example of such a catalytic system was presented by
Li et al. [28], using silica as a support material on which Pt and Fe particles were loaded. In
this work, the temperature of complete CO oxidation was reduced by 90 °C in comparison
to the corresponding single catalysts. J. Li et al. [29] reported a highly efficient V-Cu/ZSM-5
catalyst used for the complete oxidation of toluene in flue gases. In the purification of
flue gas systems, difficulties arise from the impurities of SO,, which form sulfates on
the catalytic surface inflicting poisoning of the catalysts. In their work [29], the authors
reported that the introduction of V nanoparticles into the catalyst structure provided
centers for the SO, attachment, protecting the Cu particles during the catalytic process.
By a combination of more acid centers, due to facilitated electron transfer and improved
reducibility at low temperatures, the conversion temperature of toluene was significantly
reduced to 276 °C, which was 45 °C and 114 °C lower than that for the corresponding
monometallic catalysts. A series of Ag bimetallic systems based on ZSM-5 was studied by
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A. Jodaei [30] in the complete oxidation of ethyl acetate. In their work, the authors noted
that the main factor influencing the efficiency of catalyst systems was the type of the second
metal component (M, = Fe, Co and Mn) at an optimal ratio of Ag/M,. Complete oxidation
of the organic molecules occurred at a temperature of 250 °C by the Fe/Ag/ZSM-5 catalyst
at established optimal amounts of Ag = 1.75 wt. % and Fe = 1.3 wt. %. From all examples
mentioned above, it becomes obvious that the preliminary planning of the desired catalyst
(type of support material, combination of metal nanoparticles, amount of deposited metal
component, type of organic molecule, etc.) is essential for the formation of a highly active
catalyst system with preset properties.

There are published works investigating the catalytic behavior of zeolite supports ob-
tained from coal fly ash [31-35]. One example was given by K.S. Hui et al. [32] for the complete
combustion of methane over zeolite 4A catalysts formed by hydrothermal synthesis from coal
ash. The effects of synthesis duration, the presence of Fe in FA and the surface properties of
the catalysts on the complete oxidation of a gas mixture of n-hexane, acetone, toluene and
1,2 dichlorobenzene were investigated [33,34]. It was reported that, over the time of crystal-
lization, zeolite FA-X exhibited reduced activity as a result of blocking Fe-active centers. The
loading of copper or cobalt increased the activity of FA catalysts up to 80% for the above gas
mixture. In our study [35], the catalytic performance of zeolite X (synthesized from FA) and
modified with 0.5 wt. % of Pt was investigated in the reaction of CO oxidation. Comparing
the conversion over both platinum catalysts (synthesized from FA or pure chemicals), it was
found that the temperature difference for 100% CO oxidation was only 20 °C in favor of the
zeolite synthesized from pure chemicals. Despite the slightly lower conversion on the coal
ash catalyst, we believe that it has the potential for future application as a catalyst for the
oxidation of CO and volatile organic compounds.

Research on the use of fly ash zeolite X as a support of platinum catalysts in complete
benzene oxidation has not been found in the reported literature.

The goal of this study is to develop an efficient catalyst based on coal fly ash modified
with Pt for the complete oxidation of benzene. The production of such catalysts will utilize
an environmentally harmful material from one side and will be very cost-effective from
another. The used fly ash contains high amounts of silicon and aluminum, which makes it
suitable for zeolite X synthesis. Nano-sized platinum nanoparticles were impregnated on
the synthesized FA zeolite support in order to form highly active catalysts. Zeolite X was
also synthesized from pure chemicals on which monometallic (Pt and Fe) and bimetallic
(PtFe) nanoparticles were loaded. The obtained fly ash catalysts were tested in the complete
oxidation of the highly stable benzene molecule.

2. Results and Discussion

Zeolites X was synthesized from fly ash (FANaX) and pure chemicals (NaX) following
the procedure described in section Materials and Methods. The results from the analyses of
the chemical composition of the fly ash and the synthesized zeolites are summarized in
Table 1.

Table 1. Chemical composition of fly ash and synthesized zeolites X.

Samples, Composition in wt. %

Weight Loss on

SiO, Al,O3 Na,O Fe, O3 CaO K,O MgO MnO P,05 TiO, Calcination
FA 54.50 23.95 0.76 10.21 2.14 3.43 2.62 0.07 0.15 1.09 0.8
NaX 39.90 25.84 15.62 - - - - - - - 18.23
FANaX 36.64 23.07 14.38 4.50 1.71 0.58 2.15 0.06 0.02 0.77 16.02

The powder diffraction patterns of zeolite X synthesized from chemicals (NaX) and
its coal FA (FANaX) counterpart are presented in Figure 1A and B, respectively. The NaX
phase can be identified by a group of reflections (d = 14.45; 8.85; 7.55; 5.74; 5.11; 4.82; 4.42;
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3.82; 3.35; 2.95; 2.80) showing that a pure phase of zeolite X was synthesized from chemicals
(Figure 1A) [36]. In addition, very low-intensity reflections at d = 6.26 and 3.61 are observed
in the XRD pattern of the FANaX sample (Figure 1B), which indicates that besides zeolite X,
a negligible amount of sodalite is formed using fly ash as a starting material.
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— Pt NaX * PO X « PO

v PtO, X V PtO,
- XX
=
<
N’
z S
]
=
: e
- E
T T T Wl T o - L T L T . T id T .
10 20 40 50 10 20 40 50

30 0
2 Theta () 2 Theta ()
Figure 1. XRD patterns of (A) reference zeolite X obtained from chemicals (NaX) and its metal-
impregnated analogs: Pt NaX, Fe NaX, PtFe NaX and (B) FA zeolite X (FANaX) and Pt impregnated

FA sample with labeled diffraction peaks characteristic for zeolite X (X) and sodalite (S).

A main parameter for the quality of the fly ash zeolite is its degree of crystallinity. The
yield of FANaX zeolite synthesized from the aluminosilicate part of the raw fly ash was
evaluated on the order of 64% by comparison of the sum of relative intensities of selected
peaks for the fly ash zeolite with the sum of relative intensities of the same peaks for the
pure NaX zeolite, as described by S. Rayalu et al. [37], according to the formula:

. B IXi,exp 1

X = -
Y Ixiret (SiO2 + AlO3)

100, [%]

where X is the yield of the synthesized zeolite X from the alumosilicate mass of the raw
fly ash, %; ¥ Ixiexp and Y Ix; ref are the sums of the intensities of X phase reflections in the
experimental diffractograms of FANaX and NaX, respectively, arb. units; SiO, and Al,O3
are the contents of the corresponding components in the FA composition, mass%. Another
approach to determine the degree of crystallinity of the fly ash zeolites is by using TGA [38].

High-activity catalysts were prepared by deposition of 0.5 weight percent Pt nanopar-
ticles (Pt NaX and Pt FANaX samples—Figure 1A,B) onto both zeolite supports (from pure
chemicals and FA). The preliminary results have shown that the loaded amount of Pt below
0.5% is insufficient, and the samples are not active. The diffraction peaks at 20 = 39.9 and
46.6 correspond to the indexed planes (111) and (200), respectively, which are consistent
with the fcc structure of Pt°. The diffraction peaks at 20 ~ 34.0 and 41.5 correspond to PtO.
The diffraction peaks at 26 ~ 20.5, 34.0, 40.5, and 40.4 are related to the indexed planes (001),
(100), (101), and (002), respectively, consistent with the fcc structure of PtO,. The absence of
intense Pt-related diffraction lines can be attributed to the small amount of applied active
phase in combination with its fine dispersion on the zeolite supports. In order to investigate
the effect of iron impurities in the fly ash, the same amount of Fe contained in the fly ash
zeolite was impregnated over the pure chemical zeolite X (Figure 1A, samples: Fe NaX and
PtFe NaX). Analyzing these iron-containing samples with copper X-ray radiation yielded
a high background level due to fluorescence. For this reason, the presence or absence of
characteristic peaks corresponding to FexOy species [39,40] is questionable. However, from
the presence of the background noise, we can speculate that Fe is present in both samples.

It can be seen that the peak intensity of (111) reflection significantly decreases after
Pt loading on FANaX (Figure 1B), while it increases in the case of Pt NaX (Figure 1A).
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This observation suggests that platinum occupies different positions in these two samples.
Whereas on NaX, the platinum atoms are preferably situated on the external surface of the
zeolite crystals, in the case of FANaX, the platinum atoms are trapped in the super cages
and sodalite cages of the zeolite. This is also confirmed by the XPS results, shown below.

In Figure 2, SEM micrographs of zeolite X from chemicals (A), zeolite X from FA (B)
and the initial coal fly ash (C) are presented. In images, A and B, the formation of a highly
crystalline product with a typical octahedral morphology corresponding to zeolite X is
observed. The reference zeolite X from pure chemicals (A) is composed of homogeneous
crystallites with sizes of about 2—4 pm. In the FANaX sample (B), a complete transformation
of the feedstock to well-formed zeolite crystals with dimensions close to those in the
reference sample is observed.

X: 14,000

Bar 50.um

Figure 2. SEM images of (A) reference zeolite X obtained from chemicals (NaX), (B) zeolite X from fly
ash (FANaX) and (C) starting fly ash.

The specific surface area and the micro-/mesopore volume of the reference and FA
catalysts were investigated by physical adsorption of nitrogen (Table 2, Figure 3).

All studied catalysts form type I isotherms characteristic of microporous materials.

Comparing the textural characteristics of both zeolite supports (samples NaX and
FANaX), it is obvious that zeolite X synthesized from pure chemicals owns better specific
surface properties compared to the FA zeolite. Namely, the NaX sample has a larger
active surface area and a larger pore volume (micro and total volume) than the support
synthesized from FA. However, after the loading of iron on the NaX sample, the textural
characteristics of the catalyst deteriorated significantly compared to those obtained from
FA. There is lower N; uptake at lower pressure compared with other samples, followed
by a gradual increase of N, uptake with the pressure increasing (Figure 3). The specific
surface area, the microporous surface area and the pore volume are drastically reduced
to 136 mz/g (from 559 mz/g in NaX), 18 mz/g (from 496 mz/g in NaX) and 0.24 Cm3/g
(from 0.41 cm?® /¢ in NaX) for the Fe NaX sample (see Table 2). For comparison, the FANaX
sample shows values of 386 m? /g, 354 m? /g and 0.27 cm3/g for the respective parameters.
The analysis of these results reveals that the additional impregnation of iron onto the zeolite
structures leads to partial clogging of the crystal porous system and impairs the surface and
diffusion properties of the material. The iron species in coal fly ash are positioned during
the synthesis process in a way not to disrupt the molecular access to the crystal volume.
Most likely, part of the Fe nanoparticles is involved in the construction of the zeolite crystal
lattice, or they play the role of compensating ions. In the first case, during the synthesis,
isomorphous replacement of T-atom with iron in the zeolite lattice occurred, and in the
second case, iron is placed in ion-exchange positions.

When platinum is applied to FeNaX, the noble metal is preferably loaded on the
external surface of the sample. A slight decrease in the total surface area of Sggr is observed.
However, there is an increase in Sy;, most probably due to the textural inter-grain porosity.
A comparison of the total pore volume of both samples—Fe NaX and FANaX with their
Pt-loaded counterparts PtFe NaX and Pt FANaX, respectively, reveals a decrease of this
parameter for both catalysts. It is less pronounced in the case of FANaX, where only a
slight decrease of the micropore volume from 0.19 to 0.18 cm3/g is observed. In the case
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of PtFe NaX, the decrease of the total pore volume is larger, which is due to a reduction
of the meso- and macropore volume without a change of the micropore volume. This fact
shows once again that Pt is loaded preferably in the pore system of the sample FANaX and
is finely dispersed, whereas on Fe NaX, it is loaded on the external surface of the sample,
and the Pt dispersion is lower than on FANaX (see Table 2).

Table 2. Textural properties of investigated catalysts.

Sger ° Smmi ° Vi€ Vini Ve 4

Sample [m?/g] [m2/g] [em®/g] [em/g] [em/g]
NaX 559 496 041 027 0.14
Pt NaX 501 422 0.46 0.23 0.23
Fe NaX 136 18 0.24 0.01 023
PtFe NaX 127 23 0.19 0.01 0.18
FANaX 386 354 027 0.19 0.08
Pt FANaX 370 326 0.26 0.18 0.08

a BET surface area. ® Microporous surface area and volume evaluated by V-t method. ¢ Total pore volume. 4 Meso-
and macropores volume (Vsec = Vi — V).
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Figure 3. N, adsorption/desorption isotherms of the studied catalysts: (A) NaX and Pt NaX, (B) Fe
NaX and PtFe NaX, (C) FANaX and Pt FANaX. Insets show the pore size distribution.

HRTEM images and particle size distribution are presented in Figure 4. The loaded Pt
particles are with an average size of 2.1 nm in the case of the Pt FANaX sample and 3.9 nm
in the case of the Pt FeNaX sample (more than 200 particles for each sample).
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Figure 4. HRTEM imiges of Pt FeNaX sample (A) and Pt FANaX sample (B).

Like most silicates, the zeolites are based on TOy tetrahedra as primary building units,
where T is an aluminum or silicon atom. The zeolite framework can be thought of as
consisting of finite or infinite (i.e., chain- or layer-like) component units. The bonding of the
primary building units between them leads to the formation of secondary building units
and is a sign of the formation of a zeolite structure.

FTIR spectroscopy was also used to characterize the initial supports and the metal-
impregnated catalysts—Figure 5. All investigated samples contain the IR characteristic
bands at 1075, 981, 750, 665, 560 and 460 cm !, corresponding to the formation of a zeolite
structure. The presence of a band at 981 cm~! with a shoulder at 1075 cm ! and a band
at 560 cm ™! is assigned to the presence of the secondary building units, which form the
structure of zeolite X. The spectra contain two additional bands at 3450 and 1640 cm™!
corresponding to the stretching mode of hydroxyl bonds and the scissors bending mode of
the H,O molecule, respectively.

o
=
S,
[«P]
&
=
[~
=
=
= — NaX
= — Fe NaX
= — PtNaX
—— PtFe NaX
— FANaX

—— Pt FANaX
L}

—_— —_—
4000 3500 3000 2500 2000 1500 1000 500
-1

Wavenumber (cm )

Figure 5. FTIR spectra of reference zeolite X (NaX), zeolite X from FA (FANaX) and their metal-
impregnated samples: Fe NaX, Pt NaX, PtFe NaX and Pt FANaX.

The band at 981 cm~! mentioned above can be attributed to the asymmetric stretching
Si-O-T (T = Si or Al). Its position can be used to estimate the Si/Al ratio by a linear
regression equation: y = 0.0458x — 43.584, where y is the Si/ Al ratio, and x is the position of
the band [41]. The calculated Si/ Al ratio in the studied samples is 1.346, which is in good
agreement with the results from the chemical analysis.
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Table 3 contains the results of the XPS characterization used to determine the surface
composition of the investigated samples. Traces of Mg, K and Ca are observed in the
catalysts formed from fly ash, which is not the case for catalysts synthesized from pure
chemicals. The FA samples demonstrate a slightly higher Fe surface content compared
to the NaX catalysts. In the platinum-containing catalysts, a higher concentration of Pt
nanoparticles on the surface of the catalysts from pure chemicals is detected compared to
the FA catalysts. It corroborates the results from the XRD measurements assuming that
some of the Pt particles are located in the zeolite channels or crystal defects of FA catalysts
and hence their lower content on the crystal surface.

Table 3. The surface atomic concentration of studied samples derived from XPS data in at. %.

Sample Cils O1ls Al2p Si2p Nals Mgls Ca2p K2p Ptaf Fe2p N1s
% % % % % % % % % % %
NaX 14.23 4591 11.64 17.95 10.27 - - - - - -
Fe NaX 6.30 53.78 11.58 19.51 6.59 - - - - 1.50 6.59
Pt NaX 4.19 45.59 11.96 21.51 13.72 - - - 0.04 - -
PtFe NaX  4.41 55.30 12.40 18.52 6.61 - - - 0.05 1.64 1.06
FANaX 5.18 50.47 7.88 19.16 11.17 2.05 1.19 0.44 - 2.46 -
PtFANaX  4.95 48.74 8.83 18.53 10.75 2.38 2.84 0.41 0.02 2.56 -

Figure 6 shows the XP spectra of Fe2p and Pt4f core levels of the studied materials.
Figure 4A represents the 4f level of platinum together with the 2p level of aluminum of
both starting supports (NaX and FANaX) and their Pt-modified analogs. The overlap-
ping of these two core levels brings some inaccuracy in the interpretation of the results.
Nevertheless, using the curve fitting procedure, it is possible to extract information about
the oxidation state of Pt. In the Pt sample synthesized from pure chemicals, the defined
binding energy of Pt at about 72.5 eV can be subscribed to a Pt>* oxidation state. Similar
binding energy has been measured for PtO [42] and Pt,Si [43] surfaces. Whereas the other
two platinum samples, PtFe NaX and Pt FANaX, reveal an increase of the binding energy
to about 73.0 eV, which can be prescribed to a strong interaction with the supports or
even the formation of PtSi bondings [44]. Since there is no platinum peak at about 71 eV
corresponding to metallic platinum, it can be concluded that the basic oxidation state of
platinum in the samples prepared is 2+.

The Fe2p core levels were studied in the iron-containing catalysts (Figure 6B). To
obtain the oxidation state of iron, we need to focus not only on the binding energy of the
peak but also on the line shape or existence of satellites. In the Fe2p region, both pure
chemical catalysts show two iron peaks with a binding energy of 711.8 eV and a satellite
at 719.5 eV determining iron 3+ status. A satellite peak is also observed between peaks
3/2 and 1/2 for Fe3*, but the signal is very weak, especially in the case of the FA catalysts.
The shapes of the Fe peaks in the FA supports are very similar to those in the samples
of the pure chemical, but a difference is observed in the binding energies. If the binding
energy is more like that of Fe3* in the FANaX sample, although Fe>>* (like in Fe304—a
mixture of Fe?* and Fe3* with a 1:1 ratio) cannot be ruled out with assurance [45,46], then
in Pt FANaX sample Fe?* dominates in the form of FeOOH or NaFeO, or a mixture of both
phases [47,48]. The different binding energies in the PtFe FA catalyst are most likely due to
modification with Pt. The obtained data give information about the oxidation state of iron
atoms in the FA samples, but it cannot confirm with certainty whether some of them are in
the zeolite structure or on the surface of the crystals in Fe** and/or Fe?°* form.

The temperature-programmed reduction (ITPR) method was used to monitor the
reducibility of the prepared catalysts, which could be an indication of their catalytic activity
in oxidation reactions. The TPR profiles of the two zeolite supports (pure chemicals NaX
and coal fly ash FANaX) and their metal-impregnated analogs are presented in Figure 7. The
pure chemical support does not show a pronounced reduction peak, which is characteristic
of aluminum-silicate zeolite structures. However, the FANaX sample demonstrates two
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overflow reduction peaks, one in the temperature range 350-500 °C and another in the
range 530-700 °C. The difference in the reducing behavior of the two zeolite supports
is attributed to the Fe content in the starting fly ash in combination with the impurities
present in it, which is also proved by XPS analysis. From the table containing data for
the surface compositions (Table 3), it is obvious that the amount of surface iron in the FA
samples is higher than that in the samples obtained from pure chemicals. Despite the high
content of Fe and the mentioned impurities in the FA sample, the reducing peaks exhibit a
very low intensity. The reason is most likely that part of Fe is in non-reducible form, i.e., in
the FA sample, most Fe atoms are in the state of metallic iron or participate in the structure
of the zeolite framework.
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Figure 6. High-resolution XP Spectra of Al2p/Pt4f (A) and Fe2p (B) core levels in the studied NaX
and FANaX samples. Blue line shows Pt4f doublet peak, whereas the green line - overlapping Al2p
peak. The open circles represent the experimental data.
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Figure 7. TPR profiles of reference zeolite X (NaX), zeolite X from FA (FANaX) and their metal-
impregnated samples: Fe NaX, Pt NaX, PtFe NaX and Pt FANaX.

After the loading of iron on the pure chemical zeolite X, two clearly expressed signals
occur: the first low-temperature reducing peak in a temperature range of 250-620 °C and
a high-temperature peak above 620 °C. The presence of these two signals is due to the
consecutive reduction of Fe304 and Fe,O3 species to metallic Fe. The temperature reduction
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of iron is a relatively complex process that can take place through two or three stages. In
both cases, in the first stage, an easy transition from Fe?* (low-temperature signal) to FeZ*
takes place, and in the subsequent stages, a higher temperature is required for the transition
of Fe?* to Fe’, directly and/or through a transition compound FeO. A. Pineau et al. [49]
proposed in their work a mechanism of decomposition of FezOy by the following equations:
(1) 3Fe203 +H,; — 2Fe3O4 + H,0

(2) Fe;O4 + 4Hy — 3Fe + 4H,O

(3) (1 —x)Fe304 + (1 — 4x)Hy — 3Fe(1 — x)O + (1 — 4x)H,O

(4) Fe(l —x)O+H; — (1 — x)Fe + H,O

In our case, the low-temperature peak consists of two overlapping signals, i.e., during
the reduction process in the FeNaX sample, the Fe species pass through the transition state
FeO. If the presence of NOj3 ions (FTIR spectroscopy) in the Fe reference sample is taken
into account, the decomposition of Fe (NO3)3-NaX to Fe;O3 and/or Fe304-NaX probably
takes place in the first stage of heating.

The active catalysts (reference and FA samples) with loaded 0.5 wt. % Pt nanoparticles
(Pt NaX, PtFe NaX and Pt FANaX samples) were also investigated by TPR. The TPR profile
of the Pt sample synthesized from pure chemicals shows a very weak reduction peak in the
range of 320-350 °C. The low intensity of the signal is most likely due to the oxidation state
of platinum in combination with fine dispersion and the small amount of applied platinum
salt. The PtFe NaX and Pt FANaX samples exhibited similar reduction behavior as Fe NaX,
with the exception that the reduction peaks occurred at lower operating temperatures. In
the PtFe NaX sample, a decrease of the reduction temperature by more than 100 °C is
observed, while in the Pt FANaX sample, the decrease is about 200 °C compared to the Fe
NaX sample. In other words, the Pt impregnation changes the reducing behavior of the
catalysts to lower temperatures, and therefore it is expected to favorably affect the catalytic
performance of these materials.

The activity of the studied catalysts was investigated in the complete oxidation of
benzene, and the only formed products were HO and CO, (Figure 8). Tests with sup-
posed intermediated products of partial oxidation, such as phenol, resorcinol, catechol,
maleic anhydride, benzoquinone, and hydroxy-1,4-benzoquinone, were carried out. These
compounds were injected as witnesses for detecting their retention time under identical
GC conditions. In all cases, the benzene oxidation degree was complete—no intermediate
products of partial oxidation were detected.
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Figure 8. Temperature dependence of the conversion of benzene on reference zeolite X (NaX), zeolite
X from FA (FANaX) and their metal-impregnated samples: Fe NaX, Pt NaX, PtFe NaX and Pt FANaX.

The following order of the catalytic activity was established from the temperature
dependence of benzene conversion: NaX < Fe NaX < FANaX < Pt NaX < PtFe NaX < Pt
FANaX. The catalysts are compared according to the temperature at which 50% conversion
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of benzene was reached or according to the maximum achieved conversion in cases where
this level of conversion is not implemented.

The active surface area and the pore volume of the PtFe NaX sample are much lower
than the same parameters of Pt NaX (see Table 2), but the catalytic activity of both samples
is close; even PtFe NaX has slightly higher catalytic activity. From this observation, it can
be concluded that the presence of Fe species facilitated the benzene oxidation. The sample
Pt FANaX shows better catalytic performance, and this can be due to the different nature of
Fe species between Pt FANaX and PtFe NaX and from the presence of alkaline and alkaline
earth metals, such as Mg, Ca and K.

The significantly higher activity of the FANaX support compared to the counterpart
sample containing Fe is due to both better textual properties and the additional presence
of Mg, Ca and K. The reduced catalytic behavior of Fe NaX can be attributed to the large
amount of impregnated iron over the sample inflicting clogging of the porous structure,
violating. As a result, the textural and diffusion properties of the catalyst. Evidence for this
fact is the drastic decrease of the total surface area Sggt and especially the decrease of the
surface area due to the presence of micropores in the zeolite structure Sy,; (Figure 3, Table 2).
As mentioned above, in the case of FANaX, the part of Fe is involved in the construction
of the zeolite crystal lattice, or Fe plays the role of compensating ion, while in Fe, NaX
iron is bulkier loaded on the zeolite surface. The different morphology of the samples Fe
NaX and FANaX is due to the different ways of introducing iron in them. Fe is present In
fly ash itself and, during the synthesis, is transferred to zeolite X, while in Fe NaX, iron is
loaded additionally by impregnation. During the impregnation, the surface area decrease
is observed, which is due to the blocking of pores.

The three platinum-containing samples (Pt NaX, PtFe NaX and Pt FANaX) were the
most active and reached 100% conversion of benzene.

The higher catalytic activity of the Pt-modified fly ash sample is due to the simultane-
ous presence of redox pairs like Fe?* /Fe3*, Pt* /Fe3* and Pt* /Pt species in the catalysts,
which is very important for easier oxygen release. In the literature [32,33] Mars-van Krev-
elen mechanism is accepted for the VOCs oxidation, and most probably, the benzene
oxidation follows this mechanism. According to the Mars-van Krevelen mechanism, the
adsorption of VOC molecules on the catalyst’s surface is the first step; their oxidation with
lattice oxygen is followed by the oxidation of the reduced catalysts. The process of the
adsorption of the organic molecules is an important step and can be affected by the surface
properties of the catalysts. The presence of iron increases the mobility of the surface lattice
oxygen and facilitates hydrocarbon oxidation. Hydrocarbon adsorption occurs at the Pt
surface through 7 bonds and a back donation from the metal to the 7*-hydrocarbon orbitals.
The vacant P+** orbitals will be attracted to the 7-electron-rich aromatic sites, and the
electron transfer will result in organic molecule oxidation and Pt? formation, transferring
by the oxidizing system back to its initial Pt?* state. Concerning benzene oxidation over
zeolites supported Pd catalysts, Hea et al. have proposed initial Pd>*O?~ reduction by
benzene followed by Pd® oxidation with O, from the stream and Pd?*O2~ recovering [50].
Such redox process with gas phase oxygen supply prevails for nonreducible supports like
alumina, whereas in our case, for reducible supports like FANaX, the lattice oxygen from
iron oxides layers could participate in the redox transfer Pt® <+ PtO.

The most active sample is Pt FANaX. The difference in the temperature at which 50%
conversion of benzene was reached between the Pt FANaX and the Pt-containing reference
samples is 20 °C. The presence of stable redox pairs plays a key role in the Mars-van
Krevelen mechanism, which is determined in the Pt FANaX sample by the presence of Fe,
Mg, Ca, and Pt ions, making it more active. The loaded platinum is higher dispersed on
the FANaX sample than on the Fe NaX one (see Figure 4). The Pt dispersion also is a factor
for the higher catalytic activity of the Pt FANaX sample. An additional reason for the lower
activity of the Fe NaX sample is the blocked pores, which makes the diffusion of reagents
and products of the oxidation reaction through the zeolite pores more difficult.
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The observed temperature for 100% complete benzene oxidation over Pt FANaX is
higher than this of Pt/ Al,Oj3 catalysts [51], and it is compatible with this of Au and Pd
catalysts loaded on iron modified cerium oxides [52,53] and Mn/Co binary catalysts [54]
and cobalt—cerium oxides [55]. The advantages are the utilization of fly ash from one side
and a cheap source for the preparation of zeolite support from the other side.

3. Materials and Methods
3.1. Catalysts Preparation

Zeolite X (sample FANaX) was synthesized using coal fly ash as a starting reagent by
double-stage heat treatment. During the first stage, the coal ash was melted with sodium
hydroxide in a ratio of 1:2 at 550 °C temperature for 1 h. After the melting step, the coal
ash was transferred into a polypropylene bottle, distilled water was added, and it was
left for 24 h with constant stirring at room temperature. The second stage of the heat
treatment involved the hydrothermal synthesis of the resulting solution for 22 h at 90 °C.
The obtained zeolite material was washed with deionized water and dried for 20 h at 70 °C.

In order to trace the structural and chemical properties of zeolite X prepared from
FA, a reference sample was synthesized from pure chemicals (NaX sample). The hy-
drothermal synthesis of the pure zeolite X was carried out from the initial gel composition
NaAlO;:45i0,:16NaOH:325H,0 at 80 °C for 18 h. The used starting reagents were aqueous
sodium silicate solution (Merck, Darmstadt, Germany), 99.99% pure aluminum powder
(Acros, Geel, Belgium), 98+% sodium hydroxide (Chem-Lab, Zedelgem, Belgium) and
distilled water.

Metal Pt and Fe nanoparticles were applied by wet impregnation using Pt(NH3),Cl,xH,O
(Acros) and Fe(NO3)3;x9H,0 (Alfa Aesar, Kandel, Germany), respectively. Platinum
nanoparticles with 0.5 wt. % (Pt FANaX sample) were applied to the zeolite support
synthesized from fly ash, while 0.5 wt. % Pt and 4.5 wt. % Fe as a metal phase was applied
onto the zeolite X from pure chemicals in order to investigate the effect of the impurities
contained in the FA. After impregnation, the samples were calcinated at 350 °C.

3.2. Characterization

The catalysts synthesized from FA or pure chemicals were characterized by scanning
electron microscopy (SEM), X-ray powder diffraction (XRD), TEM analysis, FTIR spec-
trometry, physical nitrogen adsorption/desorption method, temperature programmed
reduction (TPR), and X-ray photoelectron spectroscopy (XPS). The powder diffraction pat-
terns were collected on a D2 Phaser diffractometer Bruker, equipped with CuKa radiation
at acceleration 30 kV and 10 mA current. The characterization conditions were 26 = 4-50
scanned range at step value 0.04 min and time 2 s of acquisition. The high-resolution
transmission electron microscopy (HRTEM) images were collected on HR STEM JEOL
JEM 2100, equipped with a LaB6 electron source at an accelerating voltage of 200 kV. The
specimens were prepared by grinding and dispersing the powders in ethanol by ultrasonic
treatment for 6 min. The suspensions were dripped upon standard carbon/Cu grids. FTIR
spectrometry data were collected on Bruker Tensor 37 spectrometer in the wavenumber
region 4000-400 cm ! at 64 scans for each sample, and resolution of 2 cm~!. The physical ni-
trogen adsorption/desorption isotherms were measured with Quantachrome Instruments
NOVA 1200e (Quantachrome Instruments, Boynton beach, FL, USA)) at a low temperature
of 77 K. The t-plot and BJH methods were applied to determine the distribution of micro-
and mesopores, while by BET equation, the specific surface area was calculated.

The X-ray photoelectron analyses (XPS) were performed on an ESCALAB MKII elec-
tronic spectrometer (VG Scientific, now Thermo Fisher Scientific, Waltham, MA, USA)
possessing a twin anode MgKa/ AlK« non-monochromated X-ray source using excitation
energies of 1253.6 and 1486.6 eV, respectively. The measurements were performed only
with an AlKa non-monochrome X-ray source at a chamber pressure of 9 x 10~2 mbar [56].
Gas chromatography (GC) equipped with the differential scanning calorimeter (DSC-111,
SETARAM) was used to investigate the temperature-programmed reduction (TPR) prop-
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erties of the catalysts. In order to remove the water from the gas stream, a cooling trap
(—40 °C) was installed before the thermal conductivity detector. A mixture of hydrogen
(10% H,) and argon at a flow rate of 24 mL min~! passed through a molecular sieve with
size 5 A (—40 °C) before the sample reduction processes. During the experiments, the
temperature was raised by a step of 15 °C min~! from RT to 800 °C. The amount of sample
used in the experiment was 0.05 g [57].

3.3. Catalytic Tests

The catalytic activity of the samples in the reaction of complete benzene oxidation,
expressed as the degree of benzene conversion, was evaluated over the temperature range
of 150-300 °C. A gas chromatograph (Hewlett Packard 5890 series II, Wilmington, DE, USA
equipped with a flame ionization detector with a capillary HP Plot Q column was used to
trace a gas mixture after contact with the catalysts. The catalytic oxidations were performed
at samples of 0.5 cm® placed in a flow fixed bed micro-reactor at atmospheric pressure and
temperature range of experiments 100-300 °C. The concentration of used benzene in all
analyses was 42 gm 3 in air media at a space velocity of the gas flow 4000 h—!. Before each
experiment, the catalysts were activated at 350 °C for 1 h in an air environment.

4. Conclusions

In the present study, zeolite X was synthesized from coal FA by a two-step high-
temperature method (melting step and hydrothermal step). In order to trace the effect
of the iron contamination in the initial coal ash, the same amount of iron was applied by
wet impregnation method on a reference sample prepared from pure chemicals. Platinum
nanoparticles were deposited on both types of zeolite supports (reference and FA) to form
catalysts suitable for the complete benzene oxidation reaction.

The most active samples in the benzene oxidation were the platinum-modified ones and,
among them, the Pt-impregnated fly ash zeolite Pt FANaX. The comparison of the catalytic
performance of Pt FANaX with that of the sample PtFe NaX showed that at 50% benzene
conversion, the difference in the temperature was 10 °C in favor of the Pt FANaX sample.
A large difference in the catalytic activity of benzene oxidation on FANaX and Fe NaX was
observed, which can be due to the different states of iron in both samples. It was also observed
that the presence of Fe and/or other metallic components as impurities in the coal ash favors
the conversion process in the oxidation of benzene. From these results, it can be concluded
that FA zeolites are a good, cheaper and environmentally friendly alternative to traditional
zeolites, synthesized from pure chemicals, which can be applied in the preparation of catalysts
for purification of gaseous mixtures from harmful organic compounds.
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