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New type of redox heterogeneous catalysts based on geopolymer aluminosilicate materials was devel-
oped and their catalytic properties have been demonstrated on industrially important reactions.
Geopolymers can be regarded as amorphous analogues of zeolitic materials (three dimensional network
of Si04 and AlO4 tetrahedra with negative charge of the network balanced by extra-framework cations,
variability in chemical composition, ion exchange properties, presence of rings forming cationic sites for
bare cations), but possessing some advantages as network formation at ambient or low temperatures,
mesoporosity and low cost preparation. It is shown that the geopolymer network enables incorporation of
transition metal ions as active centres for catalytic reactions. The catalytic activity of geopolymer-based
catalysts with Fe, Co and Cu metal ions in extra-network sites and Pt species is demonstrated on the
selective catalytic reduction of nitrogen oxides by ammonia and the total oxidation of volatile hydrocar-
bons. These findings open a potential for synthesis of new types of robust catalysts for heterogeneously
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1. Introduction

The term geopolymer, introduced by Davidovits in 1979, rep-
resents inorganic materials usually prepared using reactions of
various aluminosilicates with hydroxides, carbonates or silicates of
alkali and alkaline earth metals. The synthesis yields an amorphous
or semi-crystalline monolithic material with three-dimensional
network of AlO4 and SiO4 tetrahedra connected by oxygen cor-
ners exhibiting high strength and resistance to high temperatures,
chemicals, etc. [1,2]. This results in the application of geopolymers
in building industry, for solidification of hazardous chemicals, and
for sophisticated applications as composites materials, adsorbents
of cations from waste water, etc. as it has been reported in Refs.
[1,3-7]. The basis for same of these applications is interaction of
cationic species of transient metals with geopolymers resulting in
immobilization of the cations. In contrast to crystalline aluminosili-
cates, the synthesis of geopolymers proceeds at ambient or slightly
elevated temperatures and atmospheric pressure and the whole
volume of the synthetic mixture undergoes hardening. Alkaline
activation with subsequent polymerization in the whole volume
resulting in three dimensional network differentiates geopolymers
from amorphous aluminosilicates. Due to the absence of long-
range ordering, the structure of geopolymers is not well known.
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Davidovits suggested their structure as an analogy to organic poly-
mers based on linear hydrocarbons [1,8]. Recent progress in the
analysis of geopolymers indicates that these materials should prob-
ably be regarded as amorphous analogues of zeolites [9,10]. The
negative charge of the network resulting from the presence of
AlOy4 tetrahedra in the silicate framework is balanced by extra-
framework cations, typically Na(I) or K(I). SiO4 and AlO4 tetrahedra
are arranged to form rings with variable size. It has been suggested
that deformed six-, eight- and ten-membered rings are present in
the geopolymer network. Such an arrangement results in proper-
ties similar to those of zeolites: (i) All extra-framework cations can
be replaced by different ones (ion exchange) [10]. (ii) Bare cations
can be located in a dehydrated geopolymer at cationic sites. It
has been suggested that six or eight-membered rings accommo-
date bare divalent cations. [10]. (iii) At least part of cations located
at extra-framework sites is accessible for reactants [10]. (iv) lon
exchange of a geopolymer with a solution of an NH4* salt followed
by deammonization of a NH4-geopolymer at elevated temperature
or equilibration of the cationic form of a geopolymer with a diluted
acidresults in the formation of the acidic H-form of the geopolymer.

The close similarity of the geopolymer network and the zeo-
lite framework in relation to ion exchange and accommodation of
metal ions opens questions on possibilities for the application of
geopolymer materials as amorphous analogues of zeolites. Catalytic
properties of metal/metal-oxo cationic species located in zeolites
in redox reactions are well known and they are employed in sev-
eral industrial catalysts mainly for deNOy processes [11]. We have
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Table 1
List of used geopolymer based catalyst.

Sample Preparation method Catalytic reaction

Na-Geo-1 Metakaolin-based Na-geopolymer Parent geopolymer

KCa-Geo-2 Metakaolin-slag-based K-geopolymer Parent geopolymer

NH4-Geo-1 Ion exchange of Na-Geo-1 with NH4NOs5 solution Selective catalytic reduction of NOy by NH3
CuNH4-Geo-1 Ion exchange of NH4-Geo-1 with Cu(NOs ), solution Selective catalytic reduction of NO, by NH3
CuNH4-Geo-2 Ion exchange of NH4-Geo-2 with Cu(NOs ), solution Selective catalytic reduction of NO, by NH3
PtNH4-Geo-2 Ion exchange of NH4-Geo-2 with Pt[(NH3)4Cl; ] solution Total oxidation of decane as VOC
FeKCa-Geo-2 Impregnation of KCa-Geo-2 with solution of FeCls in acetyl acetone Total oxidation of decane as VOC
CoNH4-Geo-2 Ton exchange of NH4-Geo-2 with Co(NOs), solution Total oxidation of decane as VOC

reported the use of geopolymers or modified geopolymer materials
in catalytic processes [12,13], however it has not been discussed in
opened literature.

The present work is concerned with the synthesis and applica-
tion of new types of geopolymer materials with incorporated Co,
Cu, Fe and Pt species with possible catalytic properties. Catalytic
reduction of nitrogen oxides by ammonia and catalytic oxidation
of VOCs as industrially important, heterogeneously catalysed reac-
tions were selected to test the catalytic properties of geopolymer
catalysts.

2. Experimental
2.1. Preparation of geopolymer catalysts

Table 1 lists the parent geopolymers and geopolymer catalysts
used in this study. Parent Na-Geo-1 geopolymer with sodium as
a charge compensating cation, was prepared by mixing of 10g
metakaolin (43.5wt.% of Al;03 and 53.7wt.% of SiO;) with an
alkali activator containing 12.2 g of water glass (32.0 wt.% of SiO5,
17.7 wt.% of Na,O; molar ratio SiO,/Na,0 of 1.9) and 1.1 g of NaOH
(49.4wt.% in water) and 0.7 g of water. Polymerization was per-
formed in a closed vessel at 60°C for 48 h. After maturing of the
geopolymer for one week, the geopolymeric monolith was ground.
The particle size of the powdered geopolymer ranged between 5
and 50 pm.

AK, Ca-Geo-2 sample with potassium as a charge-compensating
cation was prepared by mixing of 10g metakaolin (43.5wt.% of
Al;03 and 53.7 wt.% of SiO;) and 8 g of grinding granulated blast
furnace slag with 16.2 g of potassium water glass (18.3 wt.% of SiO-,
17.3 wt.% of K, 0; molar ratio SiO,/K;0 of 1.7). Polymerization was
performed in a closed vessel at RT. After maturing of the geopoly-
mer for four weeks, the geopolymeric monolith was ground. The
particle size of the powdered geopolymer ranged between 5 and
50 pm.

The NH4* form of the Geo-1 and Geo-2 geopolymers was
obtained by an ion-exchange procedure with an aqueous 0.5M
NH4NO3 solution at RT (100 ml of solution per 1g of geopolymer
applied thrice over 12 h).

CuNH4-Geo-1 and CuNH4-Geo-2 geopolymer catalysts were
prepared by the ion exchange of the corresponding parent geopoly-
mer in the NH4* cationic form with aqueous 0.1 M Cu(NOs3),
solution at RT for 24 h.

CoNH,4-Geo-2 geopolymer catalysts were prepared by equilibra-
tion of the corresponding parent geopolymer in the NH4* cationic
form with aqueous 0.1 M Co(NOs3), solution at RT for 24 h. After
each ion exchange procedure, all samples were carefully washed
with distilled water and dried in the open air.

FeKCa-Geo-2 geopolymer catalyst was prepared using an
impregnation procedure with a solution of FeCls in acetyl acetone.
The procedure is commonly used for preparation of Fe-zeolites
yielding highly dispersed iron species. Details of the procedure are
described in Refs. [14,15].

PtNH4-Geo-2 catalyst was obtained by adding 100 ml of 2%
Pt[(NH3)4Cl,] aqueous solution to a suspension of 1g NH4-Geo-
2 in 100 ml H, 0. The mixture was stirred for 24 h, filtered, dried in
the open air at RT and calcinated in an air stream at 450 °C.

The chemical composition of parent geopolymers and geopoly-
mer catalysts determined by XFS is listed in Table 2.

2.2. Structural analysis of geopolymer catalysts

The amorphous nature of the samples was checked by X-ray
powder diffraction analysis on a Philips MPD 1880 diffractometer
with CuKa radiation in the Bragg-Brenato geometry and equipped
with a graphite monochromator and scintillation counter. The X-
ray pattern was measured in the region of 5-75° of 26 with a 0.04°
step.

The ATR FTIR spectroscopy technique was used to monitor
the degree of networking of the geopolymers. The spectra were
recorded on a Nicolet Protégé 460 FTIR spectrometer equipped with
an MCT/A detector.

Transformation of metakaolin to a geopolymer was monitored
by 27Al MAS NMR spectroscopy. 27 Al MAS NMR experiments were
carried out using a Bruker Avance 500 MHz (11.7 T) Wide bore spec-
trometer with4 mm o.d. ZrO, rotors with a rotation speed of 12 kHz.
High-power decoupling pulse sequences with /12 (0.7 s) exci-
tation pulse were employed to collect 27 Al MAS NMR single pulse
spectra. The 27 Al NMR observed chemical shift was referred to an
aqueous solution of AI(NO3)s.

UV-Vis-NIR diffuse-reflectance spectra of hydrated parent
and Co-, Cu- and Fe-geopolymers were collected in the range
200-2500 mm using Perkin-Elmer Lambda 950 spectrometer with
Spectralon™ integration sphere. Spectralon™ served also as a ref-
erence. Grained samples were placed in a 5 mm thick optical quartz
cell. Spectra were recalculated using the Kubelka-Munk equation:
F(Rs)=(1 = Ruo)?/2R+. For details see Refs. [10,16].

The size of the geopolymer particles was estimated from micro-
graphs obtained with a scanning electron microscope Jeol (JSM-03).

Nitrogen sorption isotherms of parent geopolymers were mea-
sured with a ASAP 2020 (Micromeritics Instrument Corporation,
Norcross, USA) volumetric instrument at —196 °C. Prior to the sorp-
tion measurements, all the samples were degassed at 250 °C for at
least 24 h until a pressure of 10~3 Pa was attained.

The chemical compositions of parent geopolymers and geopoly-
mers catalysts were determined by XFS with a Philips PW 1404
spectrometer, equipped with the UniQuant analytic program yield-
ing semi-quantitative analysis of 74 elements from fluorine to
uranium with 10% standard deviation.

2.3. Catalytic experiments

2.3.1. Total oxidation of hydrocarbons

Partial pressure saturators and mass flow controllers were used
for feeding decane vapors and oxygen into a stream of He. The feed
contained 250 ppm of n-decane, 6% O, and He as a carrier gas.
An amount of 100 mg of catalysts of particle size of 0.3-0.5 mm
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Table 2

Chemical composition of parent geopolymers and geopolymer catalysts.

H,0 (Wt.%)

23.2

Fe,03 (Wt.%)

0.23
0.19
0.18
0.74
0.76
0.95
0.80
1.79
0.82

TiO, (Wt.%)

0.16
0.17
0.17
0.86
0.84
0.96
0.95
0.76
0.93

Si0, (Wt.%)

43.1

Al,03 (wt.%)

19.5

MgO (wt.%)

0.14
0.15
0.13
2.18
2.09
1.53
244
1.92
1.91

Ca0 (wt.%)

0.17
0.18
0.19

131

K20 (wt.%)

Na,O (wt.%)

13.0

CuO (wt.%) Co304 (Wt.%)

PtO; (Wt.%)

Sample

0.50
0.35
0.34

12.5

Na-Geo-1

21.40

51.0

23.2

3.38
0.23
0.47
0.04

NH4-Geo-1

15.24
7.8

199

49.5

224

11.62

CuNH4-Geo-1

42.5

19.8

KCa-Geo-2

41.8

19.2

10.8

4.5

NH4-Geo-2

4.53

8.0
11.35
14.83

45.2

20.9

2.98
11.6

1.41
3.79
10.77

21.9

CuNH4-Geo-2

48.8

21.2

0.06
0.40

41

2.

PtNH4-Geo-2

35.98
44.8

15.19
20.3

11.25
2.1

FeKCa-Geo-2

2.71

11.6

CoNHg4-Geo-2
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and total flow rate of 100mlmin~! corresponded to a GHSV of
60000h~1. The concentrations of O,, CO, CO, and hydrocarbons
were determined by an on-line connected Hewlett-Packard 6890
gas chromatograph. Two gaseous samples were injected with two
10-port valves. Columns of Poraplot Q and molecular sieve 5A and
a thermal conductivity detector (TCD) were used to separate and
detect O,, CO and CO». A Poraplot Q column separated CO, from O,
and traces of N, and CO, and a six-port valve was used to bypass
the column with molecular sieve 5A during the analysis of CO,.
In the second branch, hydrocarbons were separated on a Poraplot
Q column and detected by FID. Details of the analysis have been
described elsewhere [17].

2.3.2. Selective catalytic reduction of NOyx by NH3

A fixed-bed flow-through quartz microreactor was used to anal-
yse the activity of geopolymer catalysts in NH3-SCR-NOy. The
composition of gases at the inlet of the reactor was typically
500 ppm NO and 500 NO,, 2.5 O,, and 1000 ppm NHs3 and He as
a carrier gas. The weight of the catalyst (0.3-0.5 mm grains) was
50mg, and the flow rate was 350 cm> min—!, corresponding to a
GHSV 0f 210000 h~!. All the gas connections were kept at a temper-
ature of 200°C to avoid the formation and deposition of NH4NO3.
The concentrations of NO, NO, and NH3 were monitored with a
NO/NOx/NH3 analyzer (ABB Limas 11). The concentrations of N, and
N,O were determined by an on-line connected Hewlett-Packard
6890 gas chromatograph. Columns of Poraplot Q and molecular
sieve 5A were used for the separation and TCD for the detection.
Catalytic activities of geopolymers catalysts were compared with a
commercial sample of commonly used V,05/Al;03 catalyst (Euro
Support Manufacturing Czechia, CR).

3. Results and discussion
3.1. Synthesis and structure of geopolymers

The XRD patterns of the powdered Na-Geo-1 and KCa-Geo-2
samples are depicted in Fig. 1. The XRD patterns with a diffuse
halo peak at about 260=30° indicates that the prepared samples
are amorphous and contain only traces of crystalline compounds.
This is in accordance with X-ray amorphous character of practically
all poly(sialate-siloxo) and higher sialates resulting from polycon-
densation of alkali-alumino-silicates [8]. The traces of crystalline
compounds are reflected in the XRD pattern of Na-Geo-1 kaolin by
a weak sharp signal at 26 =19.8, quartz is manifested by sharp sig-
nals at 20 =26.6°, mullite by weak sharp signals at 20=16.4, 25.4,
35.2, 394, 40.9, 42.7 and 60.7° and magnetite by a weak signal at
20=33.2°, All these crystalline impurities were derived from the
metakaolin used for preparation of both geopolymer samples. In
the XRD pattern of KCa-Geo-2, kaolin is manifested by a weak sig-
nal at 260 =19.8, quartz by weak signals at 26 = 26.6°, calcite by sharp
signals at 26 =29.4 and merwinite (Ca3Mg(SiO),), by a number of
sharp signals at 260=32.5, 33.4, 33,8, 39.5, 40.8, 41.7, 43.3, 44.6,
47.6, 48.5 and 60.4°. Merwinite and calcite are crystalline parts of
granulated blast furnace slag used for preparation of the KCa-Geo-2
geopolymer.

Fig. 2 depicts the FTIR spectra of NH4-Geo-1 and NH4-Geo-2
geopolymers in the region of the T-O-T vibration. Three absorp-
tion bands typical of the geopolymer material were observed in
the spectra at 870, 995 and 1120 cm~!. The bands with maxima at
995 cm~! (low frequency - LFband)and 1120 cm~! (high frequency
- HF band) are ascribed to the antisymmetric T-O-T vibration
[10,18-21]. The ratio of the low and high frequency bands (LF/HF)
can be used for rough estimation of the degree of polymerization
of the geopolymer network [21]. The LF/HF ratios of 4.1 and 3.7 for
NH4-Geo-1 and NH4-Geo-2, respectively, indicate a high degree of
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Fig. 1. X-ray diffraction pattern of Na-Geo-1 (A), KCa-Geo-2 (B). k, kaolin; Q, quartz;
mu, mullite; m, magnetite, cal, calcite; mer, merwinite.

polymerization. The band at 873 cm~! reflects the Si—-OH bending
vibration [18].

The 27Al MAS NMR spectra of the Na-Geo-1 and KCa-Geo-2
samples are depicted in Fig. 3 and compared with the spectrum

A

Absorbance

T T T
1100 1000 900 800

Wavenumber (cm-1)

T
1300 1200

Fig. 2. ATR FTIR spectra of NH4-Geo-1 (A) and NH4-Geo-2 (B) geopolymers. Experi-
mental spectrum (—), simulated spectrum (- - -), and its decomposition to individual
Gaussian bands (. ..).

80 60 40 20 0 -20
27A1 observed shift (ppm)

Fig. 3. 27Al MAS NMR spectra of Na-Geo-1 (—), KCa-Geo-2 (- - -) and metakaolin
used for geopolymer synthesis (.. .).

of the metakaolin used for their preparation. The resonance at
58 ppm corresponds to tetrahedrally coordinated Al atom and dom-
inates spectra of both geopolymers. The resonance at 3 ppm can
be ascribed to octahedrally coordinated Al of residual unreacted
metakaolin and represents less than 4% of all the Al atoms. This
indicates nearly complete transformation of metakaolin to the
geopolymers.

Surface area calculated by the BET method, pore volume
obtained by BJH and t-plot methods and the pore diameters of the
synthesised parent geopolymers are summarised in Table 3. It is
shown that the synthesis yielded mesoporous parent geopolymers
with mesopore volume of 0.089 and 0.095cm?3g~! for Na-Geo-
1 and KCa-Geo-2, respectively, and negligible microporosity (see
Fig.4 and Table 3). The observed mesoporosity is in good agreement
with the results reported by Kriven, who observed that the geopoly-
mer material consists of nanoparticulates ranging from 5 to 15 nm,
separated by nanopores of 3 to 10nm [9]. The maximum range
of the pore size (10 and 8 nm for Na-Geo-1 and KCa-Geo-2) indi-
cates that geopolymer-based catalysts can be able to accommodate
spacious reactants or intermediates. In contrast to the synthesis of
very compact geopolymer materials, which leads to the formation
of materials of low porosity and surface area [22-25], the proce-
dures employed in this study yield material with textural properties
possibly usable for catalytically active material.

3.2. Active structures in geopolymer catalysts

The strategy for preparation of geopolymer materials with
potential catalytic properties was based on close similarities of the
interaction of cationic species of transient metals with geopolymers
network and zeolites framework. An attempt was made to incor-
porate metal/metal-oxo cationic species into parent geopolymers
to form similar structures, which provide high catalytic activity in

Table 3
Textural properties of parent geopolymers.

Sample Sper (m?*g™") Vg (cm®g™') Vi (cm®g™") D (nm) Drmax (nm)
Na-Geo-1 17.1 0.089 0.0032 8-12 10
KCa-Geo-2 31.6 0.095 0 6-10 8

Sger — surface area, Vg — mezopore volume, calculated by the BJH method, Vy; -
micropore volume determined by the t-plot method, D - pore size range, Dmax —
maximum of the pore size range.
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Fig. 4. Nitrogen adsorption isotherms of Na-Geo-1 (A) and KCa-Geo-2 (B).

redox reactions in zeolite based catalysts. Transition metals species
(Cu, Co, Fe) and platinum as catalytic components providing high
catalytic activity in commercial catalysts for catalytic reduction of
nitrogen oxides by ammonia (NH3-SCR-NOy) and catalytic oxida-
tion of VOC were used. Because geopolymer network exhibits the
similarities with the zeolite framework in relation to ion exchange
and accommodation of metal ions, mainly ion exchange procedures
were employed for incorporation of cationic species into the parent
geopolymers.

Divalent Cu(ll) cationic species exhibit high activity and selec-
tivity in NH3-SCR-NOy over Cu-zeolite based catalysts [26]. Cu
was introduced into Na-Geo-1 and KCa-Geo-2 by a common ion-
exchange with Cu(Il) nitrate. It has recently been reported [10]
that the internal volume of an originally sodium geopolymer can
easily communicate with the external environment of the geopoly-
mer and, thus, all extra-framework cations balancing the negative
charge of the geopolymer network can be ion-exchanged by dif-
ferent ones. It is clear from the chemical analysis (see Table 2)
that, using the ion exchange procedures, almost 98% of the Na* was
exchanged with Cu?* and NH,4* ions at CuNH4-Geo-1 and 80% and
90% of Ca%* and K*, respectively, were exchanged at CuNH,4-Geo-
2. Both Cu-geopolymers exhibited a blue colour, originated from
a broad absorption band at the Vis-NIR spectra with a maximum
between 12 000 and 13500 cm~! (shown in Fig. 5A), similar to the
spectra of hydrated Cu-zeolites [27]. The octahedral or bipyramidal
complexes of solvated Cu?* ions with six or five water molecules
can be attributed to this absorption [27]. Shift of the maximum and
in the high energy edge to higher wavenumbers of the broad Cu?*
band in the spectrum of CuNH4-Geo-2 compare to CuNH4-Geo-
1 indicates higher relative concentration of the [Cu?*X~(H,0)s5]*
complexes [27] in CuNH4-Geo-2. The band at 32 000; 40000 and
45000cm~! can be assigned to 02~ — Cu?* charge transfer (CT)
transition [27]. The similar intensity of the bands of d-d transi-
tion of Cu?* ions for both Cu-geopolymers and significantly higher
intensity of the charge transfer bands for CuNH4-Geo-2 can be
explained by different extinction coefficients of [Cu?*(H,0)s]2* and
[Cu?*X~(H,0)5]* complexes present in ion exchanged samples. It
follows that the ion-exchange procedure of geopolymers provided

predominantly Cu2* ions located at cationic sites and balancing two
or one negative charge of the geopolymer network.

Co and Fe species are typical components of catalysts based
on supported noble metals or oxides of transition metals for total
oxidation of VOC [28,29]. The common ion-exchange procedure
employed to prepare CoONH4-Geo-2 led analogously to CuNH4-Geo-
2 to ion-exchange of 80% and 85% of CaZ* and K*, respectively,
by Co?* and NH4* ions, as indicated by the chemical analysis.
Co-geopolymer is lightly pink coloured, as observed from UV-Vis
spectra (Fig. 5B) due to the absorption band around 19000 cm™!
typical for octahedral Co(II) hexaquo-complexes [30,31]. The bands
in UV region above 40000cm~! correspond to the 02~ — Co2* CT
transitions well known for hydrated Co-zeolites [31]. Thus extra-
network solvated [Co%*(H,0)s]%* complexes balance network Al
negative charge in Co-geopolymer. Details of structural analysis
of the Co species in geopolymer materials including the dehy-
drated UV-Vis spectra, which indicate the presence of three types
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Fig. 5. DR UV-Vis-NIR spectra of geopolymer catalysts. (A) CuNH4-Geo-2 (—),
CuNH4-Geo-1 (- - -), NHs-Geo-2 (—) and NH4-Geo-1 (...) (B) CoNH4-Geo-2 (—).
(C) FeKCa-Geo-2 (—) and NH4-Geo-2 (.. .).
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of well-defined local structures accommodating Co2* ions in local
arrangement similar to those in Sirich zeolites have been published
elsewhere [10].

The impregnation method employing FeCl;+ACAC mixture
was used for preparation of Fe-geopolymer, because it is well-
known for providing highly dispersed Fe-ions species with limited
formation of Fe-oxo species in zeolites [32]. UV-Vis spectra of
FeNH,4-Geo-2 and the corresponding parent geopolymer are shown
in Fig. 5C. Already in the spectrum of parent geopolymer a doublet
of small intensity at 11000 and 11 800cm~! corresponding to the
6A1g — 4T14(*G), 4T2(*G) d-d transitions of Fe(Ill) ion in an octahe-
dral environment of oxygen-containing ligands [33] and absorption
edge at about 18 500cm~! corresponding to the d-d electron pair
transition [33] were observed. These bands were unambiguously
assigned to hematite. The high energy bands at about 33 000, 38 000
and 46 000 cm~! were ascribed to non-specific 02~ — Fe3* charge
transition transfer. Thus already small amount of Fe-oxide com-
ing from metakaolin used for preparation is present in the parent
geopolymer, cf. chemical analysis of prepared geopolymers. UV-Vis
spectrum of FeNH4-Geo-2 shows significant increase of the inten-
sity of the CT bands at about 33 000, 38 000 and 46 000 cm~1, not
followed by corresponding increase of the absorption edge around
18000 cm~! associated with Fe-oxides. This indicates formation of
highly dispersed Fe species most likely in the form of Fe(Ill) com-
plexes — [Fe(H,0)s]3*, [Fe(H,0)s5(OH)]?* and [Fe(H,0)4(OH),]* in
as prepared sample. Thus the impregnation provided distribution
of Fe species in Fe-geopolymer similar to obtained for zeolites, cf.
for instance structure of Fe species in ZSM-5 and beta zeolite in Ref.
[33].

Impregnation with Pt[(NH3)4Cl; ] solution with subsequent cal-
cination should provide clusters of platinum species of undefined
sizes. Analysis of these structures by UV-Vis-NIR spectroscopy is
limited due to the presence of Fe species in parent geopolymer.

3.3. Geopolymers in redox catalysis

3.3.1. Total oxidation of VOC

Decane is one of the major components of diesel fuel and auto
motive transport represents one of the most important sources of
VOC pollution [34]. Therefore it was used as a model compound for
the test of total oxidation of VOC over geopolymer catalyst. Conver-
sion of decane and selectivity for CO, and CO in the total oxidation
of decane as a function of temperature over PtNH4-Geo-2, FeKCa-
Geo-2 and CoNH4-Geo-2 catalysts is shown in Fig. 6. The reactions
were carried out at an oxygen concentration of 6%, i.e., lower oxy-
gen concentration than in the air, which is typical for exhaust gases
of combustion processes. PtNH4-Geo-2 already exhibits high con-
version at very low temperatures with 50% conversion of decane

obtained at 135 °C. The oxidation is highly selective for CO, whereas
CO has not been detected in the products of combustion even
at temperatures of approx. 100°C and oxygen concentration of
6%. The working temperature window for both FeKCa-Geo-2 and
CoNHg4-Geo-2 catalysts is understandably shifted to higher tem-
peratures than for the Pt-geopolymer. The reaction starts at 260°C
and total conversion is achieved at 470-480 °C. The selectivity for
CO, exhibits an increasing tendency with increasing temperature
when CO is completely oxidised to CO, at 470 °C over CONH4-Geo-2.
Thus both Fe and Co located in geopolymer in the form of atomically
dispersed extra-network cationic species balanced by network neg-
ative charge catalyse the oxidation reaction in middle temperatures
for total oxidation of VOC. Pt species in geopolymer exhibit high
catalytic activity already at very low temperatures. Thus the high
conversions achieved with decane at low and medium tempera-
tures, together with the high thermal stability of the geopolymers,
exemplified the possible potential for utilization of geopolymer
catalysts in total oxidation of VOC.

3.3.2. Activity of geopolymer catalysts in NH3—~SCR-NOx

The NOyx and NH3 conversions in the NH3-SCR-NOy reaction
as a function of reaction temperature for Cu-geopolymers, NH4-
geopolymer and commercial V,05/Al,05 catalyst are compared
in Fig. 7. For NH4-Geo-1, the NO, and NH3 conversion began at
300°C and increased with increasing reaction temperature. The
activity is essentially related to the presence of acid sites impor-
tant for adsorption of basic molecules of ammonia and traces of
transition metals most likely Fe involved in the redox cycle. The
introduction of Cu into the NH4-Geo-1 geopolymer resulted in
markedly improved catalyst activity over the entire temperature
range. CuNH4-Geo-1 exhibits significant conversion of NOy already
at 250°C and this increase with the reaction temperature, pass-
ing through a maximum at 400 °C and then declining slightly. The
important observation is that NH3 is completely oxidised already
at a temperature of 230°C and no NHj slip is present above this
temperature. It follows that CuZ* ionic species located at cationic
sites of geopolymer network catalyses the NH3-SCR-NOy reac-
tion already at low temperatures and preserves the process from
NH3 slip. The conversion of NOy was already observed for CuNH4-
Geo-2 containing a high amount of copper at temperatures below
200°C; however, then the conversion of NOy declined at tem-
peratures above 250°C due to the lack of non-selective oxidised
NH3 by O,, as is indicated by the steadily increasing conversion
of NHs. The non-selective consumption can be related to the for-
mation of low dispersed Cu-oxide like species present in higher
concentration in CuUNH4-Geo-2. Such species could be formed upon
catalytic test from [Cu2*X~(H,0)s]* complexes balancing one neg-
ative charge of the network. In dehydrated geopolymer under
oxidative atmosphere, bare Cu2* ion should be balanced by neg-
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Fig. 7. Conversion of NO, and NHj3 to nitrogen as a function of temperature at NH;-SCR-NOy over ((J) NH4-Geo-1, (B) NH4Cu-Geo-1, NH4Cu-Geo-2 (v) and V,05/Al; 03 (O)
catalysts. Conditions: 500 ppm NO, 500 ppm NO,, 1000 ppm NH3 and 2.5% O; in a He stream, GHSV=210000h-".

ative charge of the network formed from two Al atoms. Thus the
formation of Cu-oxide like species occurs from over-stoichiometric
Cu?* ions similarly to Cu-zeolite catalysts [35,36]. The conversion
of NOx and NH3 obtained over geopolymer catalysts is compared
with a commercial sample of commonly used V,05/Al, 03 catalyst.
V,05/Al;03 exhibits slightly increasing conversion of NOy and NH;
withincreasing temperature and highly selective utilization of NHs.
The high selectivity resulted in a high ammonia slip. From com-
parison of conversions of NOy obtained for geopolymer and the
commercial catalysts, it is clear that CuNH4-Geo-1 could compete
with the common catalystin the temperatures range of 250-350°C.
The higher conversion of NH3 over CuNH4-Geo-1 compared to the
V;,05/Al; 03 catalyst can be advantageous in processes with limited
possibility of precise dosing of NH3 into the deNOy process; how-
ever, it can slightly decrease utilization of NH3 under steady-state
conditions.

It has to be noticed that results presented in this study rep-
resents very first attempt to investigate catalytic properties of
geopolymer based materials. The geopolymers are traditionally
applied in other fields with requirements on geopolymer prop-
erties opposite to those advantageous for catalytic applications
[22-25]. On the other hand, preparation of geopolymer materials is
simple and low cost and results in material with high thermal sta-
bility [2,8]. Moreover, easy fabrication of geopolymer monolithic
material posses the possibility to prepare geopolymer monolith
in forms suitable for catalytic application [37]. Thus, significant
improvements of geopolymer catalysts properties can be supposed
to achieve in such areas as surface area of catalyst, hierarchical
arrangement of macro- and meso-pores and local arrangement
of structures accommodating active species by understanding of
geopolymer synthesis. Further improvement can be obtained by
understanding of the relationship between geopolymer local struc-
ture, properties of incorporated metal ion species and catalytic
performance of geopolymer based catalyst.

4. Conclusions

Transition metal ions and rare metal species balancing net-
work negative charge can be located in extra-network positions
of the geopolymer. The extra-network species can be introduced
by simple procedures as it is ion-exchange or impregnation. Extra-
network transition metal ions and Pt species located in geopolymer
exhibit redox properties and, thus, functionalized geopolymers
possess catalytic properties in heterogeneously catalysed redox
reactions. The redox catalytic properties of the Pt, Fe, Cu and Co
geopolymer catalysts were demonstrated on NH3-SCR-NO, by
ammonia and total oxidation of volatile hydrocarbons. Reached
conversion of NOy to nitrogen and decane to CO, indicate potential
of studies on geopolymers based catalytic materials.
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