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Preface

The present Special issue of the journal Bulgarian Chemical Communications contains selected papers
from presentations delivered at the 11™ International Symposium on Heterogeneous Catalysis, held in Varna,
Bulgaria, from 6" to 9" September 2015. This forum was also selected to be a satellite event of the
12" European Congress on Catalysis (Europacat-12) held in Kazan, Russia, from 31% August to
4™ September 2015.

International symposia on heterogeneous catalysis organized by the Bulgarian catalysis community have
a long history. They have been organized periodically since 1967.

Traditionally the organizers of these symposia have attempted to provide wide access to presented
scientific results and we are happy that we could realize this once again.

Most of submitted papers included in this issue come from Bulgarian authors or report results of
international cooperation between Bulgarian and foreign scientists. To some extent, the contents of this issue
represent a current picture of the Bulgarian catalysis science.

14" December 2015

Guest editors
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Titania is one of the most widely used standard reference photocatalysts in the field of environmental applications.
However, the wide anatase band gap and high degree of recombination between photogenerated charge carriers is
limiting titania overall photocatalytic efficiency in water and air purification. This paper reviews recent studies on
semiconductor photocatalysis, carried out at the Institute of Catalysis of the Bulgarian Academy of Sciences, aimed at
enhancing the efficiency of TiO,-based photocatalysts and obtaining novel photocatalytic systems for sunlight
utilization and application of methods improving the overall performance of the photocatalytic processes.
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INTRODUCTION

In parallel with the ever-growing amount of per-
sistent organic contaminants accumulating in air,
wastewaters, and soil, the ecological legislation and
the respective normative restrictions are becoming
more and more severe [1]. In many cases, standard
oxidation processes (biological, chemical, or physic-
cal) for removal of pollutants are still economically
unfavourable; moreover, they do not achieve com-
plete mineralization of organic and inorganic pollut-
ants [2]. One of the modern methods for removal of
organic and inorganic compounds, persistent to-
wards conventional means of neutralization, is de-
struction by applying the so-called ‘advanced oxida-
tion processes (AOPs)’. These processes are based
on generation of highly reactive particles of radical
type, mainly HO® radicals, which destroy a large
variety of organic and inorganic chemical com-
pounds [3].

Among the AOP processes, heterogeneous photo-
catalysis appears to be one of the basic and most ef-
ficient approaches for degradation of organic con-
taminants in water, air, and soil [4]. Various oxides,
chalcogenides, and composite materials and alloys
are finding application in classical heterogeneous
photocatalysis manifesting semiconductor proper-
ties. One of the most intensively studied photocata-
lysts is titanium dioxide (TiOy) [5], in whose pres-
ence photocatalytic processes occur under UV light
irradiation, however, a high degree of recombination
between the photogenerated charge carriers is low-
ering its efficiency as photocatalyst.
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Aimed at overcoming the disadvantages of the
photocatalysts based on TiO, and promoting the
efficiency of the photocatalytic processes some new
semiconducting materials are being developed,
excited simultaneously by both the UV and visible
components of the solar radiation [6], as well as
such materials, in which the charges are separated
more efficiently [7]. The increase in photonic effi-
ciency of the processes of destruction of water and
air pollutants as well as the utilization of solar light
for this purpose is driving forward to realization of
large-scale projects solving ecological problems and
achieving at the same time improvement of the
quality of light.

I. TITANIA-BASED PHOTOCATALYSTS
MODIFIED SUPERFICIALLY WITH NOBLE
METAL NANOPARTICLES

Photocatalysts based on titania were modified
superficially (0.1-1 wt.%) with nanoparticles (Ag,
Au, Pd, Pt) aimed at increasing the quantum yield of
the processes of destruction of organic and inor-
ganic compounds [8-13]. The photocatalysts have
been characterized by physical methods.

It was found that the sizes of noble metal nano-
particles attached to the surface of TiO, have a sub-
stantial influence on their photocatalytic activity. A
remarkable influence of the pH of the medium
during synthesis on Au particle size was registered
upon attaching gold on the titania surface by photo-
reduction, which exerts an effect also on adsorption
capacity with respect to oxalic acid (Fig. 1A). Thus
for one and the same quantity of gold deposited on
TiO, (1 wt.%), when the size of the nanoparticles
was decreased from 18 nm down to 4 nm, the rate
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constants of the photocatalytic destruction of oxalic  directions are influencing photocatalyst efficiency:
acid were increased more than twice (Fig. 1B) [11]. (i) the metal nanoparticles improve charge carrier
It has been shown that the photocatalytic activity is  separation and (ii) they decrease the adsorption
affected by the quantity of metal nanoparticles capacity of TiO, because of partial blocking of
attached on the surface of TiO, (Fig. 2) [10]. The  adsorption sites on its surface.

reason for this is that two factors acting in opposite
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the medium; B — dependence of the rate constants of photocatalytic degradation of oxalic acid on Au° nanoparticle size.
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Fig. 2. A —total amount of oxalic acid adsorbed on TiO, at pH 3 and on Au-modified TiO, materials;
B — dependence of the rate of photocatalytic degradation of oxalic acid on gold loading.
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It was also ascertained that the chemical nature
of the noble metal attached on the surface of TiO,
does not influence photocatalyst efficiency [13]. In
this aspect at the same size of noble metal nano-
particles (= 5 nm), deposited on the surface of TiO5,
the rate constants of destruction of the pollutants in
water are approximately the same (Fig. 3A).

Photo-physical investigations on titania/noble
metal systems explain the obtained results. It has
been shown [14] that as a result of equilibrated
process of electron transfer from oxide semicon-
ductors to the metal nanoparticles the life-time of
the photoexcited electron is increased in the conduc-
tion band of the semiconductor (Fig. 3B). The life-
times of the excited states are approximately the
same in cases of attaching Ag, Au, Pd or Pt on the
semiconductor [15], and for this reason the photo-
catalytic activity is varying within the framework of
the experimental error (Fig. 3A) [13].

IT. INORGANIC OXIDES WITH
SEMI-CONDUCTING PROPERTIES:
PHOTOCATALYSTS FOR UTILIZATION
OF SOLAR LIGHT

Two types of photocatalytic systems have been
prepared and studied, which are able of being
excited simultaneously under irradiation with UV
and visible light. One type of systems is coupled
composites of two oxides: one with a wide band gap
and another one with a narrow band gap [16-18].
The second type of materials is prepared by doping
the titania and a WO,/TiO, composite with nitrogen
by means of anionic replacement of oxygen atoms
by nitrogen entities in the crystal lattices of TiO, or
WO;) [19-21]. The photocatalysts have been
characterized by physical methods.

11. 1. Coupled semiconductors

The photocatalytic activity of WO,/TiO, and
Ce0,/TiO, composites was studied in the degrada-
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tion of 4-chlorophenol and oxalic acid under irra-
diation with visible [16] and ultraviolet light in
separate and under combined UV-vis light irradia-
tion [17,18]. The photocatalytic oxidation of both
contaminants occurs completely leading to total
mineralization: formation of CO,, H,O, and HCI.
The band gap of anatase TiO, is about 3.2 eV and
because of that, it is excited only by UV light.
However, the band gaps of WO3; = 2.8 ¢V and CeO,
=~ 2.75 eV enable their photo-excitation by visible
light, i.e. photons of energy Ey, > higher or equal to
the energy of the band gap of the semiconductor.

It has been observed that under irradiation with
UV light of the coupled photocatalyst systems the
rate constants of destruction of oxalic acid are much
higher than those registered under irradiation with
visible light (Fig. 4A). Visible light illumination of
WOQO;, CeO; and of the binary composites WO3/TiO,
and CeO,/TiO, does not lead to high activity due to
a small amount of tungsten or cerium oxides in the
composites (4-6 wt.%) [17,18].

Under irradiation with UV or visible light the rate
constants of destruction of oxalic acid or 4-chlo-
rophenol photocatalysed by WO,/TiO, or CeO,/TiO,
are higher than those registered with the individual
oxides (Figs. 4A,B). This fact can be attributed to
more efficient separation of surface charge carriers,
i.e. to an increase in the quantum yield of the
formed HO' radicals in the valence bands of both
components in the composite photocatalyst (Fig.
4C). Thus under irradiation with UV light the rate
constant of the process of oxalic acid destruction
catalysed by WO,/TiO, is ~ 1.5 times higher than
that on pure titania [17], while in the case of photo-
oxidation of 4-chlorophenol under irradiation with
visible light it is 2.5 times higher than that on pure
tungsta [16]. Under UV-A light irradiation the
Ce0,/TiO, photocatalyst showed a 0.44-fold
increase in the rate of oxalic acid mineralization
compared to that over the TiO, photocatalyst [18].
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Fig. 4. Dependence of the apparent rate constants K, of photocatalytic degradation of oxalic acid on irradiation
type: A — WO3/TiO, photocatalyst; B — CeO,/TiO, photocatalyst; C — schematic representation of charge carrier
separation in the photoexcited photocatalysts.
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Modifying the surface of the studied semi-
conductors with Au nanoparticles is leading to a
manifold increase in the rate constants of
destruction of 4-chlorophenol or oxalic acid both in
the cases of UV light irradiation and visible light
irradiation (Figs. 4A,B). The enhancement of the
photocatalytic activity is owing to a more efficient
separation of the charge carriers in the photo-
activated catalysts thus leading to an increase in the
quantum yield of formation of the HO® radicals (Fig.
4C). Especially efficient is the charge separation in
the case of Au/WO,/TiO, photocatalyst under
irradiation with UV or combined UV-visible light,
where the rate constants of destruction of the oxalic
acid are approximately 1.7 times higher than that of
the process catalysed by Au/TiO, and 3 times higher
than that catalysed by pure titania [17]. In the case
of photocatalytic destruction of 4-chlorophenal,
occurring under irradiation with visible light, the
rate constant of the process catalysed by
AU/WO,/TIO, is 3 times higher than that of the
process catalysed by tungsta [16]. Particularly
efficient is the charge separation process in the
Au/Ce0,/TiO, material upon irradiation with UV
light (Fig. 4B). In this case, the rate constants of
oxalic acid decomposition were approximately twice
higher than those over the Au/TiO, material and
three times higher than those catalysed by pure
titania.

1I. 2. Nitrogen-doped semiconductors

Nitrogen-doped titania (N-TiO,) and tungsta/
titania (N-WO5/TiO,) catalysts have been synthe-
sized using sol-gel technology. XPS studies estab-
lished that the atomic concentration of the nitrogen
atoms in the crystal lattices of TiO, and WO,/TiO,
is = 1.2%. All the photocatalysts have been addi-
tionally modified superficially with gold nano-
particles (0.5-1 wt.%) by the method of photo-
reduction.

The photocatalytic destruction reactions of 2-
propanol, oxalic acid, and 2,4,6-trinitrotoluene (TNT)
in the presence of TiO,, N-TiO,, WOs/TIiO,,
N-WO,/TiO,, and superficially modified with Au
nanoparticles photocatalysts have been investigated
under irradiation with UV, visible, and combined
UV-visible light [19-21]. It was proved that there
occurs a complete destruction of the substrates,
which is due most of all to the generated HO’
radicals.

The ability of nitrogen-doped titania to be photo-
excited simultaneously under irradiation with UV
and visible light is owing to the fact that, in case of
replacing the oxygen atoms in the crystal lattice of
TiO, by nitrogen atoms, new admixture electron

energy levels are being formed resulting in a
narrower band gap. This explains the possibility to
excite simultaneously a photocatalyst under UV and
visible light irradiation (Fig. 5B).

Concerning the photocatalytic activity of
nitrogen-doped catalysts (Fig. 5A) the following
conclusions can be drawn.

1. N-doped TiO, and N-doped WO,/TiO, as well
as samples modified by nanosized Au particles are
efficient photocatalysts for removal of organic
contaminants from water under irradiation with UV
and visible light.

2. Under irradiation with UV light, the photonic
efficiencies of N-doped TiO, and N-doped WO,/TiO,
are one order of magnitude higher than the effi-
ciency under irradiation with visible light. This is
because of the nitrogen atoms (1.2 at.%) incor-
porated in the crystal lattice of N-doped photo-
catalysts. Higher rate constant values for organic
contaminants decomposition upon irradiation with
UV light are due to the photocatalytic processes
occurring simultaneously on N-doped TiO, N-
doped WOs; and coupled N-doped WOs/TIO,
photocatalysts.

3. An increased photocatalytic activity of N-
doped TiO, and N-doped WO,/TiO, under irra-
diation with visible light is owing to the formation
of a new impurity electron energy level leading to
narrowing of the band gap of the photocatalysts.
Thus, under irradiation with visible light the rate
constant values for TNT photooxidation, catalyzed
by N-doped WO,/TiO, or N-doped TiO,, are 2-fold
and 5-fold higher, respectively, than those for
undoped WO,/TiO, or TiO, samples, accordingly.

4. The photocatalytic activities of gold-modified
N-doped TiO, and N-doped TiO,/WO; photo-
catalysts under irradiation with UV or visible light is
increased more than twice compared with that of
unmodified samples. The higher rate of photo-
catalytic destruction of the pollutant in the case of
deposited nanosized Au particles on the surface of
the catalysts is a result of more efficient charge
separation, increased lifetime of the charge carriers,
and enhanced efficiency of the interphase charge
transfer to adsorbed pollutants.

III. PROMOTING THE EFFICIENCY OF
PHOTOCATALYTIC PROCESSES OCCURRING
WITH THE PARTICIPATION OF OZONE

Efficiency enhancement of the photocatalytic
processes of destruction in aqueous medium has
been studied with oxalic acid as pollutant [22] and
also with 2,4,6-trinitrotoluene [23] under irradiation
with UV-A or UV-C and visible light in the
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presence of oxygen-ozone mixture. The concen-
tration of ozone in the mixture was 6.7x10* mol.L ™.
A parallel is made in these studies between the
efficiency of the photocatalytic processes occurring
in the presence of oxygen with that of the processes
accomplished involving the participation of ozone.
In both cases, it was found that the photocatalytic
destruction of the contaminants is reaching a
complete decomposition of their organic structure
with the formation of CO,, H,O, and NO5 .

It was shown that in the absence of illumination
the ozone does not react directly with the oxalic acid
[22], while in the case of TNT some degree of
destruction is registered occurring at a very low rate
constant (Fig. 6A) as a result of formation of HO’
radicals from the ozone in aqueous medium at pH 7
[23].

Under irradiation with ultraviolet or visible light
in the presence of ozone the rate constants of
destruction of the pollutants are much higher than
those registered in the presence of oxygen only and
they depend on the illumination intensity of the UV
light source [22,23] (Fig. 6A).

A higher efficiency of the photocatalytic pro-
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cesses of organic molecules destruction in the pre-
sence of ozone is due to generation of HO" radicals
from ozone (Fig. 6B) by the following mechanism
(equations 1-5):
- Direct photolysis of ozone under irradiation
with UV-C light (A = 254 nm)

O; +hv — 0, (*Ag) + O (‘D) (1)
0 (‘D) + H,0 — 2HO", (2)

where O, (*A,) is singlet oxygen and O (‘D) is an
oxygen atom in excited state.
- Generation of HOe radicals from adsorbed
ozone molecules on the conduction band of
the semiconductors

Osgads) + € oo — O3~ 3)
03._ + H+ i HO3. (4)
HOy — HO" + O, . )

The hydroxyl radicals are among the most
reactive free radicals and they are strong oxidizing
agents capable of causing destruction of organic
compounds.

TNTorH20

TNTorH,0

Fig. 5. A — dependence of apparent rate constants of TNT degradation; B — schematic representation of charge
carrier separation in photoexcited Au/N-WQ3/TiO, photocatalyst.
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Fig. 6. A — dependence of the rate constants of photocatalytic degradation of TNT under the experimental
conditions; B — schematic representation of charge carrier separation in the photoexcited Au/WO3/TiO, photocatalyst.
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It is seen in Fig. 6A that under irradiation with
UV light in the presence of ozone the rate constants
of TNT photooxidation catalyzed by Au/WO,/TiO,
are 6 times higher, while under visible light
irradiation they are 11 times higher than those of the
processes occurring in the presence of oxygen only
[23]. An analogous tendency of increase in the rate
constants (4-14 times) is also observed in the case
of photocatalytic destruction of oxalic acid [22]. An
additional increase was registered for the rate
constants of destruction of TNT in the presence of
ozone, which can be interpreted as appearance of
synergistic effect [23].

The efficiency of the processes of destruction of
TNT in the presence of ozone depends also on the
type of photocatalyst (Fig. 6A). Thus in the case of
irradiation with UV-A, UV-C, and visible light in
the presence of ozone the rate constants of TNT
photooxidation catalyzed by Au/WO3/TiO, are
respectively 2.1, 1.4, and 6.2 times higher than those
registered with pure titania [23]. Promoting the
activity of the studied photocatalysts, Au/TiO,,
WO3/TiO,, and Au/WO5/TiO,, is due to more effi-
cient charge carrier separation during photo-
excitation leading to an increase in the quantum
yield of HO® radicals’ formation (Fig. 6B).

During irradiation with UV or visible light the
efficiency of the photocatalytic processes, occurring
in the presence of catalysts superficially modified
with noble metal nanoparticles, is 1.5-3 times
higher than that in the case of non-modified
catalysts (Fig. 6A). The increase in the rate
constants of destruction of pollutants in water is
owing to more efficient charge carrier separation in
these materials during photoexcitation (Fig. 6B).

CONCLUSIONS

Increasing the efficiency of titania-based
photocatalysts and enhancing the photocatalytic
processes, taken as a whole, is a top priority task for
establishing the photocatalysis as one of the basic
and most efficient processes of neutralization of the
harmful effect of organic contaminants in waste-
water, air, and soil. It has been shown that by
modifying superficially TiO, with noble metals the
activity of the catalysts is growing up by 2 to 4
times. Using coupled or doped photocatalytic
materials, in addition to promoting the photo-
catalytic activity, is creating also conditions for
more efficient utilization of solar radiation. A
considerable growth in efficiency of the photo-
catalytic processes is registered in the case of
accomplishing processes involving o0zone as
oxidizing agent, whereupon the rate constants of

10

destruction of the organic contaminants in water is
being enhanced by 4 to 14 times.
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I[MOBUIIABAHE HA AKTUBHOCTTA HA ®OTOKATAJIM3ATOPU HA OCHOBATA HA TiOy:
OB30PHA CTATUA
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Hncmumym no kamanus, bvreapcka akademus na naykume, yi. ,,Axao. I'. bonueg*, 0. 11, 1113 Cogus, bvreapus
Y Kameopa ,, Kamanus “ na Cayoumcxama ochosna unoycmpuanna kopnopayus, Jlenapmamenm no unsicenepha
xumust u mamepuanu, @axyrimem no undicenepcmeo, Ynueepcumem Kpan A60ynazuc, n.x. 80204, [oceoa 21589,
Cayoumcka Apabus

Ilocrpnnna Ha 30 centemBpu 2015 r.; [Ipepaborena Ha 12 HoemBpu 2015 .
(Pe3stome)

THUTaHOBHUAT AMOKCHI € €IUH OT CTaHJapTHUTE (POTOKATAIN3ATOPH M3II0JI3BaH IIMPOKO B 001acTTa Ha ONa3BaHe Ha
OKOJNHaTa cpena. Bbhnpekn ToBa, mmMpokaTa 3a0paHeHa 30HAa Ha THUTAHOBHS JUOKCHJ W BHCOKAara CTENEH Ha
pekoMOuHaIyst Ha (OTOrEHEpHpPAHWTE HOCUTEIM Ha 3apsAd OrpaHMYaBaT HeroBarta €(EeKTHBHOCT KaTo
(hoToKaTaNM3aTOP MPH MMPEUUCTBAHE HA BOJIU M BB3AYX. B Ta3u crarus ce mpaBu mperiies Ha NOCIeHUTE U3CIIeIBAaHHs
BBpXY (hOTOKaTanmm3a C MOITYNPOBOJHUKOBH MaTepuaiad NpoBexgaHn B MHcturyra mo karamm3, BAH, nemsmm
NOBHUINIaBaHe eEKTUBHOCTTA Ha (poTokaranmm3aTopu Ha Oa3ara Ha TiO,, momydaBaHe HA (POTOKATATUTUYHU CHCTEMH 32
YTHIN3AIMA Ha CI'bHYEBA CBETJIMHA, KAKTO U TPHJIaraHe Ha METOM BIIMSCHIN BbPXY OBUINABAaHE Ha e()eKTUBHOCTTA HA
(hOTOKATaTUTUIHHUTE MPOIECH KATO IISJIO.
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Mesoporous nanostructured zirconia and ceria were synthesized by a template-assisted hydrothermal technique and
used as a host matrix of nanosized copper oxide species. A ‘chemisorption-hydrolysis’ strategy was applied for ZrO,
and CeO, modification with copper. The obtained materials were characterized by XRD, nitrogen physisorption, FTIR,
UV-Vis, and temperature-programmed reduction with hydrogen and compared with analogues prepared by
conventional incipient wetness impregnation method. The catalytic activity was tested in methanol decomposition.
Copper deposition on zirconia by the ‘chemisorption-hydrolysis’ approach ensures formation of highly active and
selective catalysts for methanol decomposition to carbon monoxide and hydrogen, which is provoked by a synergistic

effect between copper and zirconia components.

Keywords: Copper-modified mesoporous ZrO, and CeO,, ‘chemisorption-hydrolysis’ method, methanol decomposition

INTRODUCTION

Copper-based materials are low cost and are con-
sidered effective catalysts in a number of redox pro-
cesses, such as dehydrogenation of alcohols, isomer-
ization and hydrogenation of hydrocarbons, hydro-
genation of carbonyl compounds, hydrogenolysis of
carbon-carbon and carbon-silicon bonds, etc. [1 and
refs. therein]. A strong control on dispersion and
oxidation state of the copper species is needed,
which could be achieved by copper deposition on
various porous supports with tunable surface and
texture characteristics as well as by the preparation
procedure used [2]. Recently, mesoporous silicas
revealed good prospects for a host matrix of nano-
scale metal/metal oxide particles due to their un-
equal pore structure characteristics [3, 4]. Advan-
tages of zirconia as a catalyst support originate from
its strong interaction with the active phase, a high
thermal stability, and a unique combination of acid-
ic, basic, and redox ability [5]. It has been establish-
ed that ZrO, surface properties depend strongly on
zirconia polymorphs, which could easily be control-
led by particle size [6]. Effects on the interaction
between copper and zirconia are concerned about
and a higher dispersion and catalytic activity were
reported for copper supported on a tetragonal rather
than amorphous or monoclinic ZrO, support. Alter-
natively, ceria also possesses promising properties.
Due to high oxygen storage/ transport capacity,

* To whom all correspondence should be sent
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ceria alone, or combined with other elements, is rec-
ognized as an efficient catalyst for various environ-
mental processes, namely NO reduction and CO
oxidation, light hydrocarbons combustion, removal
of diesel soot, water-gas shift reaction, and VOCs
oxidation. A superior catalytic activity of the
copper-ceria binary system in different reactions has
been a subject of intense investigation and contro-
versial discussion. Generally, a synergistic coupling
of the redox properties of both metal oxides is as-
sumed and it is assigned to a strong interaction be-
tween CuO and CeO,, which facilitates CuO intro-
duction into the ceria lattice to form a solid solution
and to disperse over the surface [7 and refs. therein].

Nowadays, advanced technologies, such as sol-
gel, chemical vapour synthesis, and combustion and
precipitation procedures have been developed to
produce nanopowder metal oxides, which can be
used for catalyst supports. Among them, a hydro-
thermal process is reported to be a soft chemical
route to prepare phase-pure products at a low tem-
perature and enable easy control of crystal size by
altering process conditions [8]. Much attention is
paid to the synthesis of nanostructured mesoporous
oxides of high surface area and uniform pore size
distribution using a surfactant-assisted route [9, 10
and refs therein]. It has been established that direct
synthesis for modification of mesoporous silica sup-
ports typically results in deposition of a relatively
low copper loading, while the traditional impregna-
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tion method [11] provides an undesirable agglomer-
ation of copper species. A common grafting method
causes the formation of Cu” ions [12]. A predomi-
nant formation of oligomeric Cu-O-Cu species has
been found using a molecular design method [13],
while isolated Cu®* ions dominate when an impreg-
nation method is applied [13]. In a previous study
[14] we reported that copper oxide species deposited
by a ‘chemisorption-hydrolysis’ (CH) procedure is
finely divided and interact strongly with the silica
support. It was further demonstrated that this
method, if applied to ordered mesoporous silicas,
essentially improves the catalytic activity and stabil-
ity of copper materials for methanol decomposition.

In the present study we report our attempts to ap-
ply the ‘chemisorption-hydrolysis’ strategy to depo-
sition of copper oxide nanoparticles on mesoporous
ZrO, and CeO, supports and to compare their prop-
erties with similar composites obtained by a conven-
tional incipient wetness impregnation technique.
The catalytic behaviour of the prepared materials
was tested in methanol decomposition. Recently,
fossil fuel depletion and large CO, emissions fo-
cused the attention on biomass as renewable envi-
ronmentally friendly feedstock, the latter resulting
in no net increase in atmospheric carbon dioxide.
Methanol, which can be produced from biomass, is
regarded as an attractive alternative fuel and hydro-
gen release from methanol can be obtained through
various techniques, such as simple decomposition,
steam reforming, partial oxidation, and oxidative
steam reforming [15].

EXPERIMENTAL
Materials

Mesoporous zirconia and ceria were prepared by
a hydrothermal procedure using ZrCl, or
CeCl3.7H,0 as a precursor and CTAB as a struc-
ture-directing agent as described in Ref. 14. Zirconia
and ceria samples were calcined at 573 K in air for
15 h. Samples denoted as Cu/CeO, CH and
Cu/ZrO, CH were prepared by a ‘chemisorption-
hydrolysis’ method which included: (i) impregna-
tion of the supports with an aqueous solution of a
tetramine copper complex ([Cu(NH3)]**, pH = 9) at
room temperature for 20 min; (ii) hydrolysis of the
obtained product with water at 273 K; (iii) filtration
and drying at 373 K overnight. Alternatively,
samples denoted as Cu/CeO, WI and Cu/ZrO, WI
were prepared by conventional incipient wet
impregnation with an aqueous solution of
Cu(NOs),.3H,0. The obtained CH and WI samples
were calcined in air at 623 K for 4 and 2 h, respect-
tively. Copper content in the studied materials,

determined by atomic absorption spectroscopy, is
given in table 1.

Methods of investigation

Atomic absorption analyses were performed on a
Pye Unicam SP 192 instrument. The porous struc-
ture of selected modifications was studied by nitro-
gen physisorption at 77 K, which was carried out in
an ASAP 2020 Micromeritics automatic volumetric
apparatus. The isotherms were used to calculate spe-
cific surface area, Sger, and pore volumes of the ob-
tained materials. Powder X-ray diffraction patterns
were collected within the range of 5.3 to 80° 20 on a
Bruker D8 advance diffractometer with Cu K,
radiation and a LynxEye detector. Scherrer equation
was used to evaluate average crystallite size. UV-
Vis spectra of powder samples were recorded on a
Jasco V-650 apparatus. FTIR spectra in the region
of skeletal vibrations were recorded on a Bruker
Vector 22 spectrometer at a resolution of 1-2 cm™
by accumulating 64-128 scans and using the KBr
pellet technique. TPR/TG (temperature-programmed
reduction/thermogravimetric) analyses were per-
formed on a Setaram TG92 instrument in a flow of
50 vol.% H, in Ar (100 cm®.min™) at a heating rate
of 5 grad.min™.

Methanol conversion was carried out in a fixed
bed flow reactor (0.055 g of catalyst) using argon as
a carrier gas (50 cm®.min™). Methanol partial pres-
sure was 1.57 kPa. The catalysts were tested under
conditions of a temperature-programmed regime
within the range of 350-770 K at a heating rate of 1
grad.mint. Online gas chromatographic analyses
were performed by means of an HP apparatus equip-
ped with flame ionization and thermal conductivity
detectors and a PLOT Q column using an absolute
calibration method and carbon-based material
balance.

RESULTS AND DISCUSSION

Nitrogen physisorption isotherms of ZrO, and
CeO, supports (Fig. 1, Table 1) exhibit a sharp jump
in the relative pressure region of 0.6-0.8 and above
0.8, respectively, which, according to IUPAC classi-
fication, is typical of mesoporous materials. The
specific surface area was about 5 times higher for
zirconia as compared to ceria support (Table 1).
Hysteresis loop shape reveals presence of nearly
cylindrical mesopores for ZrO, with an average pore
diameter (D,,) of 6 nm, while slit-like mesopores of
much broader pore size distribution (D,, about 26
nm) dominate with CeO,. In general, after modifica-
tion with copper a decrease in BET surface area,
total pore volume, and average pore diameter was
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observed without substantial changes of the iso-
therms. This effect was more significant with the
WI-obtained materials and could be assigned to pore
blocking due to deposition of copper phase into the
mesopores without considerable textural collapse.
However, an extremely strong decrease in BET sur-
face area and pore volume combined with a shift of
the maximum of pore size distribution to higher val-
ues was observed for Cu/ZrO, WI and for that rea-
son, structure changes of zirconia due to high tem-
perature treatment during modification are not ex-
cluded.

Table 1. Copper content, specific surface area (Sger),
total pore volume (Vy), and average pore diameter (D,,)
of studied samples.

Sample Cu SBeT Vioty Dav.,
%7?? m’g”!  cmig! nm
Zr0, - 300 0.42 6.0
Cu/zZrO, CH 9.83 200 0.31 4.5
Cu/zrOo,_WI 9.83 80 0.23 8.8
CeO, - 58 0.27 26.4
Cu/Ce0O,_CH 9.65 62 0.21 16.0
Cu/CeO,_WI 9.65 44 0.17 16.0

The XRD pattern of pure ZrO, represents a broad
hump typical of amorphous materials (Fig. 2a).
Bands at around 750, 650, and 550 cm ™ in the FTIR
spectrum of ZrO, (not shown) reveal coexistence of
monoclinic and tetragonal phases. This phase compo-

Zro,

CquOz_CH

3 -1
dV(quD)cm 9

CuZrO, Wi

10 20
Pore diameter, nm

Vads, a.u.

ZrO

CuzrO,_CH

Cuzro, Wi

00 02 04 06 08 10
P/P,

sition of the support was preserved after modification
by the CH procedure (Fig. 2a), while the WI method
resulted in the formation of a well-crystallized
tetragonal zirconia phase with average crystallite
size of 9 nm. XRD patterns of pure and copper-
modified ceria (Fig. 2b) represent typical reflections
of a fluorite type structure with average particle size
of 12 nm. No additional reflections of a copper
containing phase could be distinguished for
Cu/Ce0Q,_CH, while small reflections at 35.6 and
38.5° 20, characteristic of CuO tenorite phase with
average crystallite size of 3-5 nm, were registered
for all other modifications of ceria and zirconia.

Fig. 3 displays UV-Vis spectra of parent and
copper-modified ZrO, and CeO,. The electronic
spectra of ceria and zirconia are very sensitive to
cation coordination environment [17]. A blue shift
observed in the UV-Vis spectrum of ceria (Fig. 3b)
and a red shift in the spectrum of zirconia (Fig. 3a)
as compared to the bulk materials (400 and 275 nm,
respectively) disclose a decrease in coordination
number of the Ce and Zr ions incorporated in highly
defective finely dispersed crystallites. Absorption in
the region of 300-500 nm and above 720 nm for all
copper modifications is associated with the presence
of oligomeric Cu-O-Cu species and well-crystal-
lized CuO particles, the highest amount of the for-
mer being in Cu/CeO,_CH in agreement with XRD
data.

cm’g

(logD)

dv

CuCeO,_CH

CuCeO,_WI

0 10 20 30 40 50 60
Pore diameter, nm
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2

CuCeO, CH
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Fig. 1. Nitrogen physisorption isotherms and pore size distribution (inset) for parent and copper-modified ZrO, (a) and
CeO; (b).
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Fig. 2. XRD patterns of parent and copper-modified ZrO, (a) and CeO, (b) materials.
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Fig. 3. UV-Vis spectra of parent and copper-modified ZrO, (a) and CeO, (b) materials.

Further information about the state of the copper
species was gained by temperature-programmed re-
duction (TPR) experiments with hydrogen (Fig. 4). In
principle, this method could provide useful data on
metal ion oxidation state and environment, but usu-
ally interpretation of the results is rather compli-
cated due to superposition of various effects. TPR
profiles of pure CeO, show a slight weight loss
above 650 K which corresponds to about 80% re-
duction of Ce** to Ce* ions at the surface [18]. In
accordance with our previous study [14], the ob-
served weight loss for pure ZrO, in the completely

studied temperature range could be related to a re-
lease of surface hydroxyl groups. Two reduction ef-
fects with maxima at 430 and 516 K appeared in the
TPR profile of Cu/ZrO,_WI. According to Liu et al.
[19] they can be assigned to stepwise reduction
(Cu**—Cu**—Cu) of bulk CuO particles. However,
taking into account XRD and FTIR data (see
above), reduction of CuO particles, which are in in-
timate contact with different zirconia phases (amor-
phous, monoclinic, and tetragonal) cannot be fully
disregarded, as reported in Refs. 20 and 21. Calcula-
tions based on these two reduction effects gave a
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reduction degree of about 95%. Only one reduction
effect in the 350-430 K range with a maximum at
about 400 K was observed with Cu/ZrO, CH. It is
related to a complete Cu**—Cu® transition of more
finely divided particles as compared with
Cu/ZrO,_WI. It should be noted that weight losses
observed in the whole temperature interval exceeded
theoretical values of Cu®* total reduction to metallic
copper and the effect was much more pronounced
for Cu/zZrO, CH. We assign this phenomenon to a
release of OH groups from the ZrO, surface, which
are continually restored via spillover of hydrogen
from finely divided copper particles to the zirconia
surface [22].

TPR-TG profiles of both ceria modifications
consist of only one TPR effect. It is narrower and
centred at a lower temperature as compared to their
ZrO, analogues, and is consistent with a 90-100%
reduction degree of Cu?* to Cu®. This indicates that
CuO species on CeO, is more finely and uniformly
dispersed as compared to that on the ZrO, support.
This effect was more pronounced for Cu/CeO, CH
indicating that the CH procedure ensures formation
of a finely dispersed CuO phase.

Fig. 5a shows temperature dependencies of
methanol conversion over various materials. Selec-
tivity to CO, its formation being closely related to
the production of hydrogen from methanol, is pre-
sented in Fig. 5b. Methane, dimethyl ether (DME),
and carbon dioxide are also registered as by-prod-
ucts. Both CeO, and ZrO, supports exhibit own
catalytic activity above 650 K, which exceeds about
50% at 725 K. CO selectivity for both supports

TPR-TG, mg

Cu/CeO,_CH

Cu/CeO, WI

400 500 600 700
Temperature, K

is below 40% due to formation of DME, the latter
being provoked by the presence of Lewis and Bron-
sted acidic sites. Modification of both supports with
copper increased not only their catalytic activity in
methanol decomposition (Fig. 5a), but also im-
proved the selectivity to CO formation (Fig. 5b).
These effects were more pronounced if the CH pro-
cedure was used. ZrO,-supported copper modifica-
tions manifested a higher catalytic activity as com-
pared to their ceria-based analogues. Bearing in
mind XRD, UV-Vis, and TPR data, we assume a
synergistic effect between ZrO, support and deposit-
ed copper species. Formation of methoxy intermedi-
ates seems to be promoted by interaction between
methanol and hydroxyl groups from the zirconia
surface, while hydrogen transfer assists further
transformation of the latter to and from the copper
species. It seems that this mechanism is facilitated
by higher dispersion of the copper entities, which is
achieved during the ‘chemisorption-hydro-lysis’ pro-
cedure. According to TPR data, they not only pro-
mote recovery of a ‘OH group reservoir’ on the zir-
connia surface but also demonstrate a high redox ac-
tivity. The conversion curve of Cu/ZrO,_W!I shows a
complicated behaviour that can be due to agglome-
ration of reduced copper species by the influence of
reaction medium. Obviously, on increasing copper
dispersion this effect is sup-pressed to a higher ex-
tent. This could be achieved using a ‘chemisorption-
hydrolysis’ procedure or by copper deposition on
ceria, where formation of an interface layer between
Ce0, and CuO prevents copper particles from ag-
glomeration [23].

Cu/CeO, CH

TPR-DTG, a.u.

Cu/CeO, WI

\/r

400 500 600 700
Temperature, K

Fig. 4. TPR-TG (a) and TPR-DTG (b) profiles of copper modifications of ZrO, and CeO..
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Fig. 5. Temperature profiles of methanol conversion (a) and CO selectivity (b) for various materials.

CONCLUSIONS

A ‘chemisorption-hydrolysis’ method was ap-
plied to prepare nanosize copper oxide supported on
nanostructured mesoporous CeO, and ZrO,. In com-
parison with conventional incipient wetness impreg-
nation technique, this method provided deposition
of readily reducible and highly active copper species
in methanol decomposition. A higher catalytic activ-
ity achieved with zirconia-supported copper catalyst
prepared by ‘chemisorption-hydrolysis’ procedure is
assigned to a synergism between copper species and
Zr0O,.

Acknowledgements:  Financial support by
Consiglio Nationale delle Ricerche and Bulgarian
Academy of Sciences through bilateral projects
(2013-2015) and Bulgarian Science Fund under
Project DFNI-E-02-2/2014 are gratefully acknow-
ledged.

REFERENCES

1. A.Yin, X. Guo, W.-L. Dai, K. Fan, Catal. Commun.,
12, 412 (2011).

2. N. B. Linder, R. Besse, F. Audonnet, S. LeCaer, J.
Deschamps, M. 1. Clerc, C. A. Simionesco,
Micropor. Mesopor. Mater., 132, 518 (2010).

3. A. Kong, H. W. Wang, X. Yang, Y. W. Hou, Y. K.
Shan, Micropor. Mesopor. Mater., 118, 348 (2009).

4. T.Tsoncheva, |. Genova, M. Stoyanova, M.-M. Pohl,
R. Nickolov, M. Dimitrov, E. Sarcadi-Priboczki, M.
Mihaylov, D. Kovacheva, K. Hadjiivanov, Appl.
Catal. B-Environ., 147, 684 (2014).

5. Z.-Y. Ma, C. Yang, W. Wei, W.-H. Li, Y.-H. Sun, J.
Mol. Catal. A-Chem., 231, 75 (2005).

6. K. T.Jung, A. T. Bell, Catal. Lett., 80, 63 (2002).

7. T. Caputo, L. Lisi, R. Pirone, G. Russo, Appl. Catal.
A-Gen., 348, 42 (2008).

8. A. Behbahani, S. Rowshanzamir, A. Esmaeilifar,
Proc. Eng., 42, 908 (2012).

9. M. Rezaei, S. M. Alavi, S. Sahebdelfar, Z.-F. Yan,
Powder Technol., 168, 59 (2006).

10. V. I. Parvulescu, H. Bonnemann, V. Parvulescu, U.
Endruschat, A. Rufinska, Ch. W. Lehmann, B.
Tesche, G. Poncelet, Appl. Catal. A-Gen., 214, 273
(2001).

11. K. M. Parida, D. Rath, Appl. Catal. A-Gen, 321, 101
(2007).

12. L.-F. Chen, P.-J. Guo, L.-J. Zhu, M.-H. Qiao, W.
Shen, H.-L. Xu, K.-N. Fan, Appl. Catal. A-Gen., 356,
129 (2009).

13. L. Chmielarz, P. Kustrowski, R. Dziembaj, P. Cool,
E. F. Vansant, Appl. Catal. B-Environ., 62, 369
(2006).

14. T. Tsoncheva, V. Dal Santo, A. Gallo, N. Scotti, M.
Dimitrov, D. Kovacheva, Appl. Catal. A-Gen., 406,
13 (2011).

15. S. T. Yong, C. W. Ooi, S. P. Chai, X. S. Wu, Int. J.
Hydrogen Energy, 38, 9541 (2013).

16. F. Boccuzzi, S. Coluccia, G. Martra, N. Ravasio, J.
Catal. 184, 316 (1999).

17. A. Kambolis, H. Matralis, A. Trovarelli, Ch.
Papadopoulou, Appl. Catal. A-Gen., 377, 16 (2010).

18. G. Rao, B. G. Mishra, Bull. Catal. Soc. India, 2, 122
(2003).

19. Z. Liu, M. Amiridis, Y. Chen, J. Phys. Chem. B, 109,
1251 (2005).

20. Y. Zhao, K. Tao, H. L. Wan, Catal. Commun., 5, 249
(2004).

21. Z.-Y. Ma, C. Yang, W. Wei, W.-H. Li, Y.-H. Sun, J.
Mol. Catal. A-Chem., 231, 75 (2005).

22. S. Esposito, M. Turco, G. Bagnasco, C. Cammarano,
P. Pernice, Appl. Catal. A-Gen., 403, 128 (2011).

23. T. Tsoncheva, G. Issa, J. M. Lopez-Nieto, T. Blasco,
P. Concepcion, M. Dimitrov, G. Atanasova, D.
Kovacheva, Micropor. Mesopor. Mater., 180, 156
(2013).

17



HECTAHJIAPTEH METOJ] HA ,,. XEMUCOPBLIUS-XUIPOJIM3A® U METOJ] HA
L JMMITPETHUPAHE® 3A TIOJTIYUABAHE HA HAHOJICITEPCHA MEJ] BBPXY ME3OITOPECTH
LIEPUEB IMOKCHUJI Y IIMPKOHUEB JIMOKCH/T

T. C. I_IOquBal*, 3. T. Tenosa’, H. Ckotu 2, B. Jlan CaHTOZ, H. PaBasuo’

1
Hucmumym no opeanuuna xumust ¢ Llenmvp no pumoxumus, bvneapcka akademus na naykume, 1113 Coghus,
bvreapus

2
CNR-Uucmumym no monexynsapra nayka u mexronoeusi, Munrarno, Umanus

Ilocrpnnna Ha 12 centemBpu 2015 r.; Ilpepabotena Ha 7 nekemBpu 2015 .
(Pestome)

CuHTEe3UpaHu ca Me30MIOPECTH HAHOPa3MEPHHU LIMPKOHUEB TUOKCHUIT M LIEPUEB JHOKCH Ype3 TEMIUIEUTEH XUAPOTEP-
MajleH CHHTEe3, KOHTO ca W3II0JI3BaHM KaTO MaTpPHIA 332 HAHACSHE W CTaOWIM3MpaHe Ha HaHOPa3MEPHH MEIHOOKCHIHU
gactury. [IpriioxeH e MeTox Ha ,,XeMHCOpOIH-XUAPONIN3a‘™ 3a TIoTydaBaHe Ha MeaHN Moaudukanuu Ha ZrO, u CeOs,.
[Momy4yeHnTe MaTepHaIn ca OXapaKTePH3UPaHU C MPaxoBa PEHTIeHOBa IH(paxuus, a3oTHa ¢uzucopoums, MY u YB
CIIEKTPOCKOIIMH U TEMIIEPaTypHO NPOrpaMHUpaHa PEAyKIHs ¢ BOIOPOJ U Ca CPABHEHHU C TEXHH aHAIO3H, ITOJYYCHHU dpe3
TpaJULMOHEH METOX Ha ,,AMIperHupane. KaTaiuTnuHata akTHBHOCT Ha Taka MONyYEHHTE MAaTEPUaJIH € M3CIICIBaHa B
pasnaraHeTo Ha MeTaHol. [loka3aHo e, 4e upe3 MmpuilaraHe Ha METOZAa Ha ,,XEMHCOPOLUSI-XHAPOIN3a™ 3a OTJIaraHe Ha
MEJIHH YacTUlM BBpXy ZrO, ce moiydaBaT BUCOKO aKTHBHH M CEJIEKTHBHU KaTaJM3aTOPH 3a pa3iaraHe Ha METaHOJ JI0
BBIVIEPOJIEH OKCUJA U BOJOPOA, KOETO C€ IBbJDKM Ha CHUHEPrHyYeH e(PeKT MEeXIy MEIHUS U LUPKOHHEBOOKCHIHUS
KOMIIOHCHTH.
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A series of xCeO,-Al,0; samples of different CeO, loading (x = 1-12 wt.%) were prepared by impregnation of
y-alumina with aqueous solution of (NH4)3[Ce(NO3)¢]. The effect of CeO, content on the structure, textural and redox
properties of xCeO,-Al,0O; samples was studied by using N, adsorption-desorption isotherms, XRD, and TPR. It was
shown that the increase of CeO, content leads to a decrease in surface area and pore volume of mixed oxides caused by
filling the pores with cerium oxide particles. XRD measurements detected an increase of CeO, average particle size on
increasing ceria content. The redox properties of xCeO,-Al,O3 oxides were modified by a consecutive reduction and
oxidation treatment, which was more evident for 6- and 12-wt.% CeO, samples. An enhanced reducibility upon reduc-
tion-oxidation treatment of xCeO,-Al,O3 oxides was revealed by formation of a phase of high oxygen mobility reduced

at a lower temperature.

Key words: mixed CeO,-Al,O3 oxides, redox properties, XRD, TPR.

INTRODUCTION

Cerium(IV) oxide and CeO,-containing materials
have a great importance as catalysts and as struc-
tural and electronic promoters in catalysts for differ-
ent heterogeneous catalytic reactions. The CeO,-
Al,O; system is of special interest in catalysis
because of its technological importance in auto
exhaust catalysis [1, 2], in reforming processes of
ethanol and methane to hydrogen production [3, 4],
or in water-gas shift reaction and selective CO oxi-
dation in the presence of a large excess of hydrogen
(PROX) [5]. In spite of the great importance of ceria
as an active catalyst component, a more detailed
mechanistic understanding on how cerium affects
catalytic processes is still a matter of considerable
debate, although some key findings are well estab-
lished.

Several works have been devoted to studies of
the physical and chemical features of ceria deposited
on Al,O3, with the aim of improving ceria properties
through a better knowledge of the nature of interac-
tion between CeO, and Al,O;. Some authors believe
that the structural and morphological modifications
operated by ceria on Al,O3 play a minor role in
relation to chemical effects as modification of acid-
base properties, which is much more important for
determineing the properties of the system. Other
authors proposed that the stabilization effect of ceria

* To whom all correspondence should be sent:
E-mail: soniad@ic.bas.bg

in terms of modification of the structural and tex-
tural features of alumina is a major factor [1, 6].
Usually, these discrepancies may originate from dif-
ferent experimental conditions that are employed in
the studies, such as temperature range investigated,
durability of thermal treatment and pretreatment as
well as use of some additional promoters.

One of the most important beneficial effects of
ceria is the ability to oxidize deposited carbon
species over catalytic metal centres and to increase
catalyst stability due to its high oxygen storage ca-
pacity (OSC) caused by the redox couple Ce*" «—
Ce* under oxidation and reduction conditions [7,
8]. Nanostructured mixed metal oxides supported on
alumina have been prepared by impregnation of
v-Al,O; with cerium/zirconium citrate solutions,
which exhibit a high OSC [8]. It was shown [10]
that the following types of cerium oxides as CeO,,
Ce0,_,/Al,O4, and CeAlOs/Al,O5 exhibit a decrease
of OSC value in the order: finely-divided CeO, , >
CeAlO; > small-sized CeO, > large CeO, crystal-
lites.

To improve catalyst performance, further know-
ledge of the interaction between ceria and alumina
in mixed CeO,-Al,O; oxides is essential, because
they are potential carriers for supported Ni catalysts
for ethanol or methane reforming to hydrogen. In
the present work, it was attempted to investigate the
effect of CeO, content on the structure and reductive
properties of mixed xCeO,-Al,O3 oxides by using
different techniques: N, adsorption-desorption iso-

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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therms, X-ray diffraction (XRD) and temperature
programmed reduction (TPR). Studies related to
subjecting mixed CeO,-Al,O3 oxides to consecutive
reducing and oxidizing conditions at different reoxi-
dation temperatures were performed.

EXPERIMENTAL
Sample preparation

Ce0,-Al,05 supports were obtained by impreg-
nation of y-Al,O; (Topsee) with an aqueous solution
of (NH4)3[Ce(NO3)g], a 99.99% product of Degussa,
with an appropriate concentration of CeO,. The sol-
ution with alumina was stirred at 50°C for 4 h and
after that the water was evaporated by a Rotavapor.
The obtained samples were dried in air at 100°C for
12 h and calcined at 600°C for 4 h. Nominal CeO,
content was in the range of 1-12 wt.%. The samples
were denoted as xCe-Al, where x is the theoretical
amount of CeQO,. For comparative purposes, ceria
was obtained by calcination of (NH4)s[Ce(NOs)g] in
air at 650°C for 2 h.

Methsods

N, adsorption-desorption isotherms of calcined
samples were recorded at 77 K on a Micromeritics
TriStar 3000 apparatus. Beforehand the samples
were outgassed at 150°C for 24 h under vacuum
(10 mbar) to obtain a relatively clean surface.
Specific surface area (Sger), pore volume (V,), and
average pore diameter (D) of xCeO,-Al,O; samples
were evaluated from the N, adsorption-desorption
isotherms. Surface area were calculated according to
the BET method using nitrogen adsorption data
taken in the relative equilibrium pressure interval of
0.03 < P/P,<0.3.

XRD analysis was performed in 260 range
between 10 and 90° by a computerized Seifert 3000
diffractometer, using Ni-filtered CuKa, (A = 0.15406
nm) radiation and a PW 2200 Bragg-Brentano 6/26
goniometer equipped with a bent graphite mono-
chromator and an automatic slit. A step size of 0.02
and a step scan of 2 s were used to identify samples
structure. Phase identification was carried out by
comparison with JCPDF database cards. CeO, aver-
age crystallite size was estimated by Debye-Scherrer
equation using the X-ray diffraction pattern at 26 =
28.8°.

TPR experiments were conducted on a Microme-
ritics TPD/TPR 2900 equipment provided with a
TCD and interfaced to a data station. Samples of
0.100 g were reduced in a flowing gas containing 10
vol.% H, in Ar up to a final temperature of 1000°C
at a total flow rate of 50 ml.min" and heating rate of
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15 deg.min™'. The samples were subjected to redox
treatment at 500°C (R-Osq) and 700°C (R-Oqqq),
which involved H,-TPR to 1000°C followed by
cooling to 500°C/700°C under argon and in situ
oxidation by an oxygen flow (70 ml.min™) at
500°C/700°C for 2 h. After each oxidation run, the
reactor was cooled to r.t. in Ar flow and the samples
were subjected to TPR (from r.t. to 1000°C).

RESULTS AND DISCUSSION
Textural properties and structure

N, adsorption-desorption isotherms of calcined
xCe0,-Al,0; samples of different CeO, content
shown in figure 1 have hysteresis loops that belong
to H1 type according to IUPAC, typical for meso-
porous materials [11]. Textural characteristics of the
samples are given in Table 1.
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Fig. 1. N, adsorption-desorption isotherms of y-Al,Os,
bulk CeO,, and mixed xCeO,-Al,O; oxides of different
CeO, content.

Introduction of small amount of CeO, (1 wt.%)
to alumina led to a slight decrease of the Sget. How-
ever, increasing the CeO, content to 12 wt.% causes
a significant decrease in Sger and V. Lower surface
area and pore volume values of xCeO,-Al,O; oxides
compared to those of alumina can be related to a
blockage of alumina pores by cerium oxide species
[12] due to easy-going agglomeration of CeO, over
alumina. In addition, ceria agglomeration may de-
velop some porosity, which contributes to measured
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textural properties [13]. The mean pore diameter of
xCe0,-Al,0O; samples is higher than that of alumina
(Table 1). This is probably caused by the presence
of particles with larger pores and possible blockage
of small diameter pores by cerium oxide species.

Table 1. Textural properties and particle size (Dxgrp) of
Ce0,-Al,0; oxides

SgeT \Y/ Pore diameter Dxgrp

Samples @zl (emigh)  (m) (nm)
Al,O4 248 0.92 14.6 -
1Ce-Al 228 0.91 15.7 -

3Ce-Al 217 0.87 15.7 5.3

6Ce-Al 213 0.86 15.7 7.2

12Ce-Al 198 0.79 15.4 9.2

XRD patterns of Al,O; and calcined xCeO,-
Al,O; oxides of different CeO, content are shown in
figure 2. For comparison, XRD data on bulk CeO, is
also included. The XRD patterns indicate that all
Ce0,-containing samples demonstrate peaks at 20 =
28.8, 32.6, 47.4, 56.1, and 76.5° characteristic of a
Ce0, phase with fluorite structure (JCPDS 34-
0394). These peaks become more intense on in-
creasing the ceria content in xCeO,-Al,O3; samples.
Ce0, average crystallite size (Dxrp) increases from
5.3 nmto 9.2 nm for 1- and 12-wt.% CeO, samples,
respectively (Table 1). Reflections at 26 = 33.4,
37.6, 40.5, 45.8, and 67.1° (JCPDS 10-425) are
assigned to y-Al,O;. The intensity of the main line
of alumina support (26 = 67.1°) decreases upon in-
creasing cerium oxide loading, which is most visible
with 12 wt.% CeO,. This could be explained by
existence of some interaction between cerium and
aluminium or increased coverage of CeO, crystal-
lites on alumina. Ferreira et al. [14] observed a
small amount of cerium oxide species at low CeO,
content (x < 3 wt.%), which interacts with the alu-
mina support surface to form non-stoichiometric
CeO,.,.

TPR and redox properties

TPR profiles of bulk CeO, and calcined xCeO,-
Al,O; samples, and effects of subsequent oxidation
and reduction cycles are compared in figure 3. The
TPR shape of bulk CeO, is very similar to that
reported in the literature and it can be interpreted as
a stepwise reduction process. Bulk CeO, manifests
two well-known peaks [15]: a small peak at about
508°C and a large peak at 749°C. The low-tempera-
ture peak is due to reduction of most easily reduc-
ible surface capping oxygen of CeO,, while removal

of bulk oxygen is registered by the high-temperature
TPR pattern. A good correlation between surface
area and H, consumption of the first peaks has been
found [16]. Variations between surface area and H,
consumption are linear indicating that at first ceria
reduction occurs on the surface and then progress-
ively affects the bulk. Thus, the initial progress of
reduction is highly sensitive to the surface area and
bulk reduction, favoured by high oxygen mobility in
the CeO, lattice, is beginning when all surface sites
are fully reduced. The low-temperature peak is due
to reduction of readily reduced surface capping oxy-
gen of CeO, followed by generation of vacancies
and surface Ce® ions, which can easily be oxidized
to Ce™ under oxidation conditions [17]. At the sec-
ond step, the reduction process is associated with
creation of oxygen vacancies in the bulk of CeO..
Therefore, the high temperature peak at 749°C can
be attributed to complete reduction of Ce** to Ce**
by removing O? anions of the ceria lattice and for-
mation of Ce,O;. Due to low surface area of the
bulk CeO, sample (18 m*.g™") prepared by decom-
position of (NH,)3[Ce(NO3)¢], the low-temperature
signal is very weak, and the majority of hydrogen
consumption originates from the reduction of large
ceria crystallites (Fig. 3).

28.8
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- 56.1
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%)
N

Intensity (a.u.)
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26(%)

Fig. 2. XRD of bulk CeO, and mixed xCeQO,-Al,0;
oxides of different CeO, content.
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Fig. 3. TPR of bulk CeO, and mixed xCeO,-Al,O3 oxides subjected to R-Osyy and R-O+qo.

As was previously discussed [18], surface and
bulk reduction cannot easily be distinguished by the
conventional TPR technique, since both processes
occur almost simultaneously during the TPR experi-
ment. As can be seen in Fig. 3, reductive behaviour
of alumina-supported CeO, of different concentra-
tion is modified depending on the extent and nature
of interaction between ceria and alumina. The TPR
profiles of mixed xCeO,-Al,0; oxides show new
characteristics: (i) TPR peak shape depends on crys-
tallite size of deposited CeO,; (ii) significant shifts
of peak temperatures are apparent; (iii) apparent H,
consumption continues even after the main peaks
characteristic of bulk ceria; (iv) low temperature
features, assigned to surface oxygen reduction, fall
in a wide temperature range, and (v) effectiveness of
Ce*" reduction increases upon increasing CeO, load-
ing at all reduction temperatures, as revealed by an
increase of peak intensity.

Regardless of CeO, loading, the TPR profiles of
calcined xCeO,-Al,03 samples can be divided into
three temperature regions: region | (200-500°C),
region Il (500-800°C), and region Il (> 800°C)
(Fig. 3). Region | peaks are generally associated
with reduction of small ceria crystallites and/or sur-
face cerium oxide species weakly interacting with
support, whereas region 1l is ascribed to reduction
of large/bulk CeO, crystallites or cerium oxide
species or cerium atoms that interact strongly with
alumina [19]. A high-temperature peak at 882-
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890°C observed with all samples may be caused by
formation of surface CeAlO; species associated with
Ce*" reduction to Ce*". It has been shown [20, 21]
that, depending on ceria loading, ceria reduction on
alumina under hydrogen involves at least two
reactions: formation of non-stoichiometric cerium
oxides and cerium aluminate (CeAlQOs). It should be
noted that an increase in CeAlO; peak intensity is
accompanied by a decrease in high-temperature
peak intensity due to bulk ceria reduction (Fig. 3).

TPR profiles of fresh CeO, samples of > 3-wt.%
content show features in the low-temperature region
(< 500°C) due to well dispersed very small ceria
particles on alumina surface (Fig. 3). However,
there is still reduction of large CeO, crystallites of
different size in the profile of 12-wt.% CeO, sample
as revealed by peaks at 542 and 640°C. Shifting of
reduction peaks to low temperatures is in agreement
with a suggestion that a high concentration of ions
of redox character (i.e. Ce* ions) favours an elec-
tron transfer as Ce*"— Ce*. Prevailing peaks in the
TPR profile of a sample of the lowest CeO, content
(1 wt.%) in the medium temperature range may be
mainly caused by reduction of cerium oxide species
that interacts strongly with alumina due to high ceria
dispersion. The lowest intensity of the CeAlO; peak
at 882°C is due to the smallest number of cerium
oxide species in 1Ce0,-Al,0s.

After R-Osq9 and R-Oyqg treatment of bulk CeO,
the small peak caused by surface shell reduction of
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CeO, disappeared, while the peak due to bulk
reduction of ceria was shifted to higher temperatures
(from 749°C for fresh samples to 766 and 785°C for
R-Osq0 and R-O7q, respectively).

The TPR profiles of all xCeO,-Al,0; samples of
different CeO, content subjected to R-Osq Show a
marked enhancement of low-temperature reducibil-
ity relative to that of fresh samples (Fig. 3). Im-
proved low-temperature reducibility was observed
for a mixed oxide of 6 wt.% expressed by a small
peak at a lower temperature of 324°C, probably due
to formation of a small fraction of non-stoichio-
metric cerium oxides species. Regardless of CeO,
loading, some agglomeration of cerium oxide
species was observed after R-Osqg treatment, as re-
vealed by the peaks in the 537-590°C range. On the
other hand, one cannot exclude a partial segregation
of species of low oxidation state, such as Ce*, on
the ceria surface owing to the higher ionic radius of
Ce* (1.1 A) compared to that of Ce*" (0.97 A) [22].
Thus, segregation may lead to complete disappear-
ance of the peak characteristic of CeAlO; in the
TPR profiles of all samples. It is well known [21]
that well dispersed CeO, entities can be precursors
for surface CeAlO; formation under reduction,
while they are readily transferred to CeO, after oxi-
dation.

However, some distinct features characterize the
TPR profile of the sample of the highest CeO,
loading (12 wt.%). Besides the presence of small
well-dispersed ceria particles, a broad high intensity
peak in the high temperature region between 600
and 900°C was observed attributed to reduction of
large CeO, crystallites. This indicates that reoxida-
tion at 500°C affects ceria crystallites size in the
12Ce0,-Al,0O3 sample, although there is still a frac-
tion of highly reducible ceria in low-loaded samples
(Fig. 3).

Subjecting the R-Oso9 samples to R-Oq leads to
a shift of the TPR peaks to higher temperatures (Fig.
3), which could mean that the average oxidation
state in non-stoichiometric ceria approaches +4. The
low-temperature peak maxima are almost identical
for all oxides, while the higher temperature peaks
are shifted to lower values due to bulk ceria reduc-
tion detected for high-loaded ceria samples (6 and
12 wt.%) caused by a higher oxygen mobility.

CONCLUSIONS

TPR analysis showed that hydrogen uptake for
mixed CeO,-Al,0O; samples is dependent on reoxi-
dation temperature and CeO, content. It can be as-
sumed that the amount of initially present cerium in
a lower oxidation state formed during sample pre-

paration is higher for samples of lower CeO, load-
ing, where the stability of non-stoichiometric ceria
is higher. This is in agreement with a lower average
size of CeO, crystallites of fluorite type structure.
Partially reduced cerium oxide entities can be pre-
cursors for surface CeAlO; formation under reduc-
tion conditions, the amount being increased upon
increasing the CeO, content. However, increasing
the reoxidation temperature led to disappearance of
the surface CeAlO; due to agglomeration of the
cerium oxide species. A higher oxygen mobility was
observed for samples of high CeO, content (6 and
12 wt.%) due to agglomeration of ceria particles.
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OKMCJIMTEJIHO-PEAYKIIMOHHU CBOMCTBA HA CeO,-Al,0; OKCUJIN

P. Hanqual, b. HaBeneuz, E. FeHLO3, X JLT. q)nepoz, C. I[aMSIHOBal*

1
Hucmumym no kamanus, bvieapcka axkademus na nayxume, 1113 Cogus, Boreapus
2

Hnemumym no kamanuz u Hegpmoxumusi, Kanmoonanxo, 28049 Maopuo, Hcnanus
3
Kamonuyecku ynusepcumem na Jlvogen, B-1348 Jlvosen-na-Hvos, beneus

Tlocrprmna Ha 15 oktomBpu 2015 r.; Ilpepaborena Ha 4 HoemBpu 2015 .
(Pestome)

IMonyuenu ca xCeO,-Al,O3 okcuau ¢ pasnuuHo chabpxanue Ha CeO, (x = 1-12 Tern.%) upe3 UMNperHupaHe Ha
v-Al,O3 ¢ Bomen pastBop Ha (NH,)3[Ce(NO3)s]. EbexrbT Ha chabpkanuero Ha CeO, BBPXY CTPYKTYpa, TEKCTypa U
OKHCIIUTETHO-PEAYKIIMOHHN cBoicTBa Ha xCeO,-Al,O3 00pasmu ¢ momoInTa Ha aacopOIUOHHO-1ECOPOIIMOHHY H30TEP-
MH Ha a30T, peHTreHoBa audpakimonHa crnekrpockonus (PJIC) u temmeparypHo-nporpamupana peaykius (TIIP).
IMokasaHo e, ue cpefHusT pasmep Ha dactuimrte Ha CeO, Ha moBbpxHOCTTAa Ha y-Al,O3 HapacTBa ¢ yBenMuaBaHe Ha
KOHIIeHTpaImsATa My. OKucIuTeTHO-peayKnoHHUTe cBOicTBa Ha XCeO,-Al,03 ca Moaudunnpanu 4pes nocaeaoBaTes-
Ha 00paboTKa B PEAYKLUHOHHN U OKUCIHUTEIHH YCJIOBHS, KOETO € MO-sApKo 3abenexumo 3a oopasum ¢ 6 u 12 terin.%
CeO,. [oBHiIeHaTa peIyUPYEMOCT Ha 00pa3LuTe MPU OKHCIUTEIHO-PEAYKIIMOHHOTO UM TPETHPAHEe ce IPOsBsIBa Upe3
obpasyBaHeTo Ha (ha3a, penylLupalia ce Ipu Mo-HUCKa TeMIIepaTypa, KOeTO Ce ABJDKH Ha I0-BHCOKaTa MOOHIIHOCT Ha
KUCIIOpOJa.
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In this study, a complete catalytic propane oxidation was investigated by using four different supported Au-Mn
catalytic systems. Results showed that addition of manganese to a supported gold catalyst promoted lattice oxygen
activity in metal oxides, such as ceria, zirconia, and titania, which resulted in an enhanced catalytic activity of an Au-
Mn catalyst because of formation of a dinuclear compound, either AuSMn2 or Au2Mn. A competition between Au and
Mn to capture free lattice oxygen, dominated by manganese, was observed. In general, Ce 3d3/2, Au 4f7/2, and Mn
2p1/2 orbitals are related to dominant elemental species that are responsible for the enhanced catalytic activity of the

Au-Mn catalyst in the complete oxidation of propane.

Keywords: gold catalysts, gold-manganese catalysts, XPS, propane oxidation

INTRODUCTION

Since the discovery of the high catalytic ability
of Au nanoparticles, supported on a high surface
area metal oxide support, gold has been extensively
studied as a heterogeneous catalyst in both liquid
and gaseous phases. In the last two decades, much
attention is paid to the treatment, management, and
ultimate elimination of toxic and hazardous mate-
rials [1] and effluent gases [2] from various toxic
sources. Volatile organic compounds (VOCs), such
as propane, are one of the main concerned pollutants
[3]. For its abatement, direct combustion, a least ef-
ficient and high cost method, was used [4].

In recent decade, most scientists [5-12] had pre-
ferred catalytic oxidation to eliminate VOCs emis-
sions and to meet stringent environmental quality
standards (EQS). Various combinations of metal
oxides and metals (both precious and nonprecious
metals) were investigated for their potential as effi-
cient oxidation catalysts. Among them, ceria-sup-
ported catalysts [5, 13-16] were mostly used for the
catalytic oxidation of VOCs. Combinations between
mixed ceria- and zirconia-based catalyst carriers
were also tested and were found to be catalytically
efficient because of possible changes of catalyst sur-
face area [17]. Presence of each titania [18, 19],
ceria, and zirconia [20] with an optimum amount of
manganese oxide has shown an enhanced catalytic
ability because of both enlarged surface area and
redox qualities.

Supporting Au nanoparticles on ceria-titania [21]

* To whom all correspondence should be sent
E-mail: Ipetrov@kau.edu.sa

and ceria-zirconia [22] was found to be productive
to eliminate VOC compounds owing to gold activity
and influence of Au on the reduction of ceria-titania
or ceria-zirconia supports. However, gold was not
enough efficient as compared to platinum because of
the very good dispersion of Pt on the ceria-zirconia
support. It is generally believed that excellent dis-
persion of Au nanoparticles on a metal oxide(s) sup-
port play a key role for observed high catalytic ac-
tivity of the prepared Au catalysts.

Potentially well-dispersed Au nanoparticles on
the metal oxide(s) support could increase lattice
oxygen mobility and cause weakening of Ce-O
bonds. This may lead to the release of surface cap-
ping oxygen [23, 24] that could participate in a
Mars-Van Krevelen type of oxidation reaction
mechanism [23, 25-28].

Among many transition metal oxides, manganese
oxide has a huge range of various types of liable
oxygen sources, such as MnO, MnQO,, a-Mn,0s,
Mn203, Y'anog, Mn304, MnOZ, and B'MnOZ that
may participate in an oxidation process in a compet-
itive way. Lahousse et al. have summarised that
v-MnO, catalyst is favourable for abatement of vol-
atile organic compounds [3]. Few studies were also
conducted attempting to explain the importance of
the presence of Mn on CeO, [29].

Based on own experimental data and published
papers [7-23], it is fairly to presume that Au-Mn
catalysts supported on mixed oxide carriers com-
posed of CeO,, ZrO,, and TiO, could possibly have
an increased catalytic activity in oxidation of VOCs,
such as propane, the latter being one of the stringent
and difficult organic compound to get oxidized. As

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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per authors’ knowledge, so far none of the published
studies has been reported on the possible role of Mn
in supported Au-Mn catalysts especially through a
detailed investigation carried out by XPS, which is a
highly reliable way to identify possible orbital and/
or suborbital overlapping to induce a synergistic
effect of this system. This study was aimed at
identifying how each elemental orbital does par-
ticipate in such a catalytic system.

EXPERIMENTAL
Catalyst preparation and characterisation

An Au-Mn/TOS catalyst was prepared in three
steps: (i) preparation of a triple oxide support (TOS)
of 5.5Ce0,:2.5Zr0,:2Ti0, composition, (ii) manga-
nese impregnation of the triple oxide support
(1%Mn/TQS), and (iii) gold deposition-precipitation
on Mn/TOS (1%Au-1%Mn/TQOS). For comparative
purposes, a 1%Au/TOS catalyst was prepared by
deposition-precipitation method. Both a list of all
the chemicals used and detailed catalyst prepara-
tions as well as XPS and XRD analysis details can
be found in a previously reported article [30].

Catalyst testing

Catalytic activity measurements in complete
propane oxidation were carried out in a PID micro-
activity reference reactor system. A schematic dia-
gram of the experimental setup is shown in Figure 1.
The experiments were exactly performed under the
reaction conditions carried out by Ali et al. [30].

~—HOT BOX
Hot Box Temp —,  / _ FILTER
HEATER——_VJ_i T y Reactor Temp
(A | PURNACE
BYPASS +— || - REACTOR
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Helium -=nk| s
Oxygen -:-\[ A ‘E_J
“ 9 L —GC
Hydrogen -l |7 TL /
vee T Air-} 7] —
Propane P “——Pressure Indicator !

@

Fig. 1. Schematic diagram of the experimental setup.

The only components in the reaction mixture at
the reactor exit in all experiments were propane,
oxygen, carbon dioxide, and water. An Agilent
7890A GC system, equipped with a flame ionisation
detector (FID) and a thermal conductivity detector
(TCD), was used to identify and monitor the pro-
pane and the reaction products. Data processing was
acquired by applying GC ChemStation®B.04.03
(54). 0.5-cm® gas samples, an Agilent DB1/122-
1063 (1 um, 60 m x 0.25 mm) column, an Hp-8ft
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HAYSEP Q column, and He and N, carrier gases
used for FID and TCD, respectively. Chromato-
graphic oven temperature profiles are summarised in
Table 1.

Table 1. Oven temperature profile

Rate, °C.min) ~ Temperature  Hold time
initial 40 3
ramp 1 30 130 0
ramp 2 20 220 0.5

RESULTS AND DISCUSSION

In order to investigate a possible association
between gold and manganese in the presence of
TOS support, freshly prepared catalyst samples
were analysed for catalytic ability in the complete
oxidation of propane.

Catalytic activity

Results of the catalytic tests are discussed and
summarised in the following sections. Fig. 2 shows
a detailed comparison of the catalytic activity of the
Au-Mn, Au, and Mn catalysts and of the support
(TOS).

The results showed that the triple oxide support
itself exhibited a certain catalytic ability. Up to
300°C, less than 5% conversion of the propane took
place. It reached 10% at 400°C and then shot up to
nearly 90% at 450°C. As previously published [9,
31], we consider this conversion as being due
mostly to cerium oxide.

The catalytic activity of the supported Mn cata-
lyst at temperatures up to 350°C was practically the
same as that of the catalyst carrier. At temperatures
above 350°C, the Mn catalyst manifested a slightly
higher catalytic activity than catalyst support. These
results show that Mn is practically non-active in the
reaction of propane oxidation at temperatures up to
500°C.

Catalytic Activity,0.5%Propane - GHSV 12000

-=-Au-Mn Catalyst
-+Au Catalyst
——Mn Catalyst
-e-Support

% Conversion

0 50 100 150 200 250 300 350 400 450 500
Temperature

Fig. 2. Catalytic activity of the Au, Mn, and Au-Mn
catalysts and the support in propane complete oxidation.
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The Au catalyst had a moderate catalytic activity.
Oxidation started after 200°C and a nearly 95% pro-
pane conversion was achieved at 400°C. The cata-
Iytic activity of the supported Au catalyst was sub-
stantially higher in comparison with Mn catalyst and
triple oxide support in the temperature interval from
300 to 375°C. However, a 95%-conversion of pro-
pane was observed at the same temperature for the
Mn catalyst. These results clearly indicate that the
gold catalyst is relatively active in the reaction of
propane total oxidation at moderate temperatures.

The catalytic conversion of propane over the Au-
Mn catalyst started below 150°C and then strongly
accelerated at temperatures above 225°C. A 95%-
conversion was accomplished at 375°C. A complete
conversion of propane over the Au-Mn catalyst was
attained at 400°C. The catalytic activity of the Au-
Mn catalyst was much higher than the activities of
the rest studied samples. Obviously, it may be con-
cluded from these results that manganese strongly
enhanced the catalytic activity of the supported gold
catalyst.

A synergism was observed due to interaction
between Au and Mn in the presence of TOS and, as
per authors’ knowledge, so far no evidence is found
in the literature. The nature and mechanism of such
an interaction is yet to be studied and understood.

In order to investigate any interaction between
Au and Mn and possible impacts of each of the
metal oxides present in the support, a detailed XPS
analysis was carried out before and after catalytic
measurements.

XPS study

To study the possibility of any association be-
tween Au and Mn as well as their individual or col-
lective role on enhanced catalytic activity, an XPS
study was conducted in detail. Results are discussed
and summarised below.

Impact of introduction of Au and/or Mn to the
support

Before reaction

Figure 3 shows an overall comparison of survey
XPS spectra of the triple oxide support, Au, Mn, and
Au-Mn samples before catalytic reaction. In triple
oxide support, oxygen (O 1s and O 2s), titanium (Ti
2s, Ti 2p, Ti 3s, and Ti 3p), cerium (Ce 4p, Ce 4d,
Ce 3p, and Ce 3d), and zirconium (Zr 3d, Zr 3p, and
Zr 3s) were found to be present. Among these peaks
O 1s, Ti 2p, Ce 3d, and Zr3p are identified as the
main peaks. Addition of either gold or manganese
did not change much the spectra, however, bearing
in mind the following three main differences:

(i) Au 4f and Mn 2p peaks were identified upon
addition of gold and manganese, respectively.

(i) Upon introduction of gold or manganese
separately to the triple oxide support, a significant
and clear peak of Ce 4s was found.

(iii) Addition of manganese to the gold catalyst
(AU/TOS) gave rise to a significant and clear Mn 2s
peak, which was not present when only manganese
was added to the triple oxide support.

It is evident that Mn introduced to the Au
catalyst has considerably affected the Ce component
of the triple oxide support. This effect could be
observed because of any possible synergism and/or
any other interaction between gold and manganese
that may have resulted in an enormous increase in
catalytic activity of the gold catalyst.

In order to investigate any change in the results
summarised in the previous section before and after
catalytic reactions, a detailed XPS study of all the
catalysts was also performed after the catalytic
activity tests.

Figure 4 shows an overall comparison of survey
overlaid XPS spectra before and after the catalytic
reaction. Some of the key results are presented
below.

(i) In triple oxide support (Fig. 4B), before and
after the catalytic reaction, O 1s, Ti 2p and Zr 3p
peaks were nearly the same in terms of intensity
except for a significant change of binding energy
(BE) in the range of 800-1200 eV. The Ce 3d peak
was among those that seemed greatly affected. This
change could be because of either partial reduction
of Ce* to Ce* or due to its exposure to X-ray
irradiation.

(if) The surface scan spectra of the Mn catalyst
(Fig. 4D) remained almost the same before and after
reaction excepting negligible intensity variations
after 800-1200 eV. Manganese presence did not
cause any noticeable changes to the support except
for a negligible change of the Ce ions. This could be
explained as a possible reason that manganese alone
on the support did not affect significantly the
catalytic activity (see Fig. 2).

(iii) Considering the Au catalyst (Fig. 4B), a
clear change can be seen after the binding energy
range of 550-1200 eV. This variation is quite large
as compared to the changes of the Mn catalyst and
ceria. It might be because of the active role of gold
for increasing the catalytic activity of the Au
catalyst, as it was much higher than that of the Mn
catalyst and ceria.

(iv) The highest variation was found in the over-
all survey laid XPS spectra of the Au-Mn catalyst
(Fig. 4A), before and after the reaction, in the
binding energy range of 200-1200 eV. This differ-
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ence clearly indicates that the introduction of man- The nature of this interaction can be a key aspect
ganese to the Au catalyst is really affecting greatly  to better understanding of the enhanced catalytic ac-
in comparison with the Au and Mn catalysts. The tivity and possible role of each of the mobile oxygen
highest catalytic activity of the Au-Mn catalyst resources present in the catalysts. Further subsec-
might be associated with a possible interaction be-  tions describe possible reasons about this key

tween gold and manganese. aspect.
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After reaction

Role of Au, Mn, and triple oxide support in the
catalytic reaction

It is seen (Fig. 4A) that titanium and zirconium
regions are not changed much before and after the
catalytic reaction for the highly active Au-Mn cata-
lyst. This could be because the presence of mangan-
ese may affect cerium significantly and/or due to a
possible interaction between gold and manganese.
To investigate this interaction between Au and Mn
as well as the role cerium, a deconvolution study of
Ce, Au, and Mn was carried out before and after
catalysis.

Role of ceria

Figure 5 shows a detailed comparison of decon-
voluted XPS spectra of CeO,, before and after the
reaction, for each catalyst (Au-Mn/TOS, Au/TOS,
Mn/TOS), support, and pure CeO..

Before reaction

Figure 5A shows an in-depth comparison of the
cerium deconvoluted XPS spectra for all the cata-
lysts before reaction. A most probable oxidation
state of cerium (Ce™) in Au-Mn, Mn, and Au cata-
lysts was observed [32]. Almost all the peaks, V,
V", V" of Ce 3ds, and U, U”, U" of Ce 3dsp,
remained nearly the same excepting V'-Ce 3ds, and
U'-Ce 3ds,. Table 2 shows a summary of the
binding energies (eV) for the V' and U’ peaks of all
the catalysts and support.

Compared with the Au-Mn catalyst, the V'-Ce 3ds,
peak of the support and of the Mn catalyst remained
constant. A significant difference of 0.66 eV was
observed between the V'-Ce 3ds, peaks of the Au-Mn
and Au catalysts. A similar pattern was also detected
for U’-Ce 3d;, where the difference was found to be
0.80 eV. This might be owing to a partial reduction
of Ce*™ to Ce* in the ceria upon addition of
manganese to the Au catalyst as well as due to a
favourable variation in the activation energies.

After reaction

Figure 5B shows V'-Ce 3ds;; and U'-Ce 3ds, peak
positions of deconvoluted XPS spectra of Ce after
the catalytic reaction. No changes in associated
oxidation states of cerium were observed after the
reaction. Also, a similar change in BE of 0.30 eV
(see Table 3) for the V'-Ce 3ds, peak existed
between the Au-Mn and Au catalysts, i.e. nearly half
of the difference found before reaction. However,
the difference between the U’-Ce 3dg, peak values
of the Au-Mn and Au catalysts was much smaller,
nearly by two thirds, as to that before reaction. This

may lead to a conclusion that U’-Ce 3dj, perhaps
played a key role for the enhanced catalytic activity
of the Au-Mn catalyst as to cerium belonging to the
V' peak of Ce 3ds.

Role of gold

Figure 6 shows deconvoluted XPS spectra of
gold for the Au-Mn and Au catalysts before and
after catalytic reaction.

Before reaction

Three peaks W, W', W"” of Au 4fy, and two
peaks X, X' of Au 4fs, were identified with possible
Au' oxidation state of the gold in the Au-Mn and
Au catalysts (Fig. 6B). Each of the three peaks of
Au 4f, (W, W', W”) and one of Au 4fs, (X) were
found to be identical in terms of binding energy
except for the X' peak of Au 4fs;, for the gold con-
taining catalysts before reaction (0.33 eV, see Table
3). This perhaps could be because of non-metallic
gold in the Au-Mn catalyst as compared to slightly
higher metallic nature of gold in the Au catalyst.

After reaction

After the catalytic reaction, two Au 4f;, peaks
(W and W") and one Au 4fs, peak (X') were slightly
changed (see Fig. 6B) for the Au-Mn and Au cata-
lysts contrary to the change of only one Au 4fs,
peak (X') before reaction. This may further indicate
that during the catalytic reaction gold existed in a
higher oxidation state (1+) in the Au-Mn catalyst as
compared to the Au catalyst. This can also be related
to the presence of Mn that did promote the non-
metallic nature of gold because of its higher number
of available unpaired valence shell electrons.

Table 2. Binding energies of the V'-Ce 3ds, and U’-Ce
3d3, cerium peaks before and after catalytic reaction

Binding energy, eV

Catalyst before reaction after reaction
V'-Ce 3d5/2 U"Ce3d3/2 V'-Ce 3d5/2 U'-Ce 3d3/2
Au-Mn 885.40 902.45 885.54 903.03
Au 886.06 903.25 885.84 902.70
Mn 885.50 902.30 885.60 902.40
support 885.50 902.70 885.70 902.80
CeO, 885.20 902.70 885.20 902.70

Table 3. Binding energies of the W-Au4f;,, W"-Audf,,
and X'-Au 4fs, gold peaks before and after catalytic
reaction

Binding energy, eV

Catalyst before reaction after reaction
X'-Au 4f5/2 W-Au 4f7/2 W”-Au 4f7/2 X’-AU4f5/2

Au-Mn 89.50 82.15 85.94 89.25

Au 89.17 82.40 85.25 89.42
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Fig. 5. Overall comparison of overlaid deconvoluted Ce XPS spectra: A — before reaction; B — after reaction.

Role of manganese

The catalytic activity of the Au catalyst was
moderate, whereas the catalytic activity of the Mn
catalyst did not differ from that of the triple oxide
support, i.e. Mn is not active in propane oxidation
reaction. However, the catalytic activity of the Au-
Mn catalyst was substantially increased compared to
other two catalyst compositions. Apparently, this in-
crease in catalytic activity is mainly due to an occur-
ring synergism between catalyst components. Both
the Au and Mn catalysts exhibited a much lower
activity in the complete propane oxidation than the
Au-Mn catalyst. It might be an indication that there
existed a synergism (promotion of Au activity by
Mn).

Based on the catalytic activity of the Au-Mn
catalyst in comparison with the catalytic activity of
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the Au and Mn catalysts it was assumed that it
might be because of an efficient behaviour of Mn as
promoter. Further, a detailed deconvoluted XPS
study of manganese was also conducted. Fig. 7
shows an overall comparison of overlaid decon-
voluted XPS spectra of the Mn catalyst before and
after reaction.

Before reaction

Two peaks of Mn 2ps;, (Y, Y') and two peaks (Z,
Z") belonging to Mn 2p;, with possible oxidation
states of Mn™® and Mn** in the Au-Mn catalyst were
observed (Fig. 7) in comparison with single Y and Z
peaks, ascribed to Mn 2ps, and Mn 2py,, respect-
ively, in the Mn catalyst [33].

This shows that the simultaneous presence of Au
and Mn on the support gives rise to an entirely
different behaviour of the Au-Mn catalyst in cata-
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lysis in contrast to sole Mn on the support. The
peaks Y' and Z' were identified as Au peaks within
the main peaks Y and Z of the manganese. Possibly
these sub-peaks (Y’ and Z') within the main peaks of
Mn belong to dinuclear (Au-Mn) compounds [34].

Table 4. Binding energies of the Y,Y'-Mn 2pg); and Z,Z'-
Mn 2p;, manganese peaks before and after catalytic
reaction

Binding energy, eV

Mn Au-Mn
Condition  Mmn Mn Mn Mn
2p32 2P 2p3p2 2pyp2
Y Z Y Y’ 4 zZ'
before 641.20 653.3 641.64 644.84 653.20 655.66
reaction

after 641.28 653.35 641.80 644.98 652.40 653.80
reaction

After reaction

The Mn 2ps, and Mn 2py, peaks remained the
same before and after the reaction (Table 4).
Whereas, in the case of Au-Mn catalyst the Y and Y’
peaks of Mn2ps, did not change at all as to those of
Z and Z' peaks of Mn2py,,, which showed the largest
shift (Table 5). This clearly indicates that both the
dinuclear (Au-Mn) peak (Z') and the main peak (Z)
of Mn2p,, played an important role for the
enhanced catalytic activity of the Au-Mn catalyst.
Based on both XPS and catalytic activity results, it
can be summarised that manganese is a key com-
ponent for the increased catalytic activity of the gold
catalyst. The presence of manganese as a promoter
enhanced the catalytic activity by interacting with
gold in the form of Au-Mn active system.

Identification of Au-Mn interaction

XPS studies have shown a unique association
between Au and Mn that had caused an enhanced
catalytic activity because of a dinuclear compound
formation. In order to cross verify results, a thor-
ough XRD study was conducted for all the catalysts
before and after catalytic tests. Some results have
already been reported by Ali et al. [30] showing that
fresh and spent Au-Mn catalyst samples remained
exactly the same, which is an indication that the Au-
Mn catalyst was highly stable. Based on Au-Mn
lattice parameters of Au solid solution versus com-
position, the expected structure contained more than
25% Mn but less than 35%. From the Au-Mn phase
diagram, it was found that there could be two most
probable structures: AusMn, and Au,Mn having a
crystallite size of 7 nm.
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Fig. 6. Overall comparison of deconvoluted Au XPS
spectra: A — before reaction, B — after reaction.

Z Y

Mn Catalyst

Intensity (cps)

Au-Mn Catalyst

Mn Catalyst

Intensity (cps)
s

Au-Mn Catalyst

e

655 650, 640 635

Binding Energy ?é\?)

Fig. 7. Overall comparison of deconvoluted Mn XPS
spectra: A — before reaction, B — after reaction.

Hence, based on XRD and XPS results the
enhanced catalytic activity of Au-Mn could be due
to the presence of dinuclear compound: AusMn, or
Au,Mn.
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CONCLUSIONS

In conclusion, a supported Au-Mn catalyst has
shown the highest catalytic ability in the complete
oxidation of propane in comparison with Au and Mn
catalysts. Manganese introduction to a gold catalyst
promoted mobilization of lattice oxygen species of
metal oxides of cerium, zirconium, and titanium that
resulted in an enhanced catalytic activity of the Au-
Mn catalyst. Enhanced lattice oxygen or adsorbed
oxygen mobility was attributed to formation of a
dinuclear Au-Mn compound: AusMn, or Au,Mn. In
the absence of manganese, a moderate catalytic
activity of Au catalyst was due to participation of
ceria and titania lattice oxygens only. A competition
between Au and Mn for free lattice oxygen,
dominated by manganese, was also observed. In
general, Ce 3dsp, Au 4f;,, and Mn 2py, orbitals
were found to be related to dominating elemental
species for enhanced catalytic activity of the Au-Mn
catalyst in propane complete oxidation.
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POJIsI HA MAHT'AHA B HAHECEHU Au-Mn/TOS KATAJIM3ATOPU
A. M. Am', M. A. Jlayc, JI. A. Tletpos®™

! enapmamenm no unocenepna xumus u mamepuanu, daxyimem no ungicenepcmeo, Yuusepcumem Kpan A6ynasuc,
n.x. 80204, [xceoa 21589, Cayoumcka Apabus
2 Kameopa ,, Kamanuz* na Cayoumckama ocHOGHA UHOYCMPUATHA KOPROPayus, Jlenapmamenm no undicenepua Xumus
u mamepuanu, Paxyrimem no undxcenepcmeo, Yuusepcumem Kpan A60ynasuc, n.x. 80204, Joceoa 21589,
Cayoumcka Apadus

Ilocrprnuna Ha 29 oktomBpu 2015 r.; Ilpepaborena Ha 10 nexemBpu 2015 r.
(Pe3srome)

W3cnenBaHo € MBIHOTO KATAJINTHYHO OKUCIICHHE HA MPONAH BBPXY YETHPH KaTaJUTHYHH cucteMH. [lomydeHurte
pe3yaTaTH MOKa3BaT, ye JN00ABSHETO HA MaHTaH KbM HAHECEH 3JIaTCH KaTalu3aTop MPOMOTHpAa IMOJIBHKHOCTTA HA
peLIeThUHMS KUCIOPO. B HOocUTens — cMmeceHu okcuan CeO,, ZrO, u TiO, (TOS). B pe3yntar Ha ToBa ce yBenn4aBa
KaTaJIUTUYHAaTa AaKTHUBHOCT Ha KaTaJ'II/BaTOpI/ITe. yCTaHOBeHO € 06pa3yBaHeTo Ha I[Byﬂ]lpeHI/I CBbCOUHCHUA Me>1<11y
3]IaTOTO M MaHraHa c¢bc cbeTaB AusMn, u Au,Mn. YcranoBeHo e, ye CBOOOJHHUAT PEIIEThUEH KHUCIOPOJ Ce 3axBallla
KaKTO OT 3J1aTOTO, TaKa M MPEANMHO OT MaHrana. Hamepeno e, ue opoutanure Ce 3da,, Au 4f;, u Mn 2py), ca cBbp3anu
¢ mpeobIaaaBaiuTe akTuBHE HOPMHU Ha EIEMEHTUTE Ha TIOBBPXHOCTTA Ha AU-MN karanuzaTopu.
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Monometallic nickel and cobalt and bimetallic CoNi catalysts supported on MgAl,O, were synthesized. The elec-
tronic structure of the catalysts was characterized by in situ X-ray absorption near edge structure and extended X-ray
absorption fine structure techniques. It was shown that the reduction of cobalt oxide species in Co-containing samples
involved two reduction steps: the first one is reduction of Co;0, to CoO and the second one iS transformation of CoO
to Co’. For the bimetallic CoNi system, there was a coexisting of Co**, Co?*, and Co°, as the first step was completed at
a higher reduction temperature of 750°C. The presence of cobalt in the bimetallic CoNi catalyst suppressed the reduc-
tion of nickel oxide species at lower temperatures. Different reaction pathways were running in parallel during ethanol
steam reforming as revealed by product distribution changes as a function of reaction temperature. The last one was
related to a change of the fractions of the oxidic and metallic Co and Ni species under reaction conditions. At a low
reaction temperature of about 400°C, the highest selectivity to hydrogen was observed with the bimetallic CoNi catalyst

due to an intimate contact between cobalt and nickel, which stabilizes catalytically active metallic centres.

Keywords: CoNi catalyst, hydrogen, ethanol steam reforming, XANES, EXAFS.

INTRODUCTION

Recent developments indicate that in the near
future hydrogen will be used largely as a secondary
energy carrier to produce electricity for mobile and
small-to-medium scale stationary applications [1].
Hydrogen is an ideal energy carrier for sustainable
energy development because the only product upon
its burning is water. Hydrogen has the potential to
solve two major challenges: restrict dependence on
imported petroleum and reduce pollution and green-
house emissions. Currently hydrogen is mainly pro-
duced from a fossil source (natural gas) that gives
large amounts of CO, emissions. Developing tech-
nologies based on renewable resources have re-
ceived much attention due to increasing costs of fos-
sil resources, possibilities to carry out processes in
more friendly conditions, and environmental appeal.
Bioethanol, produced by biomass fermentation, is a
promising feedstock for hydrogen production.
Ethanol is advantageous over other conventional
substrates because it is readily available, easy to
obtain from biomass and to transport, CO, neutral
and safe to handle. Ethanol steam reforming (ESR)
(Eq. 1) is one of the possible industrial processes for
hydrogen production:

* To whom all correspondence should be sent:
E-mail: soniad@ic.bas.bg

C,Hs0H +3H,0 — 2CO, + 6H; (1)

Depending on catalyst used and operating condi-
tions employed, several reactions may run in paral-
lel, such as ethanol decomposition, dehydrogenation
and dehydration, methane reforming, water-gas shift
(WGS) and hydrogenation reactions producing acet-
aldehyde, hydrogen, methane, carbon oxides, and
ethylene [2].

One of the major problems in ESR is coke for-
mation on the catalyst surface, which may take place
via several processes, such as ‘Boudouard’ reaction
[3], methane decomposition, and cracking of ethyl-
ene produced by ethanol dehydration [4]. Carbon
deposition can be avoided at high reaction tempera-
tures (> 400°C), by using suitable catalyst, support,
and promoter. However, high reaction temperatures
enhance formation of by-product carbon monoxide,
due to thermodynamically favoured reverse WGS
and dry methane reforming. It is well known that
CO concentration in PEM fuel cell systems should
be reduced to less than 50 ppm [5].

Ethanol can also be reformed at low reaction
temperatures (300—400°C) giving a gaseous mixture
of H,, CH,, carbon monoxide, and carbon dioxide.
CO content can be significantly reduced by in-
volving a WGS activity function in the catalyst for-

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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mulation or by a decrease of CH, selectivity by re-
tarding CO methanation.

The mechanism of ethanol steam reforming has
been extensively studied. Catalysts based on Ni, Co,
Ir, Pt, Pd, Rh, and Ru dispersed on different sup-
ports, such as Al,O;, CeO,, La,0Os, ZrO,, TiO,, and
MgO have been examined [6-9]. However, there are
controversial opinions about the role of the surface
oxidation state of metals in the different pathways of
ESR reaction, carbon deposition, and catalyst deac-
tivation [2]. It was proposed that some reaction
pathways are favoured, depending on the nature of
support, resulting in a different product distribution
in the gas phase.

In this work, it was attempted to discuss the dif-
ferent reaction pathways of ESR over monometallic
nickel and cobalt as well as over bimetallic CoNi
catalysts as a function of metal composition and
reaction temperature. MgAl,O, was used as a cata-
lyst carrier due to its high basicity. A detailed char-
acterization of the samples was performed to point
structural and electronic modification of MgAl,O,-
supported nickel catalyst by cobalt addition. X-ray
adsorption near edge structure (XANES) and ex-
tended X-ray absorption fine structure (EXAFS)
methods were used for sample characterization.

EXPERIMENTAL
Sample preparation

MgAl,O, carrier was prepared by sol-gel method
described elsewhere [10]. MgAl,O4-supported
nickel and cobalt catalysts were prepared by incipi-
ent wetness impregnation of carrier with aqueous
solution of Ni(NO3),.6H,0O (Aldrich, 99%) and
Co(NOs),.6H,O (Aldrich, 99%), respectively. The
obtained solids were dried and calcined in airflow at
110 and 500°C for 12 and 6 h, respectively. The
total metal loading was 8 wt.%. The samples were
labelled as 8Ni, 4Co4Ni, and 8Co, where numbers
represent amount of respective metal.

Sample characterization

XANES analyses were performed at the K edge
of Co (7709 eV) and Ni (8333 eV) using DO6A-
DXAS beamlines of Brazilian Synchrotron Light
Laboratory at Campinas. Each sample was first
crushed and sieved to particle sizes smaller than 20
um and pressed into self-supporting pellets. Then
the pellets were placed inside a tubular quartz reac-
tor equipped with refrigerated kapton windows that
were transparent to the X-ray beam. Temperature-
resolved XANES spectra were acquired during re-
duction of the samples, which was achieved by heat-
ing at a rate of 10 deg.min™* from room temperature

to 750°C, with a holding time of 60 min, under a
200 ml.min? flow of H,/He (5 vol.%). Energy
calibration of the XANES spectra was performed by
means of open source ATHENA/IFEFFIT software.
A linear combination analysis was performed using
Co°, Co0, Co30;, Ni®, and NiO references [10].

In situ XANES spectra at the K edge of cobalt
and nickel catalysts under ethanol steam reforming
conditions were realized. The reactor with samples
reduced at 750°C was cooled to room temperature
under He flow and then switched to a flow of 3.9
ml.min™ of ESR mixture (water/ethanol at a molar
ratio of 3:1), diluted in 133 ml.min" of helium. The
samples were heated from room temperature to
750°C at 10 deg.min* and the X ANES spectra were
acquired 10 min after reaching a steady state.

EXAFS analyses at the K edge of Co (7709 eV)
and Ni (8333 eV) were performed at the DO4B-
XAFS1 beamlines of LNLS. A general description
of these beamlines can be found elsewhere [11]. The
samples placed in the quartz reactor were reduced
under 200 ml.min™ flow of H.,/He (5 vol.%) by
heating to 750°C at a heating rate of 10 deg.min .
The samples remained at the reduction temperature
for 1 h followed by acquisition of EXAFS spectra at
room temperature. Background subtraction, normal-
ization, and alignment of the EXAFS data were per-
formed by the ATHENAJ/IFEFFIT software [12].
Structural parameters were obtained from a non-
linear least squares fitting of the EXAFS data pro-
cessed by ARTE-MIS/IFEFFIT software [12]. Co-
ordination numbers (CN) were fixed for all refer-
ences (Co°, CoO, Ni’, and NiO) and floated for the
samples. Average interatomic distance (R) and
structural Debye-Waller factor (Ac’) values were
allowed to float during the fitting. Table 1 provides
fitting results of EXAFS spectra acquired at the K
edge of Co and Ni of the samples reduced at 750°C.

Table 1. EXAFS parameters for reduced samples at
750°C.

Metal-metal Metal-oxygen
Sample
CN R(A) CN R(A)

Ni/NiO 12 2.48 £0.002 6 2.093 £0.003
Co/CoO 12 2.496 + 0.003 6 2.130 £0.020
8Ni 9.6+0.5 2.485+0.001

4Co4Ni 6.7+0.3 2.481+£0.001 1.0+0.1 1.949 £0.006
4Co4Ni 6.5+0.6 2.485+0.002 2.2+0.9 1.978 +0.021
8Co 3.4+£0.2 2.490+0.002 3.0+0.2 1.973 +£0.005

Ethanol steam reforming reaction

The steam reforming of C,HsOH was carried out
in a vertical fixed-bed reactor made of quartz tube
under atmospheric pressure at temperatures of 250—
750°C with a molar H,O to C,HsOH ratio of 3/1.
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Catalyst loaded sample was 120 mg. Before reaction
test, the catalyst was reduced in situ by heating at
750°C in a 10% H,/N, flow at a rate of 10 deg.min™*
and keeping the temperature for 1 hour. The reaction
products were analysed by a VARIAN 3400CX gas
chromatograph equipped with a Chromosorb 102
packed column, while hydrogen was detected by
mass spectrometry (Preiffer PrismaPlus).

RESULTS AND DISCUSSION
XANES analysis

An insight regarding metal oxidation state of
metal components in MgAl,O,-supported mono-
metallic Co(Ni) and bimetallic CoNi samples was
investigated by in situ temperature-resolved XANES
spectroscopy at K-edge of nickel and cobalt during
sample reduction under hydrogen atmosphere up to
750°C. The percentage change of nickel and cobalt
species in  monometallic and bimetallic CoNi
systems is shown in Fig. 1. There is no significant
alteration in percentage of Ni species in the Ni
sample at a low reduction temperature (up to
300°C). A change that is more visible is observed
above 300°C: the percentage of NiO species
decreases on increasing the reduction temperature,
while that of metallic nickel (Ni°) component is
increased. The reduction of Ni oxide species on the
surface of the bimetallic CoNi system is character-
ized by a higher reduction temperature compared to
that of the Ni sample (above 400°C). The latter sug-
gests that the presence of cobalt suppresses nickel
oxide reduction at lower temperatures, which is
possibly caused by coexistence of Co**, Co**, and
Co° ions (see below). This could be related to a
strong interaction between nickel and cobalt, prob-
ably due to formation of a phase similar to NiCo,0,
[13].

The reduction process of cobalt oxide species
involves two reduction steps, as seen in Fig. 1: re-
duction of Co;0, to CoO and transformation of CoO
to metallic cobalt (Co®). Co;0, reduction to CoO for
the Co sample is finished at 410°C with a maximum
percentage of CoO (95%) achieved at this tempera-
ture. The maximum rate of transformation of Co;0,
to CoO started at the inflection point of the CoO
percentage curve at 349°C (Fig. 1). The second
reduction process of CoO to Co° has occurred at a
temperature higher than 410°C.

For the bimetallic CoNi sample, inflection point
temperature decreases from 349 to 332°C (Fig. 1).
There is a coexisting of Co;0, — CoO and CoO —
Co° transitions The maximum percentage of CoO
(67%) occurs at 453°C accompanied with the pres-
ence of Coz0,4 (18%). The first step of CoNi reduc-

36

tion is finished at a higher temperature of 750°C
compared to monometallic Co (Fig. 1). It is inter-
esting to note that both the CoO and Co° species in
the Co-containing samples are present at the end of
reduction process (Fig. 1). In addition, the fraction
of metallic Co in the monometallic Co is high at a
lower reduction temperature interval (300-500°C)
as well as at the end of reduction process.

Reduction of Co?* species to Co° for the bi-
metallic system starts at a lower temperature
(300°C) if compared to the monometallic Co sample
(360°C). The latter is due to H, activation over the
surface of metallic nickel species as the hydrogen
atoms are transferred to cobalt oxide by spillover
effect. It can be concluded that Co oxide is more
easily reduced to Co® in the presence of nickel.

The percentage change of oxidic and metallic Co
and Ni species in the monometallic and bimetallic
systems as a function of reaction temperature up to
750°C during ethanol steam reforming reaction was
analysed by in situ XANES-ESR at K edge of Ni
and Co, as seen in Fig. 2. There is some equilibrium
for Co® and Co®* species in the monometallic Co
sample up to a reaction temperature of about 450°C
and then the fraction of CoO species decreases at
higher temperatures, while that of Co® increases. For
both Co-containing catalysts, CoO is present at the
end of reaction, whereas with the Ni-containing
samples a small portion of NiO is detected only for
monometallic nickel. The Ni sample exhibits a high
amount of metallic nickel species (80%) at the
beginning of reaction, which reaches 100% with
increasing the reaction temperature to 500°C. The
behaviour of the bimetallic CoNi system is different
in relation to the monometallic systems. At the
beginning of reaction up to 200°C the fraction of
nickel oxide species (35%) for CoNi is higher than
that observed for monometallic Ni (16%), which
indicates that metal particle oxidation takes place at
low reaction temperatures in the presence of cobalt.
Metallic nickel fraction in CoNi increases at the
expense of cobalt oxide species at a reaction tem-
perature over 300°C. Above 400°C the NiO in the
bimetallic system is totally reduced to Ni° (100%)

(Fig. 2).
EXAFS analysis

Magnitudes of the Fourier transformation of each
sample together with the corresponding fits are
shown in Fig. 3. Results of the fitting analysis in
terms of coordination number, CN, interatomic dis-
tance, R, for references and samples are summarised
in Table 1. The absorption spectra (Fig. 3) indicate
that supported nickel and cobalt oxide species are
not fully reduced after reduction at 750°C.
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Fig. 1. Percentage change of species as a function of
reduction temperature defined by in situ temperature-
resolved XANES spectra of monometallic Co and Ni and
bimetallic CoNi samples during reduction.

Both peaks of Co K-edge spectra at around 1.5
and 2.2 A signify Co-O and Co-Co distances,
respectively [14]. Peaks of Ni K-edge spectra at
about 1.5 and 2.2 A mean the atomic distance of Ni-
O and Ni-Ni, respectively [15]. It should be noted
that the values of the EXAFS parameters for
references CoO, NiO, Co°, and Ni° are in agreement
with those reported in the literature. Values of
interatomic distances Ryini and Reoco for reduced
samples related to the Ni-Ni distance in bulk Ni° and
Co-Co distance in bulk Co° respectively, indicate
that the local structure of sup-ported Ni and Co
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Fig. 2. Percentage change of species as a function of reaction
temperature defined by in situ temperature-resolved XANES
spectra of monometallic Co and Ni and bimetallic CoNi
catalysts under ethanol steam reforming.

species is similar to that of the bulk samples. Co-Co
and Ni-Ni atomic distances for the bimetallic CoNi
system are lower compared to those of
monometallic Co and Ni, which implies a strong
interaction between the cobalt and nickel species. A
decrease of the CN value from 9.6 to 6.7 for Ni and
CoNi, respectively, is also evidence for a strong Co-
Ni interaction. The highest CN value for the
monometallic Ni sample is associated with Ni
particle agglomeration on the MgAl,O, support. The
Ni-O bond distance for Ni was not found, since the
EXAFS technique is limited to large particles.

37



A. Braga et al.: XANES and EXAFS study of supported CoNi catalysts

Ni K-edge

oA Co K-edge
i ~Ni-Ni

~Co-Co

Ni-O

Q
<
U 0

304 60
R (&)

i ~Ni-Ni

=1

Ni-O
~ Co-0O

4Co4Ni
fit

Magnitude of Fourier transform (a.u. )

R (4)

R (A)
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reduced monometallic cobalt and nickel and bimetallic
CoNi samples.

The Co sample has the smallest metallic nucleus
revealed by the lowest CN value of Co-Co (3.4)
(Table 1). In addition, the reduced monometallic Co
catalyst possesses the highest oxidized surface
shown by the highest CN value of Co-O (3.0, Table
1). The monometallic Co sample manifests the low-
est Co-Co coordination number (3.4) to which cor-

responds the highest Co-O coordination number
(3.0) that means more cobalt oxide species (Table
1). Changes in coordination humber and interatomic
distance of the bimetallic CoNi system relative to
monometallic samples indicates a strong interaction
between Ni and Co atoms that leads to a change of
the electronic structure. It has been shown [16] that
nickel species preferentially insert into octahedral
sites in Cos04 spinel structure resulting in formation
of tetrahedrally coordinated cobalt species in a
structure similar to NiCo0,0, spinel.

Catalytic test reaction

The effect of catalyst composition and metal
component oxidation state on the catalytic perform-
ance of MgAl,O,-supported monometallic Co and
Ni and bimetallic CoNi catalysts at various reaction
temperatures was studied by means of ESR. Results
are summarised in Fig. 4, where ethanol conversion
and products distribution as a function of reaction
temperature are shown. For all samples ethanol con-
version increased on increasing the reaction tem-
perature, as the maximum value of 100% was
reached for the bimetallic CoNi catalyst at a lower
reaction temperature of 450°C accompanied by the
highest selectivity to hydrogen (70%). Higher tem-
peratures were required for monometallic 8Ni
(600°C) and 8Co (500°C) to achieve conversions
over 90%.
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Fig. 4. Products distribution as a function of reaction temperature in ethanol steam reforming over monometallic
cobalt and nickel and bimetallic CoNi catalysts.
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Reaction pathways of ethanol steam reforming at
lower temperatures strongly depended on the capa-
city of the active metals to break the C-C bond in
ethanol molecule. Over the Ni catalyst, at a low
reaction temperature of 300°C ethanol was first
dehydrogenated to acetaldehyde and hydrogen. By
increasing the temperature up to 350°C, in parallel
to hydrogen abstraction from the ethanol molecule,
C-C bond scission and acetaldehyde decomposition
were also observed resulting in formation of CHy,
CO, and H, at a CO to CHj, ratio of about unity. The
production of H,, CH,, and CO may be attributed to
ethanol decomposition, which can occur either
directly (Eq. 2) or via intermediate formation of
acetaldehyde as a sum of reactions (Eg. 3) and (Eq.
4) [3]:

C2H5OH e d CH4 + H2 +CO

AH® =49.4 kI mol™ (2)

C,HsOH — CH;CHO +H,

AH*® =68.5kImol " (3)

CH;CHO — CH, +CO

AH*® =19 kI mol™*  (4)

Traces of ethylene (< 0.05%) were detected as
the formation of this product might take place via
the dehydration reaction (Eq. 5):

C2H5OH e d C2H4 +H20
AH*® = 453 kI mol™? (5)

CO selectivity for the Ni catalyst was compar-
able to that of hydrogen at 350°C, while at a higher
temperature it decreased substantially. Contrary to
this, raising the temperature above 400°C led to an
increase in CO, production due to water-gas shift
reaction (WGSR) (Eqg. 6), the latter being caused by
increased number of nickel metal centres, as seen in
Fig. 2

CO+ Hzo —> C02 + H2
AH*® = —41.1 kI mol™ (6)

In the case of Ni catalyst, a maximal concentra-
tion of CH, may be associated with increasing the
CO concentration up to 350°C, which indicates that
ethanol decomposition reaction (Eq. 4) takes place
on metallic nickel sites. Above 500°C, CH, is com-
pletely converted to CO and H, by dry methane
reforming reaction (Eq. 7):

CH4 +C02 —2CO + 2H2
AH*%® =247 kI mol™ (7)

Detected decrease of CO, production at a tem-
perature over 550°C can be related to occurrence of
reverse WGSR. Above 500°C, H, and CO fractions
continue to increase showing that ethanol steam
reforming (Eq. 1) is dominating (Fig. 4).

Up to 300°C, the Co catalyst exhibits the forma-
tion of acetaldehyde and hydrogen products only,
which is mainly due to the ethanol dehydrogenation,
involving O-H bond cleavage in ethanol molecule
(Fig. 3). Over Co surface, however, in spite of the
low concentrations of produced CO, CO,, and H, up
to 400°C, a high amount of CH;CHO is still present
due to the high concentration of the cobalt oxide
species that decrease catalyst ability for C-C bond
breaking. As was suggested [17] both the Co° and
CoO species are active for partial oxidation of
adsorbed ethoxide species to produce acetaldehyde.
Above 400°C, there is an increase of the CO and
CO, products formation that can be related to an
increased fraction of metallic cobalt species. The
latter is accompanied by a decrease in acetaldehyde
formation. It should be noted that traces of CH, and
C,H; were formed at temperatures within 350-
500°C (Fig. 4).

For the Co catalyst, increased concentrations of
CO, and CO up to 500°C can mainly be attributed to
formation of acetate species, which can be oxidized
to carbonate species and after that decomposed to
CO, or CO [18, 19]. It could be proposed that the
produced acetaldehyde over the 8Co catalyst is
oxidized by OH groups of support as well as by the
metal oxide species to form surface acetate species
(Eg. 8) in agreement with Refs. [18, 19].

CH3CHO(ad5) +0OH—> CHgCOO(ads) + H, (8)

According to Domok et al. [19] the acetate
species can be decomposed to CHags) Species (eq.
9), which may further react with surface OH groups
to produce CO and H, (Egs. 9, 10):

CH3COO 445y — CHs(ads) +CO, 9
CHaags) + OHags) > CO + H; (10)

The catalytic performance of the 4Co4Ni catalyst
at lower temperatures is between that of the mono-
metallic catalysts (Fig. 4). At lower temperatures acet-
aldehyde was mainly formed on the surface of the
bimetallic system, however, its amount was much
lower compared to that observed with the Co
catalyst. This means a better reducibility of the
bimetallic catalyst, as confirmed by XANES and
EXAFS analyses. Above 300°C, the behaviour of
CoNi is similar to that of Ni in spite of the lower
amount of CH,.
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SUMMARY

The results show that applied MgAl,O, carrier
was a suitable support for the monometallic cobalt
and nickel and bimetallic CoNi catalysts for ethanol
steam reforming. XANES and EXAFS analyses
show that introduction of nickel to a cobalt catalyst
caused a change of the electronic structure and
improved the redox properties.

The main difference in catalyst performance is
related to variations of CH;CHO, CH,, CO, and CO,
products distribution at different reaction tempera-
tures. The results demonstrate that the main reaction
pathway for ethanol steam reforming over supported
catalysts at low temperatures (up to 400°C) is
ethanol dehydrogenation to acetaldehyde, which is
further decomposed to methane, hydrogen, and
carbon dioxide. WGS and reforming reactions
dominate at higher reaction temperatures (above
400-450°C).

Different catalyst performance can be related to
differences in electronic properties. Dominating
agglomerated nickel metal particles in the mono-
metallic Ni catalyst are responsible for high activity
in hydrogenation of CHy radicals caused by C-C
cleavage. In contrast to this, Co particles in the
monometallic Co catalyst, probably smaller than 4
nm, could easily be oxidized by steam in ethanol
steam reforming that causes a decrease of the
number of active metal centres. The latter led to a
lower catalyst capacity for C-C bond breaking and
formation of acetaldehyde involving O-H bond
scission. Introduction of nickel to cobalt catalyst
caused a strong interaction between Co and Ni,
which stabilized the oxidation state of cobalt to Co°
in the bimetallic CoNi catalyst under reaction
conditions, thus stabilizing the highest hydrogen
selectivity at a lower reaction temperature.

Acknowledgements: ~ The  authors  kindly
acknowledge FAPESP and project FNI E02/16 for
financial support and Brazilian Synchrotron Light
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N3YUABAHE HA HAHECEHU CoNi KATAJIM3ATOPU 3A PEOOPMUPAHE HA ETAHOJI C
BOJIHA ITAPA C IIOMOIITA HA PEHTTEHOBA ABCOPBIITMOHHA CIIEKTPOCKOITIUA

A. Bparal, X. B. Cantoc, C. I[aMHHOBaZ*, X. M. K. ByeHo1

1
Henapmamenm no unsicenepna xumus, @edepanen ynusepcumem na Can Kapnoc, Can Kapnoc, bpasuius
2 P
Hncmumym no kamanus, bvreapcka akademus na naykume, yi. ,,Axao. I'. bonueg ™, 0. 11, 1113 Cogpusa, bvreapus

Ilocrpnuna Ha 10 oktomBpu 2015 r.; Ilpepaborena Ha 17 HoemBpu 2015 1.
(Pesrome)

CuHTE3MpaHH ca MOHOMETAJIHM HHUKEJIOBH M K00anToBu W OumeramHu CoNi KaTalium3aTopH, HAHCCCHU BBPXY
nocuren MgAlL,O4. EnexTpoHHAaTa CTPYKTypa HA KaTalu3aTOpUTE € oxapakTepu3upaHa in Situ ¢ momornra Ha
pPEHTIreHOBa a0COPOIMOHHA CHEKTPOCKOMUs. Pe3ynTatute mMOKa3BaT, Y€ pEAyKIUsATAa Ha KOOAJITOBO OKCHIHU
ChCIUHCHUS B KOOAIT-ChIBpKAIIKM 00pa3im mporuua mpe3 aBa erama: (a) peaykmus Ha Co304 10 CoO um (0)
tpanchopmupane vHa CoO 10 Co®. EnHoBpeMeHHO MPUCHCTBHE HA Co**, Co* 1 Co° ce HabGmoaBa 3a 6Gumeranna CoNi
cUCcTeMa, KaTo MBbPBUST €Tall NPHUKI0YBA IPH I[0-BUCOKA TeMIeparypa Ha penykuus. [IpuchbcTBHETO Ha KOOanT B
6umeranen CoNi Karanu3aTop HE MO3BOJISABA PEAYKLHUATA HA HUKEIOBO OKCHIHM ChCJHHEHHS Ja MPOTHYA MPH I10-
HHUCKa TemIieparypa. Pa3nuuHu etanu Ha peakiusra MpOTHYaT eIHOBPEMEHHO MO BpeMe Ha PEeOPMHUHI HA €TAHON C
BOJIHA TIapa, M3pa3eHO 4Ype3 paslpe/ieiCHHETO Ha PEAKIUOHHUTE MPOAYKTH Karo (YHKIHUS OT TeMmIepaTyparta Ha
peakuusita. ToBa ce IbKM Ha U3MEHCHHETO HA KOHICHTPAIMUTE HA METATHUTE YACTHIU U KUCIOPOA-ChABPKAIIK
ChEIMHEHUS Ha KOOaTa W HUKella B YCIOBHATA Ha MPOTHUYaHe Ha peakuusita. bumeraned CoNi kartanu3aTop mokassa
Haii-BHCOKA CEJICKTUBHOCT MO BOJOPOJ MpPU HHCKa TemrepaTtypa Ha peakimsta (okosno 400°C), koeto ce OoTAaBa Ha
6J'II/13KI/ISI KOHTAKT MCKIY KO6aJ'ITa 1 HUKEJIa CTa6I/IJ'II/I3I/IpaH_l AKTUBHUTC MCTAJIHU KaTAJIUTUYHU LICHTPOBEC.
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Nanosized Cos0, oxide was prepared and modified with palladium. Catalyst samples were characterized by X-ray
diffraction, X-ray photoelectron spectroscopy, transmission electron microscopy, temperature-programmed reduction,
and diffuse reflectance infrared spectroscopy. The catalytic performance of the as synthesized materials was examined
in the reactions of methane combustion and CO oxidation. Finely divided PdO particles were formed on the surface of
the modified cobalt oxides.

Based on diffuse reflectance infrared spectroscopy investigations a Langmuir-Hinshelwood mechanism was
proposed for the oxidation of carbon monoxide on the studied samples up to 150°C. A linearly adsorbed CO species
was formed and involved in the reaction over Pd/Co3;0,4 under these conditions. At a higher temperature, the palladium
surface was mainly covered by dissociatively adsorbed oxygen and the reaction proceeded through the Eley-Rideal
mechanism: chemisorbed oxygen atoms react with gaseous carbon monoxide. A Mars-van Krevelen mechanism cannot
be excluded as well. Carbon dioxide was detected after introduction of a CO+N, mixture into the cell, which indicates
that CO oxidation proceeded most probably due to a reaction between carbon monoxide and lattice oxygen from PdO

and/or Co;0,

Keywords: Pd-modified nanosized Coz;0, oxide, mechanism of CO oxidation, methane combustion.

INTRODUCTION

The design of an effective and less expensive
catalytic system for complete oxidation of methane
and carbon monoxide is an important problem of
modern environmental catalysis. Methane makes the
second largest contribution to the global warming
after carbon dioxide [1, 2]. Methane catalytic com-
bustion has been extensively studied for emission
control and power generation during the last dec-
ades. CO oxidation at low temperatures has attracted
great attention because of its wide applications in
exhaust gas treatment, automotive emission control,
and CO preferential oxidation in hydrogen feed for
use in proton exchange membrane fuel cells [3].

Supported palladium catalysts are widely accepted
as the most active catalysts for both catalytic com-
bustion of methane and low temperature oxidation
of CO [3, 4]. Palladium has been used in three-way
catalysts because of its superior oxidation properties
in comparison with platinum and rhodium. Concern-

* To whom all correspondence should be sent
E-mail: todorova@ic.bas.bg

ing the methane oxidation reaction, the main draw-
back of the palladium catalysts is their deactivation
at high temperatures. Thus, efforts are directed to-
ward searching novel materials or for improving
existing catalysts by better dispersion of Pd on cata-
Iytically active supports, such as premodified alumi-
na, hexaaluminates, etc. [5-7].

The activity of palladium in the reaction of CO
oxidation is dependent on particle size, morphology,
and Pd-support interactions. Highly dispersed species
are considered more active than large particles. The
interfaces between metal and metal oxide phases
probably provide active sites. The support could
play a role as an oxygen-storage material and may
take part in the reaction [8-10]. Recently, Jin et al.
[11] reported a preparation technique for very active
catalysts by depositing palladium on different meso-
porous oxides.

The present work is aimed at developing highly
active catalysts for CO oxidation and methane com-
bustion by a suitable combination between Pd and
nanosized cobalt oxide of controlled size, shape, and
morphology.

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL
2.1 Synthesis of nanosized Cos0,

Cobalt acetate was added to a mixture of double
distilled water and ethanol at a 1:10 ratio in a beaker
and the new mixture was stirred to get a clear solu-
tion. Liguor ammonia was added to this clear solu-
tion. It was then treated hydrothermally at 150°C for
3 h. The black colour precipitate was washed twice
with ethanol and finally dried at 70°C [12].

2.2. Synthesis of Pd/C0304

Cobalt oxide was modified with palladium to
improve the catalytic activity. Before Pd deposition,
the metal oxide was calcined in air at 450°C for 2 h.
Samples were prepared by introduction of the metal
oxide to an aqueous solution of Pd(NOs),.2H,0 to
achieve 0.5 wt.% Pd/Cos;0,. After the impregnation,
a quick evaporation of the solvent was applied in
order to coat the metal oxide particles by a thin layer
of palladium [13]. The samples were finally cal-
cined in air at 450°C for 2 h.

2.3. Catalyst characterization

The specific surface area of the supported cata-
lyst samples was determined by low temperature
adsorption of nitrogen according to the BET method
using a Nova 1200 (Quantachrome) apparatus. Prior
to measurements, the samples were degassed for 5 h
at temperatures in the interval 70-150°C.

X-ray diffraction (XRD) patterns were obtained
on a TUR M62 apparatus, HZG-4 goniometer with
Bragg-Brentano geometry, CoKa radiation, and Fe
filter. XRD data processing was performed using the
X'Pert HighScore program.

Temperature-programmed reduction (TPR) was
carried out using a flow mixture of 10% H, in argon
at a flow rate of 10 ml.min" and a temperature ramp
of 10 deg.min™* up to 700°C. Prior to the TPR
experiments, the samples were treated in argon flow
at 150°C for 1 h.

X-ray photoelectron measurements were carried
out on an ESCALAB MKII (VG Scientific) electron
spectrometer at a base pressure in the analysis
chamber of 5x107"° mbar using a twin anode
MgKo/AlKa X-ray source with excitation energies
of 1253.6 and 1486.6 eV, respectively. The spectra
were recorded at a total instrumental resolution (as it
was measured by the FWHM of Ag 3ds, photo-
electron line) of 1.06 and 1.18 eV for MgKa and
AlKo excitation sources, respectively. The energy
scale has been calibrated by normalizing the C 1s
line of adsorbed adventitious hydrocarbons to 285.0
eV. Spectra processing included a subtraction of X-
ray satellites and Shirley-type background [14]. Peak

positions and areas were evaluated by a symmetrical
Gaussian-Lorentzian curve fitting. The relative
concentrations of the different chemical species
were determined based on normalization of the peak
areas to their photoionization cross-sections, calcu-
lated by Scofield [15].

High-resolution transmission electron micro-
scopy (HRTEM) studies were carried out by using a
FEI Technai G? 20 (200 kV) instrument. The
samples were prepared by dispersion in ethanol and
loading on a holey copper grid.

Carbon monoxide adsorption on Pd/Co;0, cata-
lysts was studied in situ by diffuse reflectance
infrared spectroscopy (DRIRS) using a Nicolet 6700
spectrometer equipped with a high temperature vac-
uum chamber installed in the Collector Il accessory
(Thermo Spectra-Tech). CO was adsorbed from
CO+N, or CO+0O,+N, mixture flows at room tem-
perature. Experiments were carried out on oxidized
(‘as prepared’) catalysts pretreated in nitrogen at
350°C for 1 h.

2.4. Catalyst characterization

Catalytic activity tests were performed using an
integrated quartz micro-reactor and mass spectro-
meter analysis system (CATLAB, Hiden Analytical,
UK). Reactant gases were supplied through elec-
tronic mass flow controllers. The catalysts (particle
sizes of 0.3-0.6 mm) were held between plugs of
quartz wool in a quartz tubular vertical flow reactor
(o = 6 mm). CO and methane inlet concentrations in
air were kept 600 and 900 ppm, respectively.
External mass transfer limitations were minimized
by working at gas hourly space velocities (GHSV)
of 60 000 .

RESULTS AND DISCUSSION

Powder X-ray diffraction studies of the metal
oxide nanoparticles suggest the formation of a cubic
phase for cobalt oxide (PDF 01-080-1539) (Fig. 1).
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Fig. 1. XRD pattern of as synthesized metal oxide before
calcination.

43



S. Todorova et al.: Nanosized cobalt oxides modified with palladium

The size and morphology of the metal oxide
were studied by TEM and the image shown in figure
2 reveals the formation of cube-shaped particles of
cobalt oxide of ~8-10-nm size. These materials are
characterised by high surface area of ~125 m?.g*
value, which makes them ideal for catalytic

reactions.

2Z0h1, 2
=

b

Fig. 2. TEM images of cobalt oxide nanosized particles:
a. as synthesized’, b. after calcination

Palladium or palladium oxide were not detected
in the XRD patterns after Pd deposition and
following calcination. Co3;0,4 particle size calcula-
tion, according to Scherrer equation and TEM
images (Fig. 2B), showed about a two-fold increase
in particle mean diameter after calcination. No
additional increase in Co30, particle sizes was
observed after Pd deposition and following calcina-
tion (Table 1). A decrease in the specific surface
area was found after treatment in air at 450°C for 2 h.
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TPR profiles of the pure metal oxide after
calcination and after Pd deposition are presented in
figure 3.

304 396

H, consumption, a.u.

—T 1
100 200 300 400 500 600 700
Temperature, °C

Fig. 3. TPR profile of cobalt oxides before and after
palladium modification.

The reduction profile of pure cobalt oxide
consists of two overlapping peaks at 326 and 336°C
and other two peaks with maxima at about 373 and
396°C, accordingly. The reduction profiles of the
Co50,4 sample fit well within the stepwise reduction
of the metal oxide (Co30, — CoO — Co) [16]. Two
reduction peaks, registered in both intervals, could
be a result of a bimodal distribution of the cobalt
oxide particles. A particle size effect on the TPR
reduction profile was established: the smaller the
particle size the lower the registered reduction
temperature is. Okamoto et al. have found the same
tendency for reduction of silica-supported Co30, of
different size [17].

Palladium introduction led to a significant
decrease of the reduction temperature of Co030,.
Two major reduction peaks were detected during the
reduction of a Pd/CozO, sample. It is well known
that a noble metal added to a metal oxide catalyst
accelerates the reduction of the latter by supplying
hydrogen via spillover from the prereduced noble
metal particles to the metal oxide [18, 19]. It should
be noted that a separate peak corresponding to the
reduction of Pd oxide (if formed as a separate phase
during the calcination) was not observed in our TPR
experiments. Usually, a TPR peak of noble metal
reduction in supported catalysts is registered at a
temperature below 50°C and even well below the
room temperature. Our results could be due to a low
Pd content and a high Co30,/Pd ratio resulting in a
very small hydrogen consumption by the palladium
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oxide compared to that detected with another metal
oxide.

The chemical state of palladium and cobalt and
the atomic concentrations of the different elements
on the catalyst surface were studied by X-ray
photoelectron spectroscopy (Figs. 4a and 4b). The
XPS spectrum of Pd/Co3O, in the Co 2p region
manifests a binding energy at 780.5 eV and a 2pz,-
2py, splitting of 15.4 eV that are characteristic of
octahedral Co®* ions [20].

Pd3d

A 337.6eV
pd"/Pd=10/90 |

ey

0.5Pd/Co.0,

— T
350 348 346 344 342 340 338 336 334 332
Binding cnergy (¢V)
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«gﬁvﬁﬁ g £
s SIS 305 Ygsnimaes® %
780.5 %,
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—— T
810 305 800 795 790 785 780 VIis 770
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Fig. 4. XPS spectra of a sample after deposition of
palladium and calcination at 450°C for 2 h:
a. Pd 3d region; b. Co 2p.

The binding energy in the range of 337.2-337.6
eV for a palladium-modified sample indicates the
presence of PdO [21, 22]. A third component at
339.6 eV was observed for all samples. It was
smaller than other detected components and contri-
buted by 10-12% to the total Pd signal. This peak
may be associated with Pd** from PdO, [22]. Pd*"
ions in PdO, are highly unstable, but according to
Barr [23] the palladium metal particles, exposed
long enough to air, form palladium oxide with outer-
most layers of PdO, or Pd(OH), on their surface.

In situ DRIRS was used as one of the most
powerful methods to obtain information about the
type of the active sites, their stability and reactivity,
chemical state of the surface under static and
dynamic conditions in a wide temperature interval,
and after various pretreatments. The most frequently
used probe molecule to study supported catalysts is
carbon monoxide due to the sensitivity of the
stretching v(C—O) vibration to the chemical state of

the metal atom(s) to which it is coordinated. The IR
spectra provide knowledge of the relative adsorption
strength that is closely related to the catalytic
activity of the respective sites and allow under-
standing of the CO oxidation reaction mechanism
[24, 25]. DRIRS experiments were carried out to
investigate both the CO adsorption on the surface of
Pd supported on cobalt oxide and the behaviour of
adsorbed CO surface species in flow mixtures of
CO+N, and CO+N,+0,. Infrared spectra of CO
adsorbed on Pd/Co;O, samples are displayed in
figures 5 and 7 and the assignment of the IR bands
is given in Table 2.

LT 2154
1996 1 2164 CO,
@ . o
[F] 1
= ] i c
[~ ! 1
£ -
) 2125 d
w R
8 i
< 3086 1 [C
I b
2103

2000 2200 2400
Wavenumbers, cm’

Fig. 5. DRIRS spectra of Pd/Co30, after: a. 10 minina
flow mixture of 10% CO in nitrogen at room temperature;
b. a stay for 2 h in a mixture of 10% CO in nitrogen at
room temperature; c. a stay for 18 h in a mixture of 10%
CO in nitrogen at room temperature; d. desorption of CO
for 1 min in nitrogen flow; e. desorption for 11 min in
nitrogen flow.

Table 2. Assignment of IR bands (vC—-0O) of adsorbed CO
species [26, 30].

Infrared band assignment

Sample T -
P PI*-CO  Pd"-CO pd’co (Pd%, CO
Pd/Co,0, 2154cm™ 2125cm™ 2086 cm™ 1996 cmt
2103 cm™

Bands at 2154, 2125, 2086, 2103, and 1996 cm™
were registered in the IR spectra of the calcined
Pd/Cos0, sample after admission of the flow
mixture at room temperature. They could be
assigned to linearly bonded CO species on Pd*,
Pd*, and Pd’ and bridge bonded CO to Pd’
respectively [26-29]. According to literature data,
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the formation of mono carbonyl CO-Pd° species is
manifested by a band in the frequency interval of
2100-2050 cm™ [26-29]. In our experiments, this
band appeared at a slightly higher frequency of 2103
cm™'. One possible explanation is that Pd has a
partial positive charge (Pd®) due to a strong
interaction between finely divided palladium and the
support. CO adsorption on metallic palladium with
weak electron-donor properties shifts the band to
higher wavenumbers. A band at the same position
has been observed for CO adsorption on Pd-ZSM-5
[30]. The bands of linearly bonded CO to Pd** and
Pd* species at 2154 and 2125 cm ', respectively, are
overlapped by those of the gaseous CO (Figs. 5 and
7). In all spectra, the bands in the region 2300-2400
cm™' are assigned to gaseous carbon dioxide. XPS
data obtained for the catalysts before CO adsorption
revealed that the main state of palladium was Pd**
and partly that of Pd*. IR bands due to CO
adsorbed on Pd* and Pd° after introduction of a
CO+N, mixture indicate a partial reduction of the
palladium surface even at room temperature.
However, under these conditions the reduction of
the palladium particles in the outermost layer(s) of
their surface was not complete which was confirmed
by very low intensity of the bands at about 1996
cm ' ascribed to bridge-bonded CO to Pd° in the
spectra of Pd/Co3;04. A non-well resolved band at
~2164 cm™ in the IR spectrum of Pd/Co;0, has
been assigned to CO adsorbed on Co®* ions [31].
Weak bands due to CO, in the gas phase registered
in the spectra of cobalt oxide in Figs. 5a and 5b
suggest some reduction process not only with Pd on
the surface of the catalyst but, also, to some extent
with Co* to Co™".

Carbon dioxide detected in the cell after
introduction of the CO+N, mixture indicates that
CO oxidation occurred at room temperature most
probably due to a reaction between CO and lattice
oxygen from PdO and/or cobalt oxide. The increase
in intensity of the bands due to gaseous CO,
accompanied by an intensity decrease and even
disappearance of the bands of the various adsorbed
CO species is visible in the IR spectra of the catalyst
during a 20-h stay of the samples in a mixture of
CO+N;, (Fig. 5¢). This experiment was carried out to
follow the stability of the CO species adsorbed on
the surface metal ions in the Pd/Co30, catalyst and
proved their low stability. The bands assigned to
CO-Pd™* and CO-Pd?* species (2125 and 2154 cm ™,
respectively) disappeared completely in nitrogen
flow at room temperature.

The catalytic properties of palladium-modified
cobalt oxide in the reactions of CO oxidation and
complete oxidation of methane are illustrated in
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figure 6. The catalytic activity of the pure cobalt
oxide in both reactions is given for comparison. H,O
and CO, were the only detectable reaction products
of the methane oxidation. In a recent investigation
[32] we established that the catalytic performance of
Pd/Al,O3 in methane combustion could be improved
significantly by addition of metal oxides of Ni, Co
and mixed Co-Ce, Co-Mn binary oxides. This effect
was attributed to formation of highly dispersed and
well-stabilized Pd or PdO clusters on the support. A
close contact between the palladium and a metal
oxide may increase the concentration of surface
oxygen species around the palladium thus
stabilizing PdO on the surface. We established that
the most promising catalysts were those that contain
cobalt and nickel. Results of the present study
supplement our previous statement, namely, that a
combination between palladium and cobalt oxide
could be used to prepare highly active catalysts for
methane combustion.
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Fig. 6. Carbon monoxide and methane oxidation over
Co30,4 and Pd/Co30, catalysts.

In order to through some light on the reaction
mechanism, DRIRS was used to examine the
oxidation of carbon monoxide in a flow of
CO+0,+N; (1% CO, 10% 0O,) mixture at various
temperatures (Fig. 7). During the flow experiments
at room temperature, the CO oxidation over
Pd/Cos0, produced only one band due to linear
CO-Pd° species. The bands of gaseous CO, were
hardly noticeable under these conditions and their
intensity increased above 150°C.

It is known that slow reaction rates of CO
oxidation over supported Pd catalysts at a low
temperature are a result of strong CO adsorption,
which inhibits oxygen dissociative adsorption on the
same sites [26, 33]. To enhance the catalytic activity
at a lower temperature, supports like CeO,, SnO,,
and MnO,, which can supply active oxygen under
these conditions, have been used. Thus, noble
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metals supported on these supports exhibited a
higher activity at low temperatures, which was sug-
gested to be a result of oxygen provided by the
support to the metal [33].

Absorbance, arb.u.

—— ——
1800 2100 2400 2700

-1
Wave numbers, ¢m

Fig. 7. DRIRS spectra of CO adsorption on Pd/Co30, in a
flow mixture of 1% CO + 10% O, in nitrogen at various
temperatures.

DRIRS data on CO adsorption from a mixture of
10 vol.% CO in nitrogen or 1 vol.% CO + 10 vol.%
O, in nitrogen indicate the following. Firstly, the
CO adsorption on Pd/Co30;, is not stable at ambient
temperature because the bands of different surface
carbonyls disappeared shortly after blowing purge in
nitrogen flow), and secondly part of the palladium is
in reduced (Pd°) state under oxidation conditions.

The Langmuir-Hinshelwood (L-H) mechanism
has been well established as the dominant reaction
pathway when CO is the main surface species [34].
The rate-determining step is reaction between
adsorbed CO and oxygen species. As was
mentioned above, linear bonded CO species were
observed in the IR spectra of a Pd/Cos0, sample
during CO oxidation up to a temperature of 150°C.
Based on this it is possible to suggest that the
reaction mechanism is of L-H type including these
linearly adsorbed CO species and oxygen species.
The CO species are not stable at elevated tempe-
ratures; hence, a larger part of the Pd surface will be
accessible for O, adsorption and next dissociation.
Thus, the chemisorbed oxygen atoms will react with
the gaseous CO through an Eley-Rideal (E-R) type
mechanism. A Mars van Krevelen reaction mecha-
nism involving interaction between CO adsorbed on

a noble metal and oxygen from the oxide com-
ponents is also possible as was demonstrated in our
DRIRS experiments with reaction mixtures of
different nature: reduction (CO+N,) and oxidizing
(CO+0,+N,) combinations that give rise to carbon
dioxide in the gas phase.

CONCLUSION

Finely divided PdO particles have been found to
occur on the surface of Co;0,. A DRIRS investi-
gation revealed three possible reaction mechanisms
of CO oxidation over the studied catalysts: a
Langmuir-Hinshelwood pathway, an Eley-Rideal
mode, and a bifunctional reaction path involving an
interaction between CO species adsorbed on the
noble metal and oxygen entities from a metal oxide
(PdO and/or Cos0,4). The Langmuir-Hinshelwood
mechanism was proposed for CO oxidation over the
studied samples at temperatures up to 150°C.
Linearly adsorbed CO species are formed and
involved in the reaction over Pd/Co50,.

At a higher temperature, the palladium surface is
covered predominantly by dissociatively adsorbed
oxygen and the reaction proceeds through the E-R
mechanism: chemisorbed oxygen atoms react with
gaseous carbon monoxide.
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HAHOPA3MEPEH KOBAJITOB OKCUJT MOJU®ULIMPAH C ITAJIAJIVI 3A OKUCJIEHUE HA
METAH U BBI'JIEPOJJEH OKCHU
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Tlocrprmna Ha 29 centemBpu 2015 1.; Ilpepaborena Ha 20 okromBpu 2015 T.
(Pesrome)

Hano pasmepen Co3z0O,4 € moty4eH ImocpeACTBOM yTasiBaHe Ha KOOAITOB alleTaT ¢ aMOHHEB XUAPOKCU M CIIe/BalIa
xuJporepmanHa oOpaborka. Taka HNPUrOTBEHUAT OKCHJ € HakayleH W Moaubuimpan c¢ nanaauid. KaramuszatopHute
o0pa3mu ca OXapakTepU3UpPaHU C PEHTICHOBA MUQPPAKIUSA, PEHTTCHOBA (POTOEIEKTPOHHA CIIEKTPOCKOINMS, TPAHCMHU-
CHOHHA €JICKTPOHHA MUKPOCKOIIHS, TEMIIEPATYPHO MpOrpaMupaHa peayKuus U Tu(y3uoHHO OTpakaresnHa nHdpauep-
BeHa CreKTpocKonus. KatanTHIHNTE CBOMCTBA HA CHHTE3MPAHUTE MAaTEPHUANIN Ca U3CIE/IBAaHU B PEAKIMUTE HA ITBIHO
OKHCJICHHE Ha METaH W BBIVIEPOJCH OKCHJ. YCTaHOBEHO € oOpasyBaHe Ha ¢uHOancnepceH PdO Ha moBBpXHOCTTA HA
KOOQJITOBUS OKCH]I.

B®3 ocHOBa Ha u3cnenBaHMs C MH(ppauepBeHa CHEKTPOCKONHS € IPEJIONI0KEeHO, Y€ PeakuusITa Ha OKHCIEHHE Ha
CO npu temnepatypu 10 150°C npotuda no mexaHu3sM Ha JleHrMronp-XUHIIETyy A, BKIIOYBALL JUHEHHO CBBP3aHU C
naaiusi MOJIEKYJIM Ha BBIJIEpOIHUS OKcHl. [Ipu mo-Bucoka Temneparypa najajneBara IOBbPXHOCT € IIOKPUTA TJIABHO
OT JIMCOIMATHUBHO a7copOnpaH KUCIOPOA M peakuusaTa MpoAbIKaBa Ype3 MexaHnsma Ha Wmu-Puann: xemucopOupann
KUCIIOPOJIHU aTOMH pearupar ¢ razoo0pa3eH BbIUieposieH okcua. He e m3kimoueH n MmexaHm3MbT Ha Mapc Ban Kpeserner,
mopaau ¢axTa, 4e ce PerucTpupa BBIVIEPOICH AMOKCHU ciel mpomyckane Ha cmec oT CO+N, (6e3 kucmopon), KoeTo
MOKa3Ba, 4e Hail-BEPOSATHO BBIIIEPOIHUAT OKCH]] B3aUMOIeHCTBa ¢ perreTsueH Kucimopoa ot PAdO w/umn Coz0,.
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The purpose of the present paper is to demonstrate an approach to establish Kkinetics parameters of ozone
decomposition aimed at being suitable for further application to design monolithic reactors for neutralization of waste
gases. A catalytic system of Ag/anodized alumina/aluminium foil was selected for this purpose. To obtain Kinetic data
close to plug-flow reactor conditions, the catalyst was tested in the form of 2x5 mm sheets loaded randomly in the
reactor. The same amount of catalyst has been rolled to create tubes of circular cross-section (diameter of 2.5 mm) to
resemble a geometrical configuration of a single monolithic channel. Two kinetic equations of first order and partial
order reaction were selected to fit experimental data. Purification of waste gases containing ozone in a monolithic
reactor was simulated by a two-dimensional heterogeneous model accounting for concentration and temperature profiles

inside both the gas phase in the channel and the catalytic active phase.

Keywords: ozone, catalytic decomposition, reaction kinetics, two-dimensional model, monolithic channel.

INTRODUCTION

The reaction of catalytic decomposition of ozone
is of practical interest for several reasons. Exit gases
from ozonation of wastewater and drinking water,
sterilization, and deodoration contain residual ozone
and because ozone itself is very toxic, these gases
must be neutralized [1]. The catalytic decomposition
of ozone is required for purification of indoor
ventilation air including aircrafts, where ozone peak
levels without catalytic converters exceeds 100 ppb,
with some flights having long periods when these
levels are above 75 ppb [2]. The role of aerosol
particles in depleting the stratospheric ozone layer is
a problem of major importance. There has been long
evidence for a negative correlation between ozone
and aerosols during desert dust outbreaks [3]. In situ
measurements show a significant reduction in ozone
layer under high dust concentrations [4, 5].

Ag-containing catalysts exhibit highest activity
when compared with oxides of Co, Ni, Fe, Mn, Ce,
Cu, Pb, Bi, Sn, Mo, V, and Si [6]. It has been
reported that a silver-based catalyst demonstrate a
remarkable activity and stability even at low tempe-
ratures [7-12]. During the catalytic decomposition
of ozone, a highly reactive oxygen species is
produced that is able to oxidize completely toxic
compounds at room temperature [13]. There is an
increased interest in the complete oxidation of
VOCs (volatile organic compounds) [13-20] and

* To whom all correspondence should be sent
E-mail: naydenov@svr.igic.bas.bg

CO [21, 22] in waste gases by catalytic ozonation.
Most of the available data in the literature related to
the catalytic decomposition of ozone are based on
testing the catalysts in the form of small particles
(sizes below 1 mm) of irregular shape and, at the same
time, significant results on monolithic (structured)
catalysts are missing.

The aim of the present paper was to demonstrate
an alternative approach to establish kinetic parame-
ters of ozone decomposition that are suitable for
further application to design monolithic reactors.
The active phase of the catalyst (Ag) was supported
on a thin layer of y-alumina obtained by anodizing
an aluminium foil. The catalyst had well defined
geometrical characteristics, which were proper for
operation under plug-flow conditions by testing
catalytic samples in the form of rectangular-shaped
sheets thus ensuring almost perfect mixing around
each catalytic element. For tests in a laminar gas
flow inside a monolithic element, the same catalyst
was examined in the form of a channel of circular
cross-section. A possibility to apply the results of
fixed bed reactor experiments by simulating the
behaviour of a monolithic reactor for ozone-con-
taining waste gas abatement by a two-dimensional
heterogeneous model of monolithic channel is also
considered.

EXPERIMENTAL

The catalytic support was prepared by anodizing
an aluminium foil (thickness of 0.30 mm, 99%

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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purity) and rolled to create tubes of circular cross-
section of a 153-mm length and diameter of 2.5 mm
to achieve a geometrical configuration of a single
monolithic channel. Anodizing was applied to
obtain a thin film layer of y-Al,Os, which is suitable
for a catalyst supports for Ag. A scanning electron
micrograph (SEM) of the catalyst revealed an
average thickness of the alumina layer of 15 pm,
while a BET surface area of 14 m%.g ™" was measured
on a Quantachrome Nova 1200 instrument.

A catalytically active phase of 2 wt.% silver,
measured by a Perkin-Elmer atomic absorption
analyser, was deposited on the support by direct
impregnation with an aqueous solution of AgNOs,,
then dried, and calcined at 400°C for 2 h.

The following experimental conditions were
applied to obtain kinetic data. A catalyst sample (12
cm?) was tested in the form of 2x5 mm sheets, then
loaded randomly in the reactor (quartz glass tube,
i.d. 5.5 mm), and mixed with a-alumina spherical
particles of 0.6-0.7-mm size. The pressure drop was
measured to be below 1 kPa and it was disregarded.
Radial concentration profiles and axial dispersion
effects were also neglected.

Ozone was synthesized in a flow of oxygen
(99.7%) using an ozone generator with silent
discharge and coaxial electrodes. The inlet concen-
tration of ozone was varied from 0.04 to 0.17
mol.m=. Ozone concentration was measured by an
Ozomat GM ozone analyser (Anseros, Germany).
The reaction temperature was varied from —40 to
+40°C and was kept with an accuracy of £0.5°C by

means of a thermostat with a mixture of acetone and
dry ice (carbon dioxide, T =-78°C).

RESULTS

The decomposition of ozone on an Ag/anodized
alumina catalyst loaded in the reactor in the form of
2x5 mm sheets proceeds at a measurable rate at a
temperature below —40°C (Fig. 1). Further, analysis
of catalyst behaviour was extended by investigation
of reaction kinetics. To calculate kinetic parameters
both inlet concentration of the ozone and gas hourly
space velocity (GHSV) were varied.

Data on conversion-temperature dependencies
were used to fit Kinetic parameters by applying the
method described by Duprat [23] and Harriot [24].
The results are presented in Table 1. Details on the
calculation procedure were published elsewhere [25].
In brief, it consists of a direct integration of the reac-
tion rate based on data on temperature-conversion
curves by using a one-dimensional pseudo-homoge-
neous model of plug-flow isothermal reactor. The
residual squared sum (RSS) between experimental
data and model predictions was minimized (an
optimization criterion) and the square of correlation
coefficient (R2) was calculated and used as a
measure of model applicability. Values for the
effectiveness factor of first-order kinetics and slab
geometry were calculated by Thiele modulus [26,
27]. Calculations showed that at temperatures above
—10°C, where resistance due to internal diffusion
plays a significant role, the decrease of the
effectiveness factor could not be neglected.

707 (2-3)X(4-6) mm sheets

2 697 —m—0,17 molim’; GHSV = 83 300 h”
G 809 —e—o08 mol/m®; GHSV = 83 300 h”"
O 55 0,04 mol/m®; GHSV = 83 300 h”"
D 0] K008 mol/m* GHSV =103 900 h™
o ] —o—0,08 molim®; GHSV = 62 200 h"
c 45
2 40
=5 |
8_ 35 : effectiveness
g 301 factor = 1
8 25
3 20
GCJ 15 single monoilithic channel
S 40 % C,,.., = 0,08 mol/m®; GHSV =40 000 h”
N ozone
O 5] v experiment, D = 2.5 mm; L = 153 mm

0] T —— model prediction, isothermal

— T

T T T T T T T T
-50 -45 -40 -35 -30 -25 -20 -15 -

10

T T T T T T T T T "1
-5 0 5 10 15 20 25 30 35 40 45

Temperature, °C

Fig. 1. Measured conversions of ozone decomposition over Ag/anodized Al-catalyst tested
under conditions of plug-flow reactor and single monolithic channel with circular cross-
section: comparison with model prediction.
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Table 1.

Model Ko E.. m RSS R
First order kinetics:
I’a:kPOS 2.25E+12 52.0 1,7 0.988
Power-law kinetics:
ra:kPoT 2.25E+12 527 095 1.6 0.989

k = Ko.exp(—Eo/RT); E, kd.mol™; k,, mol.s *.m~.atm ™™,

In general the heterogeneous catalytic decompo-
sition of ozone can be presented by the following
scheme [28]:

03+() —850, +0, @

0, +6,—2 () +20, 2)

rzzﬂ_po A3)
k,+k, ™

Obviously, equation (3) applies for a first-order
reaction (stoichiometric equation is 203 — 302).
However, the present experimental results show an
increased conversion value at a lower inlet concen-
tration of ozone, i.e. the observed reaction order is
somewhat lower than unity. A similar observation
has been reported by Oyama and Li [29]. These
authors proposed a simple rate expression of global
kinetics: a power rate law dependence on ozone
partial pressure that was linear over several orders
of magnitude of ozone partial pressure change,
r= kP0'94.

Results of fixed bed reactor tests were applied to
simulate the behaviour of a monolithic reactor for

T =25 °C; ozone: 0.12 mol/m® in air; GHSV = 40 000 h™

D=2.5mm;L=153 mm

T

inlet

D=2.5mm; L =390 mm

= 40 °C; ozone: 0.13 mol/m’® in air; GHSV = 15700 h™

abatement of waste gases containing ozone. A two-
dimensional heterogeneous model of monolithic
channel was used to simulate ozone decomposition
in a monolithic reactor. The basic principles of the
model have been described in detail by Belfiore [28]
and Nauman [29]. A single channel model was the
subject of mathematical description. A finite differ-
ence method was applied and the corresponding
computational code was written by using a standard
Excel® (Microsoft) program. Verification of the
model was performed by a comparative calculation
with the corresponding analytical solutions for
certain boundary cases.

Figure 2 shows results of experiments with the
monolithic element and calculations using the
Kinetics parameters as given in Table 1. Channel
dimensions were selected in a way that channel area
be the same as for a tested sample in a fixed bed
reactor in the form of rectangular shaped sheets. The
results are related to calculated conversion and
temperature profiles inside the monolithic channel
using data on first-order reactions at different
channel dimensions (diameter and channel length),
gas-hourly space velocities, inlet ozone concentra-
tions, and data on an isothermal or adiabatic reactor
operation. Furthermore, it was of practical interest
to calculate the necessary amount of catalyst to
achieve a specified degree of waste gas purification
(e.g., if 98% of containing ozone is to be decom-
posed or to simulate the process in monoliths at a
different channel/aspect ratio). For the purpose,
experimental results acquired by means of an
isothermal laboratory reactor (Fig. 2a) were used to
simulate the abatement of methane containing gases
under adiabatic conditions (Fig. 2b).

Isothermal operation

Active layer tickness: 1.5.10°m

D
o

Conversion, % a

adiabatic operation

Conversion, % b

Fig. 2. Experimental (a) and calculated (b) conversion profiles inside the monolithic
channel at a different channel length using the obtained data on first-order kinetics.
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The proposed experimental approach can also be
used to collect data on a detailed reaction mechanism
by applying the co-called transient response method,
first developed by Kobayashi [30]. It is based on
analysis of the response of the catalytic system
when a fast step-wise change of reaction parameters
is applied.

CONCLUSION

Based on experimental results and performed
calculations one may conclude that the reaction of
catalytic decomposition of ozone was investigated
under proper experimental conditions and data on
further application to design structured (monolithic)
reactors for abatement of ozone in waste gases could
be provided.
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KATAJIMTUYHO PA3JIAAHE HA O30H — OT JIABOPATOPEH PEAKTOP C HEHIOJIBVJKEH
CJIOU KbM OPA3SMEPABAHE HA MOHOJIMTEH AAMABATEH PEAKTOP

Auwur. Un. Hatinenos

Hucmumym no obwa u neopeanuyna xumus, bvizapcka akademus na naykume,
ya. ,,Akao. I'. Bonues*, 6n. 11, 1113 Cogus, Fvaeapus

Ilocrpnnna Ha 29 centemBpu 2015 r.; Ilpepaborena Ha 28 okromBpu 2015 1.
(Pe3srome)

Ilenta Ha HacTosmiaTa paboTa € Ja Ce MOKaXKEe BB3MOKHOCTTA 3a ONPEACISIHC HA KHUHCTHYHHTE MapaMeTpH Ha
peakuusaTa Ha KaTaIMTUYHO pasjaraHe Ha O30H C Orje] MOCIeABAIl0 UM NPUIIOKEHUE MPH Opa3MepsBAaHETO Ha
MOHOJIMTHH PEaKTOpPH 3a O0C3BpexkIaHe Ha OTHaIbuHU Ta3oBe. Karanutuunata cucrtemMa Ag/aHonupaH
aNyMUHHN/QTyMHHIEBO (oo O¢ m30paHa 3a HACTOSIIOTO M3CIIEBAHE. 3a MOJlyyaBaHEe HAa JaHHU 32 KAMHCTHKATA MPH
YCIIOBHS B peakTopa, OJHM3KHU J0 PSKUM Ha HIICATHO U3MECTBAHE, KaTalIM3aTOPBT O€ TeCTBaH MO (popMara Ha JICHTH C
pasMepu 2x5 mm, 3apefeHu B HEMOAPEAeH BUJ B KaTAIUTUYHHS peakTop. OT CHIIOTO KOJIWYECTBO KaTanu3aTtop Osxa
n3paboTeHN W TPHOHHM E€IEeMEHTH C KPBIJIO CEYeHHE C IUAMETBp 2.5 MM ¢ men noOnmkaBaHE IO T€OMETPHYHHTE
XapaKTePUCTHKH Ha COUHWYCH KaHAI OT MOHOJUTCH KATaIUTHYCH eJEMEHT. 3a M3YUCISABAaHC HA KUHCTUIHHUTE
mapaMeTpu Osxa MoaOpaHW JBE ypaBHEHHSA: OT IBPBH H OT APOOCH TMOPSOBK CHOpsMO 030HAa. OUYHCTBaHETO Ha
OTIAABYHA Ta30BE, CHIBPIKAIIN 030H, O CHMYJIHPAHO Upe3 IBYMEPCH XETEPOTeHEH MOJEN Ha PeakTop, MPeABIDKIAI]
KOHIICHTPAIIHOHHUS U TEMIIEpaTypHHS PO KaKTO B Ta30Ba (as3a, Taka ChIIO U B aKTHBHATA (pa3a Ha KaTanm3aropa.
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B-site substituted perovskite compounds LaCuysMngs03 and LaCug4sPdgosMnosO; were synthesized by urea-
assisted combustion method and considered for further application as catalysts for methane combustion. Palladium
substitution for copper in terms of effect on catalyst structural and physicochemical properties has been investigated by
using X-ray diffraction (XRD), low-temperature adsorption of nitrogen (BET), and scanning electron microscopy
(SEM). Results showed that incorporation of palladium into perovskite crystal structure brings about a material of high

thermal stability and improved catalytic properties compared with non-substituted LaCuysMngs0s..

Keywords: perovskite, Pd-substituted perovskite, methane catalytic oxidation, XRD, SEM, BET.

INTRODUCTION

Methane accounts for 14% of the total amount of
greenhouse gas (GHG) emissions originating from
mines, agriculture, and gas facilities [1]. There are
some considerations for assessing a new value for
methane global warming potential (GWP). The
Environmental Protection Agency (EPA) recently
proposed raising methane's GWP value from 21 to
25 [2]. The European Union (EU) tackles methane
emissions together with other GHG emissions,
planning a reduction in the EU's greenhouse gas
emissions by 20% in 2020 compared to 1990 [2].
The emission of methane can be used as a fuel in
combustion processes as well as in thermal and
catalytic reverse flow reactors, catalytic monolith
combustors, catalytic lean burn gas turbines, recu-
perative gas turbines, or concentrators [3]. Neutra-
lization of gases containing methane can be realized
by variety of methods, one of them being the
complete catalytic oxidation [4,5]. In the case of
complete oxidation of methane, palladium and
platinum are the most widely used metals because of
their high activity [6-9]. It was found that Pd is
more active than Pt for methane oxidation, and most
of the research works have concentrated on Pd as
the active component in recent years. Most studies
have primarily focused on the use of alumina as the
supporting material for Pd-based catalysts [7-10],
and these studies have shown that the activity of
each catalyst is influenced by many factors, e.g.

* To whom all correspondence should be sent
E-mail: didka@svr.igic.bas.bg

precursor, support, Pd loading, calcination tempe-
rature, morphology of the Pd crystallites, catalyst
pretreatment procedure, and reaction conditions.
The main disadvantage of Pd catalysts is their
instability and high price. In recent years, a lot of
research effort has been focused on the synthesis of
perovskite-type oxides as possible catalysts in the
process of catalytic combustion [11]. Perovskites
are characterized by a general ABO; structure and
remarkable heat resistance [11,12]. The perovskites
can be modified in terms of non-stoichiometry and
partial substitution by varying the types of atoms at
the A and B sites thus providing an opportunity to
prepare different perovskites with possible applica-
tion as catalysts in the reaction of complete oxida-
tion of methane. Since the type of B-site cations
determines the catalytic properties of perovskite-
type oxides, the B-site substitution of perovskites was
considered an effective way to modify their catalytic
properties due to generation of new lattice defects,
mixed valence states, and nonstoichiometric oxygen.

The aim of the present study was to investigate
the effect of introducing a noble metal into the
perovskite structure as a low-level substituting
element. B-site substituted perovskites,
LaCugsMngs05; and LaCug 4sPdg 0sMng 503, obtained
by urea-assisted combustion synthesis, were selected
and investigated for further application as catalysts
in methane combustion.

EXPERIMENTAL

LaCUo.5Mn0_503 and LaCUQ_45Pd0.05Mn0.506
samples were synthesized by solution-combustion

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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method using a stoichiometric mixture of the
corresponding metal nitrates as oxidizers and urea as
fuel. Initial compounds were dissolved in appro-
priate amount of distilled water. The clear solution
was evaporated on a laboratory heater. After eva-
poration a self-initialized ignition process occurred.
Combustion resulted in a fine powder residue. The
sample LaCuosMngsO; was thermally treated at
550°C for 30 min., after that at 750°C for 1 h, and
finally treated at 1100°C for 5 h. The
LaCug 45Pdo.0sMnosO3 sample was thermally treated
at 550°C for 30 min, then at 750°C for 1 h, and
finally at 1100°C for 2 h. Palladium substitution for
Cu with reference to influence on structure and
morphology was studied using X-ray diffraction of
Bruker D8 Advance with Cu Ko radiation and
LynxEye detector. Powder diffraction patterns were
collected between 10 and 120 degrees 26 with a step
of 0.02 degree 20 and counting time 175 s/step.
Phase identification was performed by Diffracplus
EVA wusing ICDD-PDF2 database. The mean
crystallite size was determined based on all peaks
within recorded powder patterns using whole
powder pattern fitting with Topas-4.2 software
package and fundamental parameters of the peak
shape description including appropriate corrections
for instrumental broadening and diffractometer
geometry. Rietveld refinement of the structural
parameters was performed with Topas 4.2.

Specific surface area of the catalyst samples
(Sger) was determined by low-temperature adsorp-
tion of nitrogen according to the BET method using
a Quantachrome NOVA 1200 apparatus. Sggr was
calculated applying the Brunauer, Emmet and Teller
(BET) equation for N, relative pressure within the
range of 0.05 < P/P, < 0.30.

Elemental composition as well as morphology
and microstructure of the catalysts were studied by a
JEOL-JSM-6390 scanning electron microscope
equipped with energy dispersion spectroscopy
(EDS) with (Li, Si) detector.

Catalytic activity tests were carried out by means
of a CATLAB Hiden Analytical apparatus equipped
with a mass-spectrometer in a continuous-flow type
quartz-glass reactor at atmospheric pressure. The
following testing conditions were applied: catalyst
bed volume of 0.5 cm?®, irregular shaped particles of
0.7-mm average diameter, and inner reactor dia-
meter of 7.0 mm (Dreactor/Dparticles = 10). The gaseous
hourly space velocity (GHSV) was fixed at 12000 h™.
Water vapour effect on the methane combustion was
also investigated.

RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of the
LaCUO.5Mn0_503 and LaCUO.45Pd0_05Mn0_503 Samples
heated at 1100°C. Both patterns show diffraction
peaks corresponding to the perovskite structure
displayed by both samples. For both samples heated
at 500°C, XRD analysis indicates formation of a
La,CuQ, impurity phase. After thermal treatment of
the LaCugsMnys03 sample at 750°C the amount of
La,CuQ, phase is decreased. Upon further heating at
1100°C, the La,CuO,4 phase disappears completely.
In LaCug4sPdggsMnos0s5, the amount of La,CuQO,
phase was very small even after heating at a
temperature of 750°C. This fact indicates that the
presence of Pd suppresses the formation of La,CuQ,
phase in favour of the perovskite phase.

a-LaCu, Mn_ O

050573

b-LaCu, ,.Pd; ,MnO,

045 ~0.05

Intensity [a.u.]

20 [deg.] CuK

Fig. 1. XRD patterns of LaCugsMng 503 and
LaCUo.45Pdolo5Mn0.503 heated at 1100°C

Power diffraction patterns of both samples heated
at 1100°C can be indexed in orthorhombic space
group Pbnm with very close unit cell parameters. A
Rietveld structure refinement was performed.
Refined parameters were unit cell parameters, line
profile parameters, zero shits, background para-
meters, positional parameters, occupancy, and
thermal displacement parameters of ions in the
structure. Preferred orientation effects were not
included. Results of the structure refinement are
shown in tables 1 and 2. The present results show
systematic changes in unit cell parameters after
doping with Pd. The polyhedral crystal structure of
orthorhombic perovskite is presented in figure 2.

A calculation of cell deformation index was
performed by using the following equation: ap =
(a/N2 + bA2 +c/2)/3 [13]. An estimate of poly-
hedron deformation parameter was carried out
through the equation: A = Y[(ri-r)/r]/n x10°, where r
is the individual bond length (A—O or B-0), and n
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is the number of bonds [14]. The results are
presented in Table 3. It is seen that palladium
introduction to the perovskite structure decreases the
deformation level, thus stabilizing the structure.
Elemental analysis results for a sample of
nominal composition LaCuysMnys03 are presented
in table 4, while table 5 gives data on a sample of
nominal composition LaCug 45Pdg.0sMng 503.
Obviously, the experimental elemental composition

of both samples is close to the corresponding
nominal composition.

Fig. 3 shows SEM images of the samples at
different magnifications. It is seen that the
LaCugsMnys0; sample is a ceramic material with
smooth surface, while LaCugsPdgosMngsO; is a
material containing particles with well-developed
porous surface.

Table 1. Crystal structure data on LaCugsMnos03; SG. Pbnm a = 5.5225(1) (A), b =5.4800(1) (A), c = 7.7680(2) (A)

Site N X y z Occ Bizo
A 4 0.0002(7) 0.5192(2) 1/4 (Lat3) 1 0.94(2)
B 4 0 0 0 (Mn+4) 0.5 0.51(3)
(Cu+2)0.5 0.51(3)
01 4 —-0.078(2) 0.003(2) 1/4 (0-2)1 1.3(2)
02 8 0.220(2) 0.289(2) 0.022(1) (0-2)1 1.3(2)

Table 2. Crystal structure data on LaCug 4sPdg,0sMngsO3 SG. Pbnm a = 5.52702(5) (A), b = 5.48809(6) (A),

c=17.77305(8) ()

Site N X y z Occ Bizo
A 4 0.0029(4) 0.5224(1) 1/4 (La+3) 1 0.68(2)
B 4 0 0 0 (Mn+4) 0.5 0.67(3)
(Cu+2) 0.45 0.67(3)
(Pd+2) 0.05 0.67(3)
01 4 0.084(2) 0.002(2) 1/4 (0-2)1 1.1(2)
02 8 0.226(2) 0.271(2) 0.030(1) (0-2)1 1.1(1)

Table 3. Structure deformation indicators

LaCuosMng 503 LaCug 45Pdo.0sMng 503
cell deformation 4.75 4.13
index
deformation of 0.2158 0.0799
octahedron

Table 4. Theoretical and experimental atomic percentage
of LaCugsMng 503

Atomic % La Cu Mn (0]

20 10 10 60
20.35 10.61 9.25 61.13

teoretical
experimental

Table 5. Theoretical and experimental atomic percentage
of LaCU0.45Pd0.Q5Mn0.503

Atomic % La Cu Pd Mn (0]

teoretical 20 9 1 10 60
experimental  24.65  9.91 0.99 10.93 55.52
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Fig. 3. SEM photograph images of LaCugysMnqs05 (left
column) and LaCug 45Pdg 0sMng 505 (right column) at
different magnifications.

20KV X5,000 5pm 10 38 SPI 10 38 SEI
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Fig. 4. Catalytic activities of LaCugsMny 503 and
LaCug 45Pdg 05sMng 505 in reaction of complete oxidation
of methane.

Figure 4 displays comparative results of the
catalytic  activities of LaCuysMngsO;  and
LaCug 4sPdo.0sMngsO; samples in the reaction of
complete methane oxidation. Evidently, the catalytic
aCtiVity of LaCug.sPdyosMng 505 is hlgher than that
of LaCugsMngsOs. This fact cannot only be
explained by a difference in specific surface area
(0.6 m%g™' and 0.2 m?.g™", respectively). Calculated

values for the rate constants at 500°C show a ratio
of 6.8:1 in favour of the palladium containing
catalyst. As the observed activation energies
(assuming first-order kinetics) for both samples
have almost the same values (~105 kJ.mol™), this
fact gives an opportunity to compare the pre-
exponential factors (10.2:1). It is seen that water
vapour has an inhibition effect on the Pd-containing
sample. The reaction rate is also dependent on
oxygen content in the gas phase thus revealing a
more complicated reaction mechanism than that
described by simple first-order kinetics.

CONCLUSIONS

Urea-assisted combustion synthesis was proved
an appropriate method for synthesis of B-site
substituted  perovskite compounds. Palladium
substitution for copper has influence on the
structural and physicochemical properties of the
catalysts demonstrating that Pd incorporation into
perovskite crystal structure gives rise to a material
of high thermal stability and bettered catalytic
properties  compared  with  non-substituted
LaCugsMngs0s.
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ITBJIHO OKMCJIIEHME HA METAH BBPXY 3AMECTEH C HAHAI[HPI I[TEPOBCKUT
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Tloctbrnuna Ha 25 centemBpu 2015 r.; IIpepadotena Ha 3 nekemBpu 2015 .
(Pesrome)

3a mony4yaBaHe Ha B-kaTHOHHO 3amecTeHH MEepOBCKUTOBH CbcTaBu LaCuysMngsOs; u LaCuggsPdgosMngsO; 6e
W3IIONI3BaH METO/a CHHTE3 4Upe3 HM3rapsHe OT Pa3TBOp C HW3MOJ3BAHE HAa TOPHBO ypes C OTJeld BB3MOXKHOTO UM
MPUIOKEHNE KAaTO KAaTalW3aTOpW 3a M3rapsiHe Ha meraH. BrusHuero Ha 3amectBaneto Ha Cu ¢ Pd Bepxy dusuko-
XMUMHUYHHUTE CBOWCTBA Ha KaTalu3aTOpUTe Oellle M3CIeIBAHO C MOMOIITA HA MpaxoBa peHTreHoBa audpaxiwms (PJ),
HUcKoTemnepatypHa aacop6mus Ha a3oT (BET) m ckanmpama enextponHa mukpockonus (CEM). Pesynratute 3a
BIMSIHACTO Ha mayiaaus npu 3amectBaHero Ha Cu moka3BaT, ue BKIHOYBAaHETO HA Pd B KpucTasiHaTa CTPYKTypa BOIH 10
MoJiyyaBaHe Ha MaTepuall C MO-BHCOKA TEPMHYHA CTAOMIHOCT U C MOJA0OPCHU KATAIUTHYHH CBOMCTBA B CPABHCHHE C
LaCugsMng50s.
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Cobalt-silica-carbon composites were prepared by sol-gel method and tested as catalysts for NO reduction by CO.
Active carbons of different texture parameters were used for synthesis of these composites. A cobalt-silica composite
was also prepared for comparison purposes. The catalysts were characterized by low-temperature nitrogen adsorption,
X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) and tested in NO reduction by CO up to 300°C.
Carbon-containing composites were found to exhibit a considerably higher activity in NO reduction by CO than a
cobalt-silica catalyst even at low temperatures. A significant difference in transient responses between carbon-
containing and carbon-free composition samples was observed revealing different rate controlling steps of the reaction.
Carbon presence in cobalt-silica-carbon composites greatly influenced their microstructure including Coz0, crystalline
domain size, surface area, surface composition, and oxidation state, which strongly affected catalyst performance. An
increased activity could be due to cobalt sites of different oxidation state with silicon and carbon atoms in their vicinity.

Keywords: silica-carbon composites, sol-gel method, cobalt catalyst, NO reduction by CO.

INTRODUCTION

NOx gases from stationary and mobile
combustion sources induce a negative impact on the
environment. Various methods for removing these
emissions have recently been developed. Selective
catalytic reduction (SCR) has been found to be an
effective means for NOx removal by catalytic
reduction to nitrogen in presence of reducing agents.
Many active metals (Pd, Rh, Pt, Cu, Ni, Fe, Co, V,
Mn, and Zn [1-4]), and catalyst preparation
techniques (impregnation, sol-gel method, and co-
precipitation [5-7]) have been studied. It is known
that plenty of industrially applied catalysts consist
of metals or metal compounds supported on a
suitable support, the main role of which is to
maintain the active phase in a highly divided state.
However, it is proved that the role of the support is
not only that of a carrier but it may contribute to the
catalytic activity and can also react to some extent
with other catalyst ingredients during preparation.
Further, the interaction between active phase and
support can affect the catalytic activity. Among
many possible supports, practically only three
combine an optimal chemical composition, surface
area, stability, and mechanical properties, and they
account for the most widely used industrial
supported catalysts: alumina, silica, and carbon [8].
One of the most active catalysts for NOx elimi-
nation, that was expected to replace noble metal

* To whom all correspondence should be sent
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catalysts, has been found to be a cobalt-based mate-
rial [9-12]. In order to achieve high cobalt disper-
sion and reduce costs, various supports have been
used, including silica, alumina, titania, and carbon.
The structure of these supports and their properties,
such as pore diameter, pore volume, and surface
area can significantly influence cobalt dispersion and
catalyst reducibility and activity/selectivity. Song
and Li [13] have studied Co/SiO, catalysts with
silica pore sizes of 2.4-15.8 nm and have found that
larger SiO, pore sizes caused the formation of larger
Co30, crystallites, but the larger sizes also resulted
in lower Co dispersion. Mesoporous silicas, MCM-
41 and SBA-15, of different pore diameters [14-15]
have also been selected to evaluate the effect of
support porosity on cobalt dispersion. Compared
with conventional metal oxide supports, active
carbons (AC) display special properties, such as
high purity, high mechanical strength, good elec-
trical conductivity, and large surface area [16-19],
and they are increasingly attracting considerable
attention as potential supports. Fu et al. have found
that carbon structure and cobalt dispersion deter-
mine CO conversion [20]. A high catalytic activity
has been achieved by an active finely dispersed
copper phase on an AC support [21]. Acidic
pretreatment of the support was found to be
favourable in SCR of NOx [22]. Silica is able to
adsorb various gaseous and liquid compounds via
both isolated and H-bonded surface OH groups.
Wide applications of carbons are associated with
surface hydrophobicity, good thermal stability, high

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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surface area, and large pore volume. It was of
interest to combine a few properties of two types of
material, i.e. hydrophilic silica and hydrophobic
carbon, and to use the resulting material as a support
for cobalt catalysts in NO reduction. A better under-
standing of the relationship between support features
and catalytic performance of the cobalt catalyst is
important for designing a better cobalt catalyst.

The objective of this study was to investigate
composite catalysts based on cobalt, silica, and
different ACs in the reduction of NO by CO and to
find a relationship between composite porous
characteristics and catalytic performance.

EXPERIMENTAL

Sol-gel prepared cobalt-silica-carbon composites
were prepared by adding Co(NOs),, tetraethyl
orthosilicate (TEOS), and carbon during the sol-gel
process using an alkaline catalyst (NH,OH). TEQS,
HNO;, ethanol, and water were placed in a glass
tube at room temperature and heated upon stirring to
a temperature of 80—85°C under reflux conditions.
The solution was kept at this temperature for 2 h.
After that, the necessary amounts of metal nitrate
and carbon were added into the mixture and stirred
for 1 h. To obtain gel, NH,OH was introduced to the
solution. After aging for a day, the composites were
dried at 120°C to obtain homogeneous solid
catalysts, which were calcined at 300°C for 4 h.
Inserted carbon and cobalt were 8 wt.%. Three
hydrophobic active carbons (AC1, AC2, and AC3)
of different texture parameters were used to prepare
the catalysts, where AC1 was made of apricot shells,
whereas AC2 and AC3 originated from coal and
coconut shells, respectively. The samples were
denoted as Co/Si-AC1, Co/Si-AC2, and Co/Si-AC3.
A carbon-free catalyst, Co/Si, of the same cobalt
content was prepared for comparison purposes.

Texture characteristics were determined by low-
temperature (77.4 K) nitrogen adsorption on a NOVA
1200e apparatus (Quantachrome Instruments, USA).
Nitrogen adsorption-desorption isotherms were
analysed to evaluate specific surface areas (Sger),

based on the BET equation, and total pore volumes
(Vy), estimated in accordance with Gurvich rule.
Values of micropore volume (V), specific surface
area related to micropores (Syy), and external spe-
cific surface area (Sex) were assessed according to
the V-t method [23]. Additionally, pore size distri-
butions were calculated applying the NLDFT method
using equilibrium models with cylindrical pores (for
silica), a slit shape (for carbon), and slit-shaped/cy-
lindrical pores in carbons (for silica-carbon) [24].

Powder XRD patterns were collected within the
range of 10 to 80° 20 on a Bruker D8 Advance
diffractometer with Cu K, radiation and a LynxEye
detector. Average crystallite sizes were evaluated by
using Scherrer equation.

XPS measurements were performed in the UHV
chamber of an ESCALAB-Mk Il (VG Scientific)
electron spectrometer with Al Kal,2 radiation (hv =
1486.6 eV). The surface composition was obtained
from the ratio of the corresponding intensities of
C 1s, O1s, Si2p, Co2p photoelectron peaks cor-
rected by the Scofield’s [25] photoionization cross-
sections. The spectra were calibrated according to
the Si 2p peak at 103.4 eV.

The catalytic experiments were carried out in a
flow apparatus with an isothermal flow reactor in
the temperature range of 20-300°C. After each
catalytic measurement a tempera-ture-programmed
desorption (TPD) run at 25°C was carried out. The
transient response method was used to study the
interaction between gas phase and catalyst surface.

RESULTS AND DISCUSSION

Table 1 presents adsorption properties of initial
carbon materials and prepared composites.

Texture parameters of the initial ACs as specific
surface area, pore volume, and micro-meso porosity
are quite different. The resulting composites have
specific surface areas more close to the cobalt-silica
composite than to AC ingredients. However, addi-
tion of carbon led to increased Sger and decreased
V. compared to the pure cobalt-silica. Carbon micro-
porosity reflected strongly micropore availability of

Table 1. Texture parameters of active carbons, cobalt-silica, and cobalt-silica-carbon composites

SBET Sext VT Vmi Vmes Vmi/Vmes Dav
Sample ng—l ng—l Cmsg’l cm3g’1 cm3g’1 nm
AC1 700 158 0.38 0.22 0.16 1.38 2.2
AC2 804 183 0.50 0.25 0.25 1.00 2.5
AC3 1108 232 0.55 0.38 0.17 2.24 1.9
Co/Si-ACl 553 222 0.34 0.14 0.20 0.70 25
Co/Si-AC2 579 418 0.39 0.07 0.32 0.22 2.7
Co/Si-AC3 565 199 0.30 0.16 0.14 114 21
Co/Si 533 349 0.30 0.08 0.22 0.35 24
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the composites. For the Co/Si-AC2 composite, the
main part of the pore volume belonged to the meso-
porous space with a minor contribution of micro-
pores. Additionally, this sample had the highest
specific surface area and pore volume.

Figure 1 displays adsorption-desorption isotherms
(a) and pore size distribution (PSD) curves (b) of the
composites (shifted). One can see differences in
porous texture.

The adsorption-desorption isotherms are of the
I/1V type according to IUPAC classification. They
reveal influence of texture parameters of the ACs
modifiers on the sol-gel process in presence of
cobalt. The role of the cobalt salt in the process is
most clearly evident with the Co/Si sample, which is
a fine mesopore material, so Co is related primarily
to reducing mesopore size (Fig. 1b), as also reported
in Ref. [26]. AC3 is a micro-mesoporous material
having the highest specific surface and external area
whereas Co/Si-AC3was a composite of the most
developed microporosity due to AC3 contribution.
The slope in the isotherm is a result of adsorption
along with capillary condensation on the external
surface. The hysteresis loops observed with Co/Si-
AC2 and Co/Si-AC1 indicate at least a bidisperse
mesoporous texture due to conflicting contribution
of the two modifiers: cobalt and active carbon. One
could suggest that if cobalt contributed to a fine
pore formation, AC might have led to larger pores
including formation of globules on the external

surface. As used ACs could sorb cobalt ions, they
counteracted the effect of Co and caused the
occurrence of areas of different thickness.

XRD data are shown in figure 2. The diffraction
pattern at around 22.5° with a broad peak could be
attributed to amorphous silica with a contribution of
broad diffraction features due to a turbostratic struc-
ture of disordered carbon (expected at 26.5°).

A Co/Si sample (PDF 71-4921) with crystallite
sizes of ~10 nm demonstrates well-defined reflec-
tions, which are typical of CozO,4: 26 19.1°, 31.45°,
37.06°, 45.07°, 59.71°, 65.64°. No shift of diffract-
tion peaks was observed with respect to a conven-
tional Co30, spinel indicating that no Si-containing
solid solution has been formed. At the same time,
small reflections, typical of Cos;0,4, were registered
for the AC-containing samples, probably due to
higher Co dispersion (Fig. 2) and smaller particle
sizes. The average diameter of the crystallites in
these cases, based on calculations by Scherrer equa-
tion, was about 6-7 nm, thus indicating higher
dispersion of the cobalt particles in the carbon-
containing composites.

XPS measurements were carried out to inves-
tigate the presence, content, and chemical state of
silicon, carbon, cobalt, and oxygen in the samples.
Surface compositions derived from respective peak
areas are given in Table 2. XPS spectra of Si 2p and
O 1s (not presented) indicate that these elements are
mainly in the SiO, oxide form.
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Fig. 1. Adsorption-desorption isotherms (a) and pore size distribution (b) of synthesized composites.
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Fig. 2. XRD patterns of cobalt-silica-carbon and cobalt-
silica composites.

Figure 3 discloses XPS spectra of C 1s (a) and
Co2p (b) of the investigated catalysts. For the
cobalt-silica-carbon composites, one peak at 284.8
eV was registered in the C1s spectra. Binding
energies (BEs) of about 284.8-285.2 eV could be
attributed to overlapping peaks of sp’- and sp*-
hybridized as well as adventitious carbon phases
[27]. Evaluation of Co2p narrow scans allows
assigning cobalt oxidation state. Co*" and Co®* ions
could be distinguished by the binding energies and
intensities of shakeup peaks. Whereas Co*" ions
show only very weak shakeup peaks with a main
signal at ~791 eV, Co*" has pronounced shakeup
peaks at about 785 and 801 eV [28]. The binding
energies of the Co 2ps, and Co 2p,, peaks are at
780.4 and 795.9 eV, respectively, with splitting
energies at 15.5 eV indicating that Co3O,4 has been
mainly in the form of a spinel phase [29, 30]. The
Co 2p spectra were further deconvoluted into Co**
and Co*, respectively. Co2p peaks at ~779.6,
789.3, 795.1, and 804.8 eV are characteristic of
Co®**, while the peaks at 781.6, 786.8, 797.1, and
802.3 eV correspond to Co*".

Shakeup satellites at about 787.1 eV, the latter
being an intermediate value compared with that for
CoO (785 eV) and Co30, (789 eV) [28], indicate a
higher presence of Co®* species on the surface
compared to stoichiometric Cos0, (Fig. 3 and Table
2). Such a surface enrichment in Co* has been
registered for cobalt-silica catalysts [31]. However,
the AC containing composites have more Co?
species evidencing a reductive role of the carbon
along with supporting higher dispersion of the
cobalt particles (Fig. 3 and Table 2).

XPS studies indicate that cobalt ion distribution
over the surface and into the bulk is dependent on
carbon ingredient type used and micro-mesoporous
space formed. Cobalt particles penetrate into the
bulk if the mesopore volume is higher (Co/Si-AC2)
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and stay on the surface if the micropore space is
significant (Co/Si-AC1 and Co/Si-AC3). The
highest cobalt-rich surface was that of Co/Si which
is logical bearing in mind its fine porous structure
hindering cobalt penetration. Hence, carbon pre-
sence has influence on cobalt distribution between
surface and the bulk. These results confirm data on
adsorption measurements. Quantitative XPS results
showed that the molar Si/Co ratio at the surface was
much higher than that of the bulk. The same
tendency was observed for carbon confirming that
most of the silica was on the surface of the catalysts.
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Fig. 3. XPS spectra of C 1s (a) and Co 2p (b) of cobalt-
silica-carbon and cobalt-silica composites.

Table 2. Surface compositions derived from XPS

C 0, Si, Co,

’ 3+ 2+
Sample at.% at.% at.% at.% Co™/Co
Co/Si-ACl1 35 60.2 35.7 0.6 0.61
Co/Si-AC2 4.1 59.3 35.7 0.9 0.48
Co/Si-AC3 2.4 62.4 34.2 1.0 0.55
Co/Si - 63.7 34.8 15 0.89

Figure 4 illustrates a temperature dependence of
NO conversion degree and the respective TPD
profiles. The investigation showed that the reduction
of NO by CO proceeded to nitrogen, i.e. no N,O
was registered in the whole temperature interval.
The cobalt-silica catalyst was slightly active
whereas carbon addition led to a significant increase
in catalytic activity: all cobalt-silica-carbon catalysts
manifested a high activity by CO toward NO even at
100°C. Co/Si-AC2 demonstrated a 70% conversion
of NO to nitrogen at 200°C and almost 100%
activity at 300°C. TPD spectra of NO indicated no
desorption from Co/Si. The carbon-containing
samples desorbed NO in the temperature range of
100-250°C. It is evident that they desorbed different
amounts of NO. One broad NO desorption peak for
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Co/Si-AC1 and Co/Si-AC2 is available in the upper
interval considering a variety of NO adsorbed
species, while for Co/Si-AC3 two distinct
desorption peaks are observed. The amount of
desorbed NO from Co/Si-AC1 and Co/Si-AC2 was
more than that with Co/Si-AC3, which coincides
with the order of activity of the investigated
samples. The role of composite texture was
decisive. It can be seen in figure 1b and table 1 that
enhanced V.. enables better mass transfer of
reagents and products.
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Fig. 4. Temperature dependence of NO conversion
degree (a) and TPD spectra of NO (b).

Figure 5 displays response curves of the NO and
CO reagents and N, and CO, products at a
temperature of 50, 100, 200, and 300°C. Differences
in the curves reveal different rate-controlling steps
of the reaction over the catalysts and a change in the
rate-controlling step is associated with a change of
reaction mechanism. A significant difference in the
response curves was observed for samples with and
without AC in the composition. The response curves
for NO and CO at 50°C on Co/SiAC1 and
Co/SIAC2 are of an overshot type, while responses
of Co/Si and Co/SIAC3 are of a momentous and
monotonically growing type. The overshot response
indicates that the rate-limiting step is concurrent
adsorption of the reagent or regeneration of the
active centres. With the less active cobalt-silica-
carbon catalyst, an overshot response appeared only
at 200°C. The momentous response shows that the
rate-limiting step is associated with surface reaction
or adsorption of the reagents. The monotonically
growing type response reveals that a combination
between surface reaction and product slow
desorption is the rate-limiting step. NO and CO
desorption curves of Co/SIAC3 at temperatures up
to 200°C at stop-stages show that the rate-limiting
step is related to adsorption of the reagents and their
slow desorption. The results of transient responses
support the TPD studies presented above.
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Catalytic measurements of abiotic hematite and a
thermally treated biomass sample in the flow-type
glass reactor showed that at temperatures below
240°C the abiotic sample is a little bit more active.
Both materials demonstrate the same CO conversion
level in the reaction of CO oxidation at temperatures
higher than 240°C (Fig. 6). Spectra of spent samples
after the catalytic tests did not show any changes
under reaction conditions (cf. spectra ‘a’ and ‘b’ in
Fig. 4 and spectra ‘b’ and ‘¢’ in Fig. 5). Despite the
different methods of sample synthesis that result in
different original iron oxide phases, the catalytic
performance in the reaction of CO oxidation is very
close.

CONCLUSION

Cobalt-silica-carbon  composites  exhibit a
considerably higher activity in NO reduction by CO
than cobalt-silica catalyst even at low temperatures.
The presence of carbon greatly influences the micro-
structure (including crystalline size of C030,, sur-
face area, surface composition, and oxidation state)
of the cobalt-silica-carbon composites, which may
strongly affect catalyst performance. An increased
activity could be due to cobalt sites of different
oxidation state with Si and C atoms in their vicinity.
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BJIMSAHUE HA BBIJIEPOJA B KOBAJIT-CUJIIMKATHO-BBI'JIEPOJJHU KOMITIO3UTHU
KATAJIMU3ATOPU 3A PEAYKLIMA HA NO C CO

H. Croesa, UB. CriacoBa*, P. Huxomnos®, I'. Aranacosa, M. Xpucrosa

Hncmumym no obwa u neopeanuyna xumus, bvreapcka akademus na naykume, 1113 Cogus, Fvieapus
1 “
Xumuro-mexnonocuuen u memainypeuier ynugepcumem, bya. ,, Knumenm Oxpuocku“ 8, 1756 Cogpus, bvreapus

Tloctenmna Ha 29 centemBpu 2015 r.; Ilpepabotena Ha 7 nexemspu 2015 r.
(Pe3srome)

Ko6anr-cuminKkaTHO-BBIIIEPOIHE KOMITO3UTH Ca MONYYECHH MO 30J-Tel METOJ M Ca TECTBAaHH KaTO KaTalu3aTopu 3a
PEIyKIMs Ha a30T€H OKCHUJI C BBIJICPOJICH OKCH/. AKTHBHH BBIVICHH C PAa3IMYHH TEKCTYPHH MapaMeTPH Ca U3MOJI3BaHH
3a CHHTE3 Ha KOMIIO3HMTHTE. 3a CpaBHEHHE € MOJYYCH KOOANT-CHIMKATeH KOMMo3uT. KaTanmsaropute ca oxapak-
TepU3UPAHU TOCPEACTBOM HHCKOTEMIIEpaTypHa ajcopOims Ha a3oT, peHTreHoBa mudpakuus (XRD), peHTreHoBa
¢oroenexTponna cuekrpockonust (XPS) u recrBanu 3a pexykuus Ha NO ¢ CO npu Temneparypu 1o 300°C. Hamepeno
€, Ue BBIIICPO/I-ChIbPIKAINTES KOMITO3UTH MOKA3BAT 3HAYMTEIHO MO-100pa aKTHBHOCT OT KOOANT-CHIMIIHEBO OKCUICH
karanusarop npu peaykuus Ha NO ¢ CO nopu npu Hucku Temieparypu. HabmonaBa ce 3Ha4nTeNHA pa3inKa BbB B
Ha KPHBUTE Ha OTKJIMK Ha 00pasiuTe ¢ U 6e3 BBIIICpPO/l, Pa3KpHBAIIa Pa3IndHU OINPEASISIIIN CKOPOCTTa STAIH IPH THX.
Hanuurero Ha BBIJIEpOA BIHMsC 3HAYMTEIHO HA MHKPOCTPYKTypara (BKIOUHMTENHO pa3mep Ha C030, Kpucramuru,
crieniUYHA MOBBPXHOCT, MOBBPXHOCTCH CHCTAB M OKHCIUTEIHO CHCTOSHHE) HAa KOOAJIT-CHIMKATHO-BBIJIECPOIHHUTE
KOMITO3UTH, KOETO C€ OTpa3siBa BbPXY KAaTaJUTHYHATA UM aKTHBHOCT. [IOBHIIEHATAa aKTHBHOCT BEPOSTHO CE IBIDKH HA
KO0AITOBU HOHHU B Pa3iMYHH OKHCIUTEIHH ChCTOSHUS B GIIH30CT 10 CHITMIIEBH U BBIIICPOIHN aTOMH.
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Magnesium effect on structure and activity of coprecipitated Ni-Al layered double hydroxides as catalyst precursors
for purification of hydrogen-rich streams from CO, by methanation was examined. Various M**/AP* (M?* = Ni?*,
Ni?*+Mg*") molar ratios (1.5 and 3.0), reduction and reaction temperatures as well as gas hourly space velocities
(GHSV) were applied. Magnesium content was identical, at the expense of nickel, in both modified samples.

All catalysts prepared by reduction at 400, 450, 530, or 600°C hydrogenated carbon dioxide successfully to 0-10
ppm levels at reaction temperatures in the range of 400—320°C and GHSV from 3000 to 22000 h™*. Highly loaded
nickel catalysts (3.0NiAl and 3.0NiMgAl) manifested a tendency to be more active than low loaded materials (1.5NiAl
and 1.5NiMgAl).

At lower reaction temperatures (280 and 260°C) after reduction at 400 and 450°C, non-modified 3.0NiAl and
1.5NiAl catalysts’ activity was attributed to larger specific surface areas and smaller particle sizes of metal nickel
(higher Ni dispersion). Further treatment of the catalysts at 530 and 600°C induced sintering of the nickel metal
particles, thus leading to a decrease of methanation activity.

The Mg-containing catalysts had the advantage of preserving nickel metal dispersion after reduction above 500°C
due to a retarding effect on Ni sintering.

The Mg-modified highly loaded Ni catalyst (3.0NiMgAl) can be recommended as a suitable material for deep CO,
removal from hydrogen-rich gas streams through the methanation reaction at low temperatures, such as 240 and 220°C.

Keywords: Ni-Al layered double hydroxides, Mg modifier, CO, removal by methanation

INTRODUCTION

Coal conversion and utilization technologies are
gaining considerable attention because of increasing
prices and demand of oil. Synthetic natural gas
(SNG) production from coal is considered pro-
mising for obtaining valuable gaseous fuel with high
combustion efficiency and environment friendliness
[1-5]. The methanation reaction represents a key
step in coal-to-SNG production, where the catalytic
hydrogenation of carbon oxides (CO and CO,) pro-
vides an efficient alternative to conventional natural
gas [6].

The hydrogenation of carbon dioxide to methane,
also called the Sabatier reaction or methanation, can
be used as a particularly promising technique for
purification of Hy-rich streams from traces of CO, to
prevent catalyst poisoning especially in the fuel cell
anode technology and ammonia synthesis industry
[7-11]. The methanation reaction is commonly
applied in ammonia plants at the final stage of
purification of the synthesis gas in which low-

* To whom all correspondence should be sent
E-mail: margo@ic.bas.bg

concentration carbon monoxide and carbon dioxide
(0.1-0.5%) are catalytically removed. The reaction
is of crucial importance due to the poisonous effect
of carbon oxides on ammonia synthesis [8].

Although many metals such as Ni, Co, Fe, Ru,
Rh, etc., supported on various oxide carriers (e.g.,
Si0,, TiO,, Al,O3, ZrO,, and CeO,) have been used
to catalyse the reaction, nickel and ruthenium are the
most effective [11]. Nickel catalysts have been
extensively investigated because of the metal avail-
ability and economic considerations. With regard to
this, industrial methanation catalysts are essentially
based on metal nickel demonstrating high activity,
selectivity toward methane formation in preference
to other hydrocarbons, high thermal stability, and
relatively low cost [7, 12, 13].

Methanation catalysts are exposed to extreme
conditions owing to the highly exothermic nature of
the CO, methanation reaction and the fact that steam
is one of the reaction products: CO, + 4H, —
CH,4 + 2H,0, AHjp0:c = —175.4 kJ.mol™ [7]. Over-
heating, sintering, and deactivation of the catalysts
occur due to nickel crystallite growth with resultant
reduction of the active nickel surface area. These
phenomena require usage of mechanically and

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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thermally stable supports such as stable to sintering
alumina.

A major requirement in manufacturing Ni/Al,O;
catalysts is the catalyst to be sufficiently active to
ignite the reaction at low temperatures, i.e. to
contain a relatively large portion of nickel metal,
usually over 60 wt.%. Ni-Al layered double
hydroxides (LDHs) with takovite-like (TKI) struc-
ture can be obtained from Ni and Al salts at
Ni%*/AIF* molar ratios between 1.0 and 5.6 in the
fresh precipitates corresponding to 59.5-88.0 and
40.5-12.0 wt.% of NiO and Al,Os, respectively, as
it has been documented in Ref. 14. In our recent
study [15], we specified that Ni-Al LDHs with TKI
structure are effective catalyst precursors for
complete CO, removal from hydrogen-rich gas
stream by methanation reaction.

Ni-Al LDHs belong to a great group of natural
and synthetic inorganic lamellar compounds with a
chemical composition of general formula [Ni®*
AP (OH) T [AY wn] - mH,0, where Ni** and AI**
ions are located in the brucite-like hydroxide layers.
Charge compensating exchangeable anions (A™)
such as COs*, NO3 ', SO,%, CI, etc. as well as water
molecules are situated in the interlayer space of the
layered structure. Here, x represents the fraction of
AI®* cations, and m is the number of water mole-
cules. Ni-Al layered systems represent promising
catalysts due to their high specific surface area,
good distribution of both Ni** and AI** ions despite
the high content of Ni** ions, high metal dispersion
after reduction, and small crystallite size. A wide
variety of M** or M*" cations may be incorporated
or replaced at the octahedral sites of the brucite-type
sheets by other entities having similar ionic radius,
thus forming different layered compounds [16—-19].

An inspection of the literature suggests that MgO
is an effective promoter to minimize the sintering of
nickel metal particles [20].

The purpose of the present investigation was to
elucidate magnesium dopant effect on the properties
and catalytic activity of Ni-Al LDHs with TKI
structure in the model reaction of CO, methanation.

EXPERIMENTAL
Sample preparation

Carbonate forms of TKI precursors with M**/AI**
molar ratios of 1.5 and 3.0, where M** = Ni** or
M? = Ni*" + Mg* were prepared. All precursors
were synthesized by coprecipitation of mixed
Ni(Mg)-Al nitrate solution with Na,CO; at constant
pH = 8.0 and temperature of 80°C. ‘Pro analyze’
purity grade nitrate salts of the corresponding
metals, Ni(NOs),-6H,0, Mg(NO3),-6H,0, and

AI(NO3);'9H,0 were used. A more detailed de-
scription of the preparation procedure is reported in
Ref. 15. A modification of the brucite-like hydrox-
ide layer by partial isomorphous Mg®* substitution
for the Ni?* ions was applied. Magnesium content
was identical, at the expense of nickel, in both mod-
ified samples. The obtained precipitate was further
dried at 80°C for 20 h and named ‘as-synthesized’
precursor, designated as xNiAl, where x represents
the M*/APF* molar ratio, for example 3.0NiAl
(Table 1).

Sample characterization

The chemical composition of the ‘as-Synthe-
sized’ materials was determined by inductively
coupled plasma atomic emission spectroscopy (ICP-
AES) using a JY 38 (Jobin-Yvon) spectrometer.

Powder X-ray diffraction (PXRD) data were
collected on a TUR-M 62 conventional HZG-4
powder diffractometer employing CoK, radiation
(A= 0.15418 nm). The crystalline phases were iden-
tified using Joint Committee on Powder Diffraction
Standards (JCPDS) files.

Specific surface area (SSA) of the ‘as-synthesized’
samples was measured employing the single point
BET method using a FlowSorb Il 2300 Microme-
ritics apparatus with a Np-He mixture (15% N,) at
the boiling temperature of liquid nitrogen.

Gas-phase hydrogenation of CO, to CH,; was
carried out in a fixed-bed flow reactor set-up under
ambient pressure. The amount (about 0.8 g) and par-
ticle size (0.4-0.8 mm) of the loaded ‘as-synthe-
sized’ precursors were determined based on pre-
liminary accomplished experiments aimed at elim-
inating mass transfer effects. Catalyst activation was
performed by in situ reduction in the equipment at
two stages.

The first stage consisted of heating the precur-
sors in a flowing mixture of 5 vol.% hydrogen in
argon to 150°C and keeping this temperature for 60
min, then heating to 240°C and holding for 60 min.
The second stage involved further reduction of the
precursors in a pure hydrogen flow consecutively at
steps of 400, 450, 530, and 600°C for 3 h. Both
reduction procedures were realized at a constant gas
hourly space velocity (GHSV) of 2000 h* and a
heating rate of 1.7 deg.min". Catalytic activity mea-
surements were accomplished after each reduction
step at atmospheric pressure with a CO./Hy/Ar
mixture of 0.65/34.35/65.0 vol.% in the temperature
interval of 220-400°C and GHSV from 3000 to
22000 h™. The catalysts were kept in a steady state
for 30 min at each reaction temperature. The GHSV
was varied at each reaction temperature until 0-50-
ppm CO, levels were attained. Residual CO,
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amount was determined using an online-connected
Uras 3G gas analyser (Hartmann-Braun AG). A
cooling trap (—40°C) between the reactor and the gas
analyser removed the water obtained as a co-product
during the reaction. The catalyst bed temperature
was measured by a shielded chromel-alumel
thermocouple. Gas-mass analysis of the outlet gas
mixture was performed on a MS-10 spectrometer.

Hydrogen chemisorption measurements were
carried out using a volumetric laboratory set-up at
room temperature and hydrogen pressure range of
0-13.33 kPa. The samples were submitted before-
hand to in situ reduction in the equipment at 400,
450, 530, and 600°C for 3 h with a gaseous mixture
of Hy/Ar (1/2, v/v) at a flow rate of 6.5 L.Lh™* and a
heating rate of 2 deg.min™. Monolayer coverage
(capacity for hydrogen adsorption) was determined
by extrapolating the linear part of the isotherm to
zero pressure. The total amount of adsorbed hydro-
gen was used to determine nickel metal specific sur-
face area and to calculate nickel particles size in the
reduced precursors at the above-mentioned tempera-
tures. Particle size calculations were carried out pre-
suming complete reduction of the Ni** ions to Ni° as
well as a cubic form of the reduced nickel metal par-
ticles. Adsorption stoichiometry of one hydrogen
atom bonded to one surface nickel metal atom was
assumed, the surface density of Ni atoms being
taken as 1.54x10™ atoms.m2 Ni [21].

RESULTS AND DISCUSSION

Chemical analysis data listed in Table 1 reveal that
the M*/AI** molar ratio of the dried ‘as-synthe-
sized’ samples is consistent with that of the mixed
nitrate solutions used in the preparation procedure.

Powder X-ray diffraction

Diffraction patterns of the ‘as-synthesized’
samples are displayed in Figs. 1la-d. A well-crystal-
lized TKI structure containing carbonate anions in
the interlayer space was registered only in the
3.0NiAl precursor (Fig. 1a): sharp and symmetrical
reflections for the (003), (006), (110), and (113)
planes and broad and asymmetric reflections for
(012), (015), and (018) (JCPDF file 00-015-0087).
Because of lower nickel loading (Fig. 1b), 1.5NiAl
causes sample crystallinity to diminish due to de-
creased crystallite sizes accompanied by increased
specific surface area (Table 1). No aluminium hy-
droxide/oxyhydroxide phase was detected despite
that the Ni**/AI*" ratio in the sample is lower than
2.0, a typical value of stoichiometric TKI structure.
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Table 1. Sample notation, chemical composition, and
specific surface area of the ‘as-synthesized’ samples

Chemical composition

Sample wt.% molar ratio SSZAil
Ni Mg Al NiZ/AP NiZ*/Mg?* M*/AIR*
15NIAlI 329- 10115 - 15 91
3.0NiAl 426 - 6.5 3.0 - 3.0 71
1.5NiMgAl 20.2 5.4 10.1 0.9 15 15 102
3.0NiMgAIl 31454 6.8 2.1 2.4 3.0 86

PXRD patterns of Mg-containing samples (Figs.
1c,d) are similar to the corresponding Ni-Al entities.
However, they are broader and of lower intensity,
which is more appreciable for 3.0NiMgAl. This re-
sult is evidence for partial replacement of the small-
ler Ni** ions having an octahedral ionic radius r of
0.069 nm by the larger Mg?* ions (r = 0.072 nm)
[22]. Consequently, the modification of the Ni-Al
system with Mg®" ions causes partial amorphization
of the TKI structure associated with specific surface
area development (Table 1).

CO, removal by methanation reaction

The catalytic tests showed successful CO,
hydrogenation to 0-10-ppm levels at reaction tem-
peratures in the range of 400-320°C and GHSV
from 3000 to 22000 h™* on all catalysts after their
reduction at 400, 450, 530, and 600°C. Differences
in activity became evident at lower reaction tem-
peratures such as 300°C (Fig. 2).

Highly loaded Ni catalysts demonstrated a higher
methanation activity at a reaction temperature of
300°C than catalysts of low Ni content (Figs. 2a-d).
The 3.0NiMgAI catalyst showed the highest activity
(0-ppm level) after reduction at all studied tempe-
ratures. The 3.0NiAl catalyst hydrogenated CO,
below a 4-ppm level even on raising the GHSV to
22000 h* irrespective of reduction temperature. A
decrease of the Ni loading in the catalysts led to a
decrease in activity, particularly with the 1.5NiMgAl
catalyst after reduction at 400°C (Fig. 2a) where a
CO, residual content of 22-ppm level at GHSV =
22000 h™* was registered. However, increasing the
reduction temperature up to 450°C (Fig. 2b), 530°C
(Fig. 2c¢), and markedly to 600°C (Fig. 2d) has
brought about a successful purification of the stream
by all the catalysts at high GHSV levels keeping the
residual CO, in the range of 0—6 ppm.

Taking into account that the lower temperatures
are thermodynamically and economically favourable
to carry on the reaction, catalyst activities were
examined in an extended reaction temperature range
within 280-220°C (Fig. 3).
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530°C (c), and 600°C (d).

Similar relations of activity were observed at
lower reaction temperatures (280-240°C) after cata-
lyst reduction in the range of 400-600°C (Fig. 3a, b)
if the activity is evaluated by the highest GHSV at
which a residual 10-ppm level of CO, concentration
at the reactor outlet is attained. The latter is an
admissible limit in the feedstock of industrial
ammonia production. It satisfies the requirements
for safety work of fuel cell anodes as well. The
3.0NiMgAl catalyst showed again the highest
methanation activity of 0-ppm level at T > 260°C
and GHSV of 22000 h™ after treatment at all
reduction temperatures. An exception was observed

at a reaction temperature of 240°C if the catalyst
was reduced at 400°C where a 10-ppm residual CO,
level was registered (Fig. 3c). The non-modified
3.0NiAl catalyst remained also active at 280°C since
raising the reduction temperature above 400°C gave
rise to CO; levels below 10-ppm. In the region of
280-260°C, the Mg-containing low-loaded catalyst
1.5NiMgAI exhibited an increased activity after re-
duction at 450°C. CO, removal demonstrated by the
1.5NiAl catalyst was generally the lowest at reaction
temperatures below 300°C; the latter has shown a
slight variation in activity yet after reduction at
530°C.
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Lowering the reaction temperature to 220°C
(Fig. 3d) caused a fall in activity with all the cata-
lysts regardless of applied low space velocities.
Nevertheless, the 3.0NiMgAI catalyst was still suf-
ficiently active since the GHSV giving rise to 10-
ppm CO; is quite high (about 15000 h™*). The rest of
catalysts manifested a similar activity after reduc-
tion at all studied temperatures.

H, chemisorption measurements

An explanation of the observed dependences of
methanation activity could be found using results of
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H, chemisorption measurements. Considering that
the model reaction takes place on the metal surface,
nickel metal specific surface area (SSAy;) and, ac-
cordingly, nickel metal particle size (dy;) have pre-
dominant importance on hydrogenation activity.
According to the H, chemisorption data a larger
SSA; (Fig. 4a) and, therefore, a smaller dy; (higher
Ni° dispersion) (Fig. 4b) of the 3.0NiAl and 1.5NiAl
samples after reduction at 400 and 450°C presume a
larger number of active centres on which the reac-
tion takes place. Further treatment of these samples
at 530 and 600°C induces sintering of the nickel
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metal particles by a particle-migration mechanism
[23, 24]. This phenomenon provokes a decrease of
the SSAy; and, accordingly, of the number of nickel
metal atoms on the catalyst surface, thus leading to a
decrease in methanation activity. In contrast, a grad-
ual increase in SSAy; and a decrease of dy; were ob-
served with the Mg-containing samples on raising
the reduction temperature above 500°C. These re-
sults may be related to minimized migration of Ni°
due to the presence of magnesium as a barrier/
spacer to sintering of Ni° particles [25]. As nickel
particle size becomes smaller, a greater number of
nickel atoms will be exposed to the surface thus pro-
voking a higher catalytic activity. This finding is
predetermined by the structure sensitivity of the re-
action as stated for methanation of 1% CO in hydro-
gen over nickel catalyst (MCR-2X, Haldor Topsee
A/S) at 250°C and a total pressure of 1 bar [26].

Mass-gas analysis

Carbon dioxide high-level removal invokes some
doubt that measured activities include some partial
hydrogenation of CO, to CO. For this purpose, the
outlet gas mixture after the catalytic tests was col-
lected and analysed. The data indicated methane as
the only product. This result confirmed that CO,
hydrogenation on the studied catalysts was complete.

CONCLUSIONS

A powder X-ray diffraction study revealed for-
mation of Ni-Al takovite-like layered double hyd-
roxides of different degree of crystallization depend-
ing on the Ni**/AI** ratio and the presence of mag-
nesium additive. Modification of Ni-Al layered
double hydroxides with magnesium caused partial
amorphization of the layered structure. No alumi-
nium hydroxide/oxyhydroxide phase was registered.

Variations of CO, methanation activity with
changes of space velocity depended on nickel con-
tent, magnesium presence, and reduction and reac-
tion temperatures.

Comparison of the catalytic activities showed
that after reduction at 530 and 600°C the Mg-modi-
fied highly loaded Ni catalyst (3.0NiMgAl) domi-
nated in CO, purification at reaction temperatures
from 260 to 220°C due to (i) an increase of nickel
metal specific surface area and (ii) retarding the
effect of magnesium on metal nickel sintering.

The main effect of the magnesium dopant in Ni-
Al layered double hydroxides is expressed in pre-
serving nickel metal dispersion after reduction
above 500°C.

Bearing in mind that lower temperatures are
thermodynamically and economically favourable for

the studied reaction, the Mg-modified highly loaded
Ni catalyst 3.0NiMgAl can be recommend as a suit-
able candidate for deep CO, removal from hydro-
gen-rich gas streams through the methanation reac-
tion at low temperatures, such as 240 and 220°C.
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OYUCTBAHE HA BOI'ATU HA BOJJOPO I'A3OBE OT CO, YPE3 METAHUPAHE

M. B. I'a6poscka*, P. M. Enpesa-Kepmxuesa®, M. I IIloncka’, /1. A. Huxonosa',
JI. I1. Busipexa®, 1. KpI/II_HaHZ, M. KpI/nuaH2

1H)L:cmumym no kamanus, bvieapcka akademus na naykume, yi. ,,Akao. I'. Bonues”, 6n. 11, 1113 Cogus, Pvacapus
2 Hnemumym no gusuxoxumus ,, Hnue Mwpeynecky *, PymwvHcka akademus, oyn. ,, Mnoenendenyeir “ 202,
060021 Byxypews-12, Pymvuus

[ocrpruna va 12 cenremspu 2015 r.; Ilpepaborena Ha 14 nexemspu 2015 .
(Pesrome)

UscnenBan e epeKThT Ha MarHe3usi BbPXY CTPYKTypaTra M aKTHBHOCTTa Ha cbyracHH Ni-Al cioectd ABOIHH
XHUJPOKCU/IN KAaTO MPEKYPCOpH Ha KaTaJM3aTOPH 32 OYMCTBaHE HA OOraTH Ha BOJOPOJ I'a30BHU MOTOIM OT BBIJICPOACH
JUOKCH] Upe3 peakiyara Ha MeTaHupaHe. M3cienBaHusATa ca MPOBEKIAHN Ype3 MPOMsSHA Ha MOJIHOTO CHOTHOIICHUE
M*/AP* B pexypcopure (M*/AR* = 1.5 1 3.0, kprero M** = Ni*" wm M?* = Ni%* + Mg?"), Temneparypara Ha pexyk-
LMsl, peaKlMOHHATa TeMIeparypa U obOeMHara cKopocT. ChbIbp)KaHHETO Ha MarHe3uil € WAEHTUYHO (3a CMeTKa Ha
HUKeJNa) U B IBaTa MoAu(HUIMpaHu oOpasena.

Beuuku karanuzatopu ycnemHo xuaporenupar CO, no croiiHoctd 0—10 ppm mpu peakUUOHHU TeMIEpaTypu B
uaTepBana 400-320°C u obemum ckopoctu oT 3000 mo 22000 al, cren peaykuus npu 400, 450, 530 u 600°C.
Karammnzatopure ¢ Bucoxo cpabpxanne Ha Hukel (3.0NiAl u 3.0NiMgAl) nposBsiBaT TCHACHINS /1a ca MO0-aKTHBHU.

Crnen penykuus mpu 400 u 450°C, aktuBHOcTTa Ha HeMomudunupanute 3.0NiAl u 1.5NiAl karanmsaropu mpu mo-
HHUCKH peaknuoHHH Temmeparypu (280 u 260°C) ce mpummcBa Ha MO-ToJsIMa CIieli(UIHa MOBBPXHOCT HA METATHUSL
HUKEJI W TO-MajJK{ pa3Mepd Ha METaJIHUTE HUKEIOBH 4YacTHILM (BHCOKa HHKeNOBa aucnepcHocT). Ilo-HaTtaTpirHata
o0paboTtka Ha katanmuzaropu npu 530 u 600°C mpean3BUKBa CHUHTEpYBaHE HAa METAJHUTE HUKEIOBH YAaCTHUIIH, KOETO
BOJIM 10 HAaMaJIIBaHEe HAa METaHUpAaIlaTa aKTUBHOCT.

IIpenumcTBOTO HA ME-CHIBPXKALIUTE KAaTaJIU3aTOPU C€ MPOSABIBA B 3ala3BaHe TUCIEPCHOCTTA HA METATHHS HHUKEI
npu pexykuust Hajx S00°C, npipkamo ce Ha 3a0aBsiius e(heKT Ha MarHe3us BbpXy CHHTEPYBaHETO Ha METAJIHHSI HUKEJL.

Momudunupanusat ¢ Mg katanuszaTop ¢ BUCOKO chabpikanne Ha Huken (3.0NiMgAIl) moxe na ce mpemopsua KaTo
MOJXOMSI] KaHAWAAT 3a Ibi0oko ounctBane oT CO, Ha Ooratm Ha BOAOPOJ Ta30BH CMECH UYpe3 peakuusra Ha
METaHHpPaHe TPH HUCKU peaKMOHHH Temriepatypu kato 240 u 220°C.
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This work concerns synthesis of iron oxide containing materials by biotic and abiotic methods and comparison of
their properties aimed at finding a common point of intersection that may determine a possible replacement of abiotic
materials. Biosynthesis comprised Lepfothrix genus of bacteria cultivation in growth medium of Adler. Thermal
treatment of biomass samples was used in order to approximate synthesis conditions of the biogenic iron oxide material
to those of abiotically obtained hematite. The catalytic activity of the samples was measured in the reaction of CO
oxidation by two ways: in situ infrared spectroscopy using a diffuse-reflectance measuring chamber of Nicolet 6700
spectrometer high-temperature vacuum accessory and a flow-type glass reactor. Biomass showed low CO conversions
up to 200°C but an increase at 250°C was registered by both used methods. This increase was accompanied by phase
transformation. Initial catalytic activity was a result of predominant work of lepidocrocite, whereas a higher activity at
250°C was due to formed maghemite. Abiotic hematite was a bit more active below 240°C than a thermally treated
biomass sample in flow-type glass reactor experiments. At higher temperatures, both materials demonstrated the same
CO conversion. Spent samples did not show any changes of composition. Although the studied samples were
synthesized by different methods, which resulted in different original iron oxide phases, their catalytic performance was
very close. Thermally treated biomass samples (obtained by cultivation in Adler’s medium) could replace chemically
obtained iron oxide as a catalyst in the studied reaction.

Keywords: biogenic iron-containing material, Lepfothrix genus of bacteria, CO oxidation, in situ diffuse-reflectance

infrared spectroscopy, chemically synthesized iron oxide.

INTRODUCTION

Iron oxide compounds are widely used in cataly-
sis as active components or as ingredients that im-
prove performance of other catalytically active ma-
terials. Various methods are used for their synthesis.
Chemical methods use toxic substances, consume
much energy, and produce hazardous waste solu-
tions. [1-5]. Despite these drawbacks the obtained
prod-ucts are of good purity and, usually, have well-
de-fined properties. In nature, iron oxide and iron
hy-droxide compounds are obtained owing to iron
bio-mineralization. Bio-inspired technologies are
aimed at imitating these processes by inclusion of
different mediators like microorganisms and phyto-
chemicals. These methods are realized at ambient
pressure and temperature and manifest ecology
friendly features [3,4,6—15]. However, the obtained
products exhibit a multicomponent character.

This work is aimed at comparing the properties
of iron oxide containing materials, synthesized by
biotic and abiotic methods, in order to find a com-
mon point of intersection that will determine a pos-
sible substitution of the abiotic materials.

* To whom all correspondence should be sent
E-mail: shopska@ic.bas.bg

EXPERIMENTAL

Magnetite, Fe;O4, was synthesized by a chemical
route in which FeSO4 and Fe(NOs); solutions were
mixed, purged for 30 min with N, and then preci-
pitated by addition of NaOH solution at pH = 13.5.
The obtained precipitate was washed with distilled
water and ethanol and dried at 70°C. The syn-
thesized Fe;O4 was calcined at 450°C for 2 h to be
converted into a stable form of iron oxide.

Biogenic iron-containing material was supplied
by Prof. V. Groudeva and coworkers from the
Faculty of Biology at St. Kliment Ohridski Univer-
sity of Sofia. Biosynthesis has been performed by a
six-month cultivation of bacteria from Leptothrix
genus in growth medium of Adler. In the literature,
it is referred to a medium that is suitable for cultiva-
tion of Sphaerotilus-Leptothrix group of bacteria
[16]. Obtained biomass has been separated by de-
cantation of the liquid, washed by distilled water,
and dried at 40°C.

The catalytic activity of the samples was studied
in a test reaction of CO oxidation. Experiments with
the biogenic material were performed in two dif-
ferent ways. One of them involved reaction in a high-
temperature vacuum chamber (HTVC) accessory of

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Nicolet 6700 spectrometer and was monitored in
situ by diffuse-reflectance (DR) infrared spectro-
scopy. Before catalytic measurement the sample was
subjected to a surface cleaning procedure in a flow
mixture (40 ml.min') of N,+0, (25 vol.% O,) at
temperatures up to 200°C. Further, the measure-
ments were performed using a gas flow mixture of
88 ml.min™ (9 vol.% CO, 11.4 vol.% O, N») at
various reaction temperatures (100, 150, 200,
250°C) at a heating rate of 10 deg.min' and a 30-
min soak at each attained level. This procedure was
used in order to achieve constant parameters of the
studied system (constant infrared spectra for selected
conditions). The second mode considered the CO
oxidation reaction in a flow-type glass reactor
(FTGR) with 0.3-cm’ samples (mesh of 0.63-0.8
mm). CO conversion was followed by a Hewlett
Packard 5890 Series Il gas chromatograph. Elapsed
time to attain steady state working conditions was
different depending on the reaction temperature (50,
100, 200, and 250°C). To approximate synthesis
conditions of the biogenic iron oxide material to the
chemically obtained counterpart, the biomass sample
was pretreated in the glass reactor using a flow
mixture of 1760 ppm CO, 0.92 vol.% O, and N, at
a GHSV of 40000 h™' from ambient temperature to
300°C. The latter composition of the flow mixture
was further used for catalytic tests of both samples.
Such a preconditioning was assumed applicable to
compare the catalytic properties of both the biogenic
and synthetic materials.

All ‘as synthesized’ biomass samples, thermally
treated and spent after catalytic tests, were studied
by transmission infrared spectroscopy in the far and
middle regions using KBr pellets containing 0.5 or
1% of studied substance. Spectra were recorded on
the same spectrometer.

RESULTS AND DISCUSSION

Spectra of biomass obtained after cultivation of
Leptothrix genus of bacteria (Fig. 1a) show bands
characteristic of y-FeOOH at 277, 371, 398,
474/480, 560, 748, 882, 1022, and 1152 cm™' [17—
21]. However, the spectral features direct also to the
presence of some y-Fe;O3 (broad bands at about 398
and 560 cm' and a shoulder at about 330 cm™') and
a-FeOOH (bands positioned at about 277, 398, 882,
and ~3152 cm™') [17-21]. The analysis allows
claiming that the biomass contains lepidocrocite
(y-FeOOH) as a predominant phase with some
amounts of hematite (a-Fe;Os) and maghemite
(y-Fe,03). In a previous study of biomass obtained
by cultivation of Leptothrix bacteria in various
cultivation media [22,23] y-FeOOH has been found
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as an essential component in an iron-containing
material formed in Adler’s medium by Mdssbauer
spectroscopy and XRD.
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Fig. 1. Transmission infrared spectra of a biomass sample
in the far (a) and middle (b) regions: a — fresh biomass
sample; b — spent sample after catalytic measurements in
the high-temperature vacuum chamber; ¢ — spent sample
after a catalytic test in a flow type reactor.

In situ DR spectra recorded during the reaction
of CO oxidation over a biomass sample (Fig. 2)
disclose bands at 1890, 1974, and 3209 cm’
characteristic of iron oxide/oxyhydroxide structures
and the characteristic doublet of CO in the reaction
system with a minimum centred at 2142 cm™' [23].
Integrated intensity of the CO bands was accepted
as a measure of catalytic activity of the studied
samples in this set of experiments. It decreased on
increasing the reaction temperature (Fig. 3, HTVC).
The decrease in integrated band intensity of the gas
phase CO amount was about 40% at 250°C. The
changes were accompanied by a decrease and
disappearance of the bands at 1890 and 1974 cm™,
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as it is seen in figure 2 in the spectrum taken at
250°C. Changes during the course of the catalytic
reaction at 250°C are in accordance with a phase
transition process FeEOOH — Fe,O; [21].
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3209
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Troom

Absorbance,

200°C
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" 1500 2000 2500 3000 3500 4000

-1
Wave numbers, cm

Fig. 2. In situ diffuse-reflectance infrared spectra of
a biomass sample recorded at different reaction
temperatures.

Spectra of the spent sample (Fig. 1b) confirm the
phase transformation. The bands at 336, 400, and
562 cm ! are characteristic of maghemite y-Fe,O; [17].
Bands at 336 and 562 cm ™' propose also presence of
hematite a-Fe,Os. Formation of these modifications
of the iron oxide is expected as the initial sample
contains o,y-FeOOH that is converted into the res-
pective oxides under such conditions [21]. The
presence of some unconverted lepidocrocite should
not be excluded because of the wide band at 440
cm ' and that of very low intensity at 1022 cm™.

Catalytic measurements of biomass samples
obtained by the both used technical methods showed
a low CO conversion up to 200°C and an increase at
250°C (Fig. 3). This increase was accompanied by
phase transformation that started at 200°C and
continued at higher temperatures, as evidenced by
the infrared spectra displayed in figure 2. Bearing in
mind the different reaction conditions of applied
experimental setup for examination of the catalytic
properties of the biomass, the conversion of carbon
monoxide registered at 250°C should be related to
sample composition by the end of the process of
phase transformations. Analysis of the spectra of
biomass tested in the HTVC shows the presence
mainly of maghemite and small amounts of hematite
and lepidocrocite. After reaction for 150 min in the
flow-type glass reactor (FTGR, Fig. 3) the biomass
contained mainly maghemite and some amount of
hematite (larger than that of HTVC experiment) and
lepidocrocite. The far IR spectrum of a spent sample
after catalysis in the flow-type reactor (Figs. la.c)

resembles that of a spent biomass sample after a
catalytic test conducted in the diffuse-reflectance
accessory (Figs. 1a,b). However, the former suggests
the presence of a bit higher amount of hematite
taking into account the increased intensity of the
band at about 336 cm™' and broadening of the band
at 562 cm'. These results allowed us to accept that
the chemical composition of the studied biomass
samples was the same or nearly coincided with that
resulted at 250°C under the reaction conditions used
in both types of experiments.
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3
[
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Fig. 3. Change of catalytic activity in dependence of
reaction temperature: HTVC — evaluated by a decrease of
integral CO gas band intensity; FTGR — CO conversion.

Abiotic magnetite and biomass samples were
thermally treated before examination in the flow-
type glass reactor. The aim of this pretreatment was
to obtain a relatively stable sample composition and
to approximate to some extent the conditions of
material preparation, which is a prerequisite for their
comparative study. Infrared spectra of ‘as synthes-
ized’ and calcined abiotic iron oxide are displayed
in figure 5. Spectrum ‘a’ confirms that the obtained
iron oxide is magnetite (bands at 398, 455, and 576
cm ). Spectrum ‘b’ shows bands at about 310, 385,
462, and 540 cm ™', all characteristic of hematite [10,
21]. The result indicates that calcination of the
magnetite at 450°C for 2 h is sufficient to convert
this compound in a most stable form. Thermally
treated biomass produced an infrared spectrum with
bands located at about 333, 408, 440, and 565 cm™!
(Fig. 4a). Their intensity and position correspond to
those of the spent biomass samples after HTVC and
FTGR catalytic tests (Figs. la,b) and (Figs. la,c),
respectively. These features correspond to a complex
composition of the thermally treated biomass con-
taining maghemite, hematite, and Ilepidocrocite.
Maghemite is still the predominant phase, while
hematite and traces of unconverted lepidocrocite
exist together with the main phase as it is shown for
mentioned spent samples.
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Fig. 4. Far-IR transmission spectra of biomass samples:
a — thermally treated biomass sample; b — thermally
treated biomass sample after catalytic test.
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Fig. 5. Far-IR transmission spectra of abiotically
synthesized iron oxide: a — ‘as synthesized’ sample
(Fes04); b — after calcination of abiotic sample at 450°C
for 2 h (a-Fe;03); ¢ — calcined abiotic sample after
catalytic test in a flow-type reactor.

Catalytic measurements of abiotic hematite and a
thermally treated biomass sample in the flow-type
glass reactor showed that at temperatures below
240°C the abiotic sample is a little bit more active.
Both materials demonstrate the same CO conversion
level in the reaction of CO oxidation at temperatures
higher than 240°C (Fig. 6). Spectra of spent samples
after the catalytic tests did not show any changes
under reaction conditions (cf. spectra ‘a’ and ‘b’ in
Fig. 4 and spectra ‘b’ and ‘¢’ in Fig. 5). Despite the
different methods of sample synthesis that result in
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different original iron oxide phases, the catalytic
performance in the reaction of CO oxidation is very
close.
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Fig. 6. Catalytic performance of biogenic iron-containing
sample and abiotic hematite in the CO oxidation reaction
registered using a flow-type glass reactor.

In conclusion, it should be noted that: (i) the
catalytic activity up to 200°C of biotically obtained
iron-containing material in the reaction of CO
oxidation is a result of predominant work of lepido-
crocite, but the increase in activity at 250°C is due
to formed maghemite; (ii) a biogenic material ther-
mally treated at 300°C is composed of maghemite,
hematite, and lepidocrocite and showed almost the
same catalytic activity in the reaction of CO
oxidation like abiotically obtained hematite; (iii)
both biogenic and abiotic thermally treated samples
preserved their composition during the catalytic
tests; (iv) thermally treated biomass, prepared by
Leptothrix genus of bacteria cultivation in Adler’s
growth medium, could replace chemically obtained
iron oxide as a catalyst in the studied reaction.
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CPABHUTEJIEH AHAJIN3 HA KATAJIMTUYHOTO ITOBEJJIEHUE B OKUCJIEHUE HA CO HA
KEJA30-CbABPKAIIN MATEPUAJIN ITOJIYYEHU C ABUOTUYHU 1 BUOTUYHU METOAN U
CJIEJ] TEPMHUYHA OBPABOTKA

M. Illoncka*, C. Togoposa, Wi I7Iop;:[aHOBa, C. Mongan', I'. Kagunos

Hnuemumym no kamanus, bvreapcka akademus na naykume, yi. ,,Axao. I'. Fonueg*, 0. 11, 1113 Cogus, bvreapus
1 Henapmamenm no xumus, Unouticku mexunonoeuver uncmumym, Jenxu Xaysz Kac, Hro [eaxu 110016, Unoua

[octpnuna Ha 12 cenremBpu 2015 r.; IIpepaGorena Ha 6 HoemBpu 2015 .
(Pe3rome)

W3zcnenBaHeTo € cBbP3aHO C MOITydYaBaHE Upe3 OMOJOTWYEH MM HEOMOJIOTMYEH METOJ] Ha MaTepHaNIN ChAbPIKAIIN
JKEJIe36H OKCHI M CPABHABAaHE Ha TEXHUTE CBOWCTBA 3a Jla CE HAMEPH IIPEeceUHa TOUYKa OIMpPEAENIAINa Bb3MOXKHOCT 3a
3aMecTBaHe Ha aOHMOTHYHHUTE MaTepuald. DHOJIOTMYHUAT CHHTE3 BKIIOYBA KyJTHBHpAaHE Ha OakTepus OT poja
Leptothrix B cpena Ha Amiep. M3mon3BaHa e TepMudHa 00paboTka Ha obOpasell oT OwoMaca 3a Hamojo0sBaHe Ha
YCJIOBUSTA HA CHHTE3 Ha OMOTeHHUS JKeJle3eH OKCHJI Ha Te3H Ha NoJyuyaBaHe Ha HeOMoreHeH xemarut. KaranuruuHara
AKTUBHOCT Ha 00pasiuTe ¢ u3MepeHa B peakiusaTa Ha okucieHue Ha CO 1o JBa HA4YMHA — 4Ype3 ,,uH CUTy" Audy3HO-
oTpaxkaTesHa MH(ppauYepBeHa CIIEKTPOCKOINMS B KIOBETa 3a U3CJIE/IBaHE P BUCOKA TEMIIEPaTypa U B CTHKIIEH PEaKkTop
OT IpoToueH Tun. M mpu 1Bara MeTosa Ha u3cienBaHe OMomacaTa rmokasa Hucka konsepcus Ha CO mpu temrepaTtypu
J0 200°C, Ho ce peructpupa nosumenue npu 250°C. HapacTBaHeTo Ha akTUBHOCTTA € CBHIIPOBOAEHO OT IPOMSIHA BB
(a3oBus cheraB. HauamHara katanTuTH4Ha aKTUBHOCT € PE3yJITaT OT MPpeodiiagaBalll IPHHOC Ha JIEHOKPOKUTA, TOKATO
mo-Brucokara aktuBHOCT mpH 250°C ce ApmKH Ha 0o0pa3yBaHETO HAa MarxeMmuT. EKCIepUMEHTHTE NpPOBEICHH B
MPOTOYCH PEaKTOp MOKa3axa, de mpu Ttemmeparypa mox 240°C aOMOTHYHHAT XEMAaTHUT € MAaJKO IT0-aKTUBEH OT
TepMUYHO 00paboTeHus obpaszer] oT Omomaca. J[BaTa BHIa MaTepHalld TMOKa3axa eqHa U china kousepcus Ha CO mpu
0-BUCOKH TemriepaTtypu. ChCTaBBT Ha 0TpabOTEHUTE 00pasly HE ce pa3nnyaBa. Bernpeku, de u3cieaBaHuTe 00pa3nn
Ca CHHTE3MPAaHH 10 PA3IMYeH HAuYWH, BOJEII JI0 Pa3iMYHH HAa4anHU (a3u OT JKeJIEe3HH OKCHIW, KaTAIUTHYHHTE UM
CBOMCTBa ca MHOTo Oyiu3ku. TepmuuHo 00paboTeHr OMOreHHN 00pas3iy, MOJYYEeHH Ype3 KyJITHBUpaHe Ha OakTepuuTe B
cpena Ha Ajutep, OMxa MOTJIM Jla 3aMECTST KaTo KaTalnu3aTop 3a M3cjelBaHaTa peakLus jKelne3eH OKCUJ MOJyUYeH 4pe3
XUMHNUYCH CUHTE3.
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Preparation of Fe-Pd/Al-Si-O catalyst using biogenic iron of cultivated Leptothrix
genus bacteria
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A composite has been prepared by modification of 0.3%Pd/Al-Si-O fibrous catalyst, synthesized by a sol-gel
method, with a biogenic material upon applying cultivation of Leptothrix genus of bacteria in a silicon-iron-glucose-
peptone elective medium. Samples were characterized by infrared spectroscopy, scanning electron microscopy with
energy dispersive X-ray analysis, low temperature adsorption of nitrogen, and X-ray photoelectron spectroscopy. The
hybrid material contained biogenic iron y-FeOOH. Catalytic activity in the CO oxidation reaction was monitored by in
situ diffuse-reflectance infrared spectroscopy. Catalytic activity tests were aimed at evaluating the catalytic performance
and examining a possibility to prepare iron-containing catalysts with biogenic material. Our study showed similarities
between catalytic performances of the studied systems, which are assigned to uniform and stable distribution of the
palladium and iron on the surface. The catalytic activity of synthesized composite was essentially due to Pd.

Keywords: biogenic iron-containing material; Leptothrix genus of bacteria; X-ray photoelectron spectroscopy; CO
oxidation; in situ diffuse-reflectance infrared spectroscopy; scanning electron microscopy with electron dispersive

analysis.

INTRODUCTION

Biogenic iron-containing materials are applicable
in the heterogeneous catalysis in gaseous or liquid
medium playing different roles as a catalyst precursor,
active component, catalyst support, and immobilizing
carrier. Investigations are concentrated on reactions
of oxidation, degradation of dyes, transformation of
secondary alcohols, formation of intermediates for
pharmacy and organic synthesis, CH, cracking,
mediation in dechlorination of Cl-containing hydro-
carbons [1-11].

Studies of natural biogenic material, a product of
Sphaerotilus-Leptothrix group bacteria metabolism
collected from small water streams at Vitosha
Mountain (Bulgaria), showed that an iron-contain-
ing ingredient is goethite [3]. Biogenic iron-contain-
ing materials obtained by laboratory cultivation of
Leptothrix genus of bacteria in different growth
media contained mixtures of a-FeOOH, y-FeOOH,
and y-Fe,0O; [12]. Both the natural and laboratory
obtained biogenic materials exhibited some catalytic
activity in the reaction of carbon monoxide
oxidation [3, 12]. Thus, the biogenic materials were
regarded potentially suitable as a catalyst support or
as active components in catalysts after modification.

Chemical methods for production of iron oxides
use toxic substances, consume much energy, and

* To whom all correspondence should be sent.
E-mail: shopska@ic.bas.bg

produce dangerous waste solutions [2, 7, 13-15]. Iron
oxide/hydroxide compounds are obtained in nature
because of iron biomineralization. Bio-inspired tech-
nologies imitate these processes including mediators
like microorganisms and phytochemicals. Such
methods are realized under ambient conditions and
have an ecology friendly character [2, 5, 6, 11, 15—
22]. Such a production does not require big invest-
ments and additional energy supply because iron
bacteria are normal cell metabolites.

The present investigation is concerned with
characterization of a hybrid material prepared by
deposition of biogenic iron on a fibrous Pd catalyst
by cultivation of iron bacteria in selected medium.
The following methods were used in the study: X-
ray photoelectron spectroscopy (XPS), scanning
electron microscopy with electron dispersive
analysis (SEM-EDX), infrared spectroscopy (IRS),
and low temperature adsorption of nitrogen
(Brunauer-Emmett-Teller method). In situ diffuse-
reflectance infrared spectroscopy (DRIRS) was
applied to monitor catalytic tests of the composite in
the reaction of CO oxidation.

EXPERIMENTAL

A 0.3%Pd/Al-Si-O fibrous catalyst, synthesized
by a sol-gel method [23], reduced at 400°C for 2 h,
and then kept in air was used. A Fe-Pd/Al-Si-O
sample was obtained by deposition of biogenic iron
on a previously prepared 0.3%Pd/Al-Si-O by culti-

©2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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vation in laboratory conditions of the Leptothrix
genus of bacteria in a silicon-iron-glucose-peptone
elective medium (SIGP [24]) under static conditions
at 20°C. The fibrous material was sterilized by
autoclaving for 15 min at 1 atm and 120°C and then
added to the medium before its infection with the
bacteria. After a 36-day period of cultivation, the
product was collected through decantation, washed
with distilled water, and dried at 40°C for 24 h.
Specific surface area of the studied basic materials
was measured according to the BET method
(adsorption of N, at -196°C) by a NOVA-1200e
high-speed gas sorption analyser (Quantachrome
Instruments, USA). Prior to measurement, the
samples were evacuated at 100°C for 12 h. Pore size
distribution was estimated using the BJH method.
XPS measurements were carried out in the UHV
chamber of an ESCALAB-MkIlI (VG Scientific)
electron spectrometer with a base pressure of about
1x107° mbar (1x10 mbar during measurements) at
room temperature. The photoelectron spectra were
obtained using unmonochromatized AlKa (hv =
1486.6 eV) radiation. Passing through a 6-mm slit
(entrance/exit) of a hemispherical analyser enabled
detection of electrons of 20-eV energy by a channel-
tron. Because of a small signal for Pd 3d, 50-eV
pass energy was used. The instrumental resolution,
measured as the full width at half maximum
(FWHM) of the Ag 3ds, photoelectron peak, was
about 1 eV. The energy scale was corrected to the
C 1s peak maximum at 285.0 eV for electrostatic
sample charging. Processing of the measured spectra
included a subtraction of X-ray satellites and Shirley-
type background [25]. Peak positions and areas were
evaluated by a symmetrical Gaussian-Lorentzian curve
fitting. The relative concentrations of the different
chemical species were determined based on normal-
ization of the peak areas to their photoionization
cross-sections calculated by Scofield [26].
Scanning electron micrographs were recorded on
a MIRA3 FE-SEM microscope (TESCAN, Czech
Republic) working at accelerating voltage up to 30
kV and magnification up to 1000000x. Energy
dispersive X-ray analysis (EDX) (Oxford Instru-
ments, UK) of selected parts of the samples was
applied to determine chemical composition and
analyse Pd and Fe distribution in the catalysts.
Infrared spectra (IR) of the samples were
recorded on a Nicolet 6700 FTIR spectrometer
(Thermo Electron Corporation, USA) using the
method of dilution of studied material in KBr pellets
(0.5% of studied substance). The spectra were
collected in the middle region using 50 scans.
Catalytic activity in the CO oxidation reaction was
studied using a high-temperature vacuum chamber
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diffuse-reflectance accessory of the spectrometer
(Collector I, Thermo Spectra-Tech). Prior to
catalytic measurements, the samples were treated in
oxidative flow of 25% O, in N, in T;,em—200°C’s
interval in order to clean their surfaces. In situ
measurements were performed using a reaction flow
mixture of 9 vol.% CO, 11.4 vol.% O, in nitrogen at
88 ml.min’. The used interval of reaction tempera-
tures was T, ,om—250°C as well as T0m—300°C only
for 0.3%Pd/Al-Si-O. The temperature was raised
consecutively to the necessary reaction temperature
at a rate of 10 deg.min* and held for 30 min at each
attained level. This procedure was aimed at achieving
constant parameters of the studied system (constant
infrared spectra in selected conditions).

RESULTS AND DISCUSSION

BET measurements of the initial 0.3%Pd/Al-Si-O
catalyst determined a specific surface area of 29
m2.g ", Registered pore size distribution revealed a
mesoporous material (2-50 nm) displaying a pre-
dominant pore size of about 6.5 nm (Fig. 1). Deposi-
tion of biogenic iron-containing material slightly
changes composite surface properties: the specific
surface area of the Fe-Pd/Al-Si-O sample is 37 m%.g ™,
while predominant pore sizes are 3.8 and 5.3 nm.
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Fig. 1. Pore size distribution in the studied materials.

IR spectra of the samples were characterized by a
spectrum drop in the region under 1200 cm™ (Figs.
2 and 3). This feature is attributable to fibre sample
morphology and different refractive indices of
fibrous material and used matrix. Sets of bands
characteristic of alumina and silica supports were
registered at 570, 665 cm* (Al-O), and 570, 798
(Si-O) for the 0.3%Pd/Al-Si-O system and at 550,
583, and 664 cm™ (Al-O), and 380, 583, 790, and
1080 cm™ (Si-0) for the Fe-Pd/Al-Si-O system [27].
The IR spectrum of biogenic material cultivated in
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the absence of fibrous material proves the formation
of y-FeOOH in SIGP medium. This is shown as
inset in figure 3. Characteristic bands of lepido-
crocite were registered at 480, 575, 950, 1040, and
1150 cm™ [28-31].
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Fig. 2. IR spectrum of 0.3%Pd/Al-Si-O fibrous catalyst.
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Fig. 3. IR spectrum of Fe-Pd/Al-Si-O sample.
Inset — IR spectrum of biogenic iron-containing
material obtained in SIGP medium in absence of

0.3%Pd/Al-Si-O fibrous catalyst.

XPS measurements were performed to monitor
elements present on the surface and their oxidation
states. XP spectra of the substrate revealed occur-
rence of AI-O (probably Al,Q3), Si=O (character-
istic of SiO,), and Si—O species. Our XPS analysis
was focused on the Pd and Fe catalytic materials. It
was observed that palladium was present in two
different oxidation states on the surface of an as-
received Pd/Al-Si-O sample (prereduced and kept in
air), namely, Pd?* and Pd° at a Pd**/Pd° ratio of 0.4
(Fig. 4). Comparison with data acquired after calcina-

tion at 300°C for 30 min disclosed Pd redistribution
giving rise to about a 20%-increase in surface
concentration of the palladium (from 2.5x107° to
3x10°° at.%). Both forms of Pd were present but the
Pd*/Pd° ratio was changed to two.

348 344 340 336 332 328

Binding energy, eV

Fig. 4. High resolution XP spectra of Pd
and respective Pd**/Pd° ratios.

High resolution XP spectra of as received fresh
and used Fe-Pd/Al-Si-O samples demonstrated the
presence of iron in two forms, Fe** ~ Fe?* at a
Fe/(Al+Si) ratio of about 10.5x1072 (Fig. 5).

Fe-Pd/Al-Si-O

fresh @

(G
N

Standards
v ) Fe,0,
()
[T
. Fe,O,
“o
[T
3
FeO

r v 1 T T v T v T T
735 730 725 720 715 710 705 700
Binding energy, eV

Fig. 5. High resolution XP spectra of Fe in
Fe-Pd/Al-Si-O sample and standards used.
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Iron occurrence in both forms was concluded
after comparison of the measured XP spectra with
standard spectra of Fe®* and Fe*" and a mixture of
equal amounts of Fe”* and Fe** [32]. A very low
amount of palladium, within the limits of instrument
error, was observed (two bottom lines in figure 4).
Additionally, we observed contaminations of C, ClI,
and F from preparation procedures, which are not
discussed.

The studied samples were tested in the reaction
of CO oxidation. The process was monitored in situ
by diffuse-reflectance infrared spectroscopy. Collected
spectra are shown in figures 6 and 7. CO appears in
all spectra as a doublet centred at 2144/2142 cm™*
[27]. The two wings are not symmetrical, which
directs to availability of adsorbed form of CO on the
surface of both samples. CO, is a reaction product
and it was registered by a band at about 2333/2335
cm* [27]. On increasing the reaction temperature,
the CO characteristic doublet was decreased in inten-
sity whereas the CO, band intensity was increased.
The observed changes were more pronounced in the
case of the 0.3%Pd/Al-Si-O system. A general
observation in both studied systems was a gradual
loss of OH surface coverage, which was well visible
above 150°C through an intensity decrease of the
band at about 3400 cm* [27].

Tr

2144‘ 2333‘

50C

150C

arb.u.

L

200C

250C

Absorbance,

300C

cool

2000 2200 2400

-1
Wave numbers, cm

Fig. 6. In situ DRIR spectra collected during CO
oxidation in the presence of 0.3% Pd/Al-Si-O fibrous
catalyst.

Catalytic activity of the used materials was
evaluated through changes in CO gas-phase band
integral intensity on increasing the temperature. A
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2.5-fold decrease of the carbon monoxide in the
reaction mixture was measured over the Pd/Al-Si-O
catalyst at 250°C. Fe-Pd/Al-Si-O manifested nearly
a 2-fold decrease at this temperature. An additional
2-fold decrease was determined for 0.3%Pd/Al-Si-O
after a temperature rise from 250 to 300°C.
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2335 |
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100C
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2000 2200 2400

-1
Wave numbers, cm

Fig. 7. In situ DRIR spectra collected during CO
oxidation in presence of biogenic iron-containing
Fe-Pd/Al-Si-O sample.

Figure 8 shows calculated CO conversions in
conducted experiments. 0.3%Pd/Al-Si-O demon-
strates an almost constant increase in activity with
reaction temperature rise. Biogenic iron-containing
material demonstrates a slightly lower activity
despite that it contains two potentially active com-
ponents in oxidation reaction, namely Pd and the
redox couple of Fe**-Fe*". Actually, the Fe-Pd/Al-Si-O
system manifests a CO conversion at 50°C showing
that the biogenic iron-containing material has
intrinsic activity. The 0.3%Pd/Al-Si-O sample has
very low activity at 50°C and becomes more active
at higher temperatures. The obtained results corres-
pond to a necessity of Pd to be converted in active
form. Thus, the experiment indicates that the initial
material changes with time on stream. Formation of
more or a less active iron-containing phase in the
Fe-Pd/Al-Si-O sample can be supposed to occur in
the interval 150-200°C giving rise to a shift of the
curve but keeping the slope at higher temperatures.
Our previous investigations on the catalytic activity
of biogenic iron-containing materials showed that
FeOOH modifications were converted to respective
Fe,O; under these conditions [12].
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Fig. 8. CO conversion on studied samples.

Spent samples (after catalytic measurements)
were studied by SEM and XPS. SEM images
(Figures 9 and 10) show broken fibres (visible as
dark area) with deposited phases of Pd/PdO and
biogenic iron (visible as light area). EDX study
showed uniform distribution of Pd on the surface in
both tested catalyst samples. However, iron was
unevenly distributed, sometimes as being predomi-
nantly concentrated on fibre edges. The latter obser-
vation corresponds to very small changes of specific

v
I L]
2]

J
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surface area after deposition of biogenic iron as
determined by BET measurements of the hybrid
material. As it is shown on both sample map sum
spectra, Pd concentration is 0.7(1) wt.% and that of
Fe is 18.8%. These results show that the expected
composition of the hybrid sample has been achieved.
SEM-EDX analyses revealed a Pd concentration
value, which is not in contradiction of XPS data. A
registered very low amount of Pd, within the error
limits of the ESCALAB instrument, is due to
method constraints. Both methods derive informa-
tion on sample surface from different depth.
Sampling depth of XPS analysis is up to 10 nm
(depending on the Kkinetic energy of detected
electron), however, for SEM-EDX it is up to 5 um.
Thus, XPS results show that Pd is ‘buried’ in the
alumina-silica matrices of the fibrous material [23]
and additionally by deposited biogenic iron as the
depth is more than 10 nm. Therefore, Pd is
detectable by the SEM-EDX method but not
completely by the XPS.

In this context, a lower catalytic activity of the
hybrid material can be explained by partial pore and
Pd surface blocking, as seen by iron surface
concentration in the composite material, which is
more than one order of magnitude higher than that
of palladium.

o
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Fig. 9. Electron images of spent 0.3% Pd/Al-Si-O fibrous material, EDX map sum spectrum and EDX map of
Pd(Lal) distribution.

83



M. G. Shopska et al.: Fe-Pd/AI-Si-O catalyst using biogenic iron

Electron Image 6

cps/eV
5
|

w
T I B BT AR B B I BN

o

10 0

f 10pm f 10pm

e

(]

Si

. Map Sum Spectrum
Wt% o
0 387 02
Al 270 01
Fe 188 0.2
Si 146 0.1
Pd 10 01

M

Fe
Pd

Fe Kal

||||Al‘||||||||||[||||’||||||||||||-|||||||
15

5 10 keV

Fig. 10. Electron images of spent biogenic iron-containing Fe-Pd/Al-Si-O sample, EDX map sum spectrum and EDX
maps of Pd(Lal) and Fe(Kal) distribution.

High resolution XPS analysis of the tested
samples revealed existence of Pd® only on the surface
of the 0.3%Pd/Al-Si-O sample at a Pd/(Al+Si) ratio
of 2.3x107, which was similar to that in the fresh
sample (Fig. 4). Comparative XPS investigation of
the fresh and spent 0.3%Pd/Al-Si-O system proved
transition of Pd®* to Pd°. This supports a process of
Pd transformation into an active form with time on
stream at elevated temperatures due to reduction of
Pd by CO in the mixture. The fibrous Fe-Pd/Al-Si-O
catalyst with deposited biogenic iron was almost
unchanged after the catalytic test. Palladium amount
was preserved (within the error limits of the XP
spectrometer) at a Pd/(Al+Si) ratio of 1.7x107. Iron
was present in two forms on the surface, Fe** =~ Fe**,
at a Fe/(Al+Si) ratio of 11.4x107* (Fig. 5).

The results obtained on studying spent samples
by SEM and XPS allow concluding that a close cata-
Iytic behaviour of both the studied systems is due to
stable dispersion of Pd and iron on the catalyst
surface that is preserved during/after reaction.

CONCLUSIONS

This study indicated that the catalytic activity of
both 0.3%Pd/Al-Si-O and Fe-Pd/AI-Si-O systems was
essentially due to palladium. Despite the presence of
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a Fe*-Fe** couple, which is active in oxidation
reactions, no synergism was observed. Similarities
between the catalytic performances of the studied
systems could be explained by uniform and stable
distribution of palladium and iron on the surface,
which is preserved under reaction conditions.
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CHUHTE3 HA KATAJIM3ATOP Fe-Pd/Al-Si-O CbABPXKAIL BUOT'EHHO XKEJISA30 YPE3
KVYJITUBUPAHE HA BAKTEPUU OT POJIA LEPTOTHRIX

M. I. llloncka’*, T'. B. Kagunos?, 4. BpquHHZ, Hn. 1. ﬁopuaHOBal, Xp.T. Kones!, M. dabuan’

1
Hncmumym no kamanu3s, bvreapcka akademus na naykume, yi. ,,Axao. I. bonueg”, bn. 11, 1113 Coghua, bvreapus
2 ,
Hncmumym no ceomexnuxa, Cnosawxa akaoemus na Haykume, yi. ,, Bamconosa” Ne 45, 040 01 Kowuye, Crosaxus

Ilocrpnnna Ha 15 centemBpu 2015 r.; Ilpepaborena Ha 4 HoemBpu 2015 1.
(Pesrome)

Upe3 xyntuBUpaHe Ha Oaktepuu oT poma Leptothrix B cpema cuamMumii-Kens30-TIOKO3a-TMENTOH € OTI0XKCHO
OUOTEeHHO KeIlsi30 BhpXy BiakHecT katanuzatop 0.3%Pd/Al-Si-O. Taka e nonyuen kommnosuteH marepuan Fe-Pd/Al-Si-O.
Metonute wuH(ppauepBeHa CHEKTPOCKOMHMS, CKAHUpalla EJICKTPOHHA MHKPOCKOMUS (C CHepruiiHO TUCHEepPCHUBEH
PEHTTCHOB aHalu3), HUCKOTeMIepaTypHa aacopOius Ha a30T M PEHTIeHOBa (HOTOCICKTPOHHA CIIECKTPOCKOMHs Osixa
W3MON3BAHHU [IPU OXapaKTepH3HUpaHe Ha M3CIeABAaHUTE 00pasli. Y CTAHOBEHO 0e, e XUOPUAHHUAT MaTepHal ChIAbpPXKa
Ouorenen nenugokpokut, y-FEOOH. Karamutuunara akTHBHOCT Ha o0OpasuuTe Oe H3CliefBaHa B peakluara Ha
oxucienne Ha CO. [oBenenuero Ha cuctemure Oe perucTpupano in Situ upes andysHo-oTpaxkaTenHa nH(padepBeHa
crieKTpocKonusi. KaTanuTHIHUTE U3MUTAHNS LIe/sIXa OIICHKa Ha Ka4ecTBaTa Ha CHCTEMH, [OIyIeHH [IPH MOIUbHIpaHe
Ha OWoreHHO ens30. Brnaknectusr katamusatop 0.3%Pd/Al-Si-O u xubpunuust marepuan Fe-Pd/Al-Si-O nokasaxa
nOoM00HM KATAIUTHYIHE OTHACSHUA. TOBa Ce NBDKM Ha €IHOPOAHOTO M CTaOWIIHO pas3lpelelicHHe HA Hanagus U
XKEISI30TO MO IOBBPXHOCTTAa Ha 00pasuure. Bbhopekn, Ye Ha CHHTE3UpAaHHs KOMIIO3UT € MpPHUChHINA KAaTaTUTHYHATA
aKTHBHOCT TIPH HHUCKH TEMIICPATypH, PETHCTPHpaHaTa aKTHBHOCT B M3CICABAHHUS HHTEPBAIl OT DPEaKUHOHHU
TEMIIEPATYPH JI0 TOJIIMA CTCTICH Ce IBb/DKH Ha TaaIus.
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Two samples of CdS/TiO, composites have been prepared by single-step solid-state mechanochemical route.
Sample 1 was prepared in a ball mill by mixing commercial TiO, Degussa P25 with CdS mechanochemically
synthesized in advance (cubic hawleyite phase). Sample 2 has been obtained by the mechanochemical synthesis from
cadmium acetate and sodium sulphide in the presence of TiO, Degussa P25. Characterization of the synthesized
composite materials by means of XRD, DRS, PL, SEM, and EDX showed that the CdS particles were attached to
titania. XRD analysis proved that the rutile TiO, phase is prevailing in Sample 1, unlike the case of Sample 2, which
contained mainly anatase TiO, phase. UV-vis diffuse reflectance spectroscopy was applied in order to evaluate the band
gaps of the synthesized samples. Obtained values of the band gap for the composite CdS/TiO, samples are lying below
the band gap value interval of pure anatase TiO, phase (3.2 eV) and that of pure CdS (2.42 eV) enabling visible light
illumination. The photocatalytic oxidation of ethylene (model air contaminant) was studied both under the effect of UV-
and under visible light irradiation. It was established that the mechanochemically synthesized CdS/TiO, shows a higher
photocatalytic activity in the oxidation of ethylene under visible light irradiation in comparison with pure titania due to

the effect of the CdS component.

Key words: mechanochemistry, photocatalysis, titania, CdS, ethylene, air pollution.

INTRODUCTION

Contaminated air exerts harmful effects on human
health [1]. Volatile organic compounds are the basic
pollutants in contaminated air [2]. A number of
technologies have been elaborated to purify air, for
instance passing it through a filter of activated
carbon [3]. Processes of thermal oxidation or
catalytic oxidation have also been applied [4].
However, these processes occur at high tempera-
tures and pressures [5]. Heterogeneous photocata-
Iytic oxidation is an alternative approach, which
happens at room temperature and atmospheric pres-
sure [6]. A great variety of photocatalytic materials
enable efficient purification of polluted air [7].
Titania is the most widely applied photocatalyst to
degrade organic contaminants in air and water [8].
But anatase TiO, absorbs only photons of the UV
region, which comprises only 5% of the solar
spectrum. Titania modifying with other semicon-
ductors of narrow band gap and absorbing visible
light is a popular approach to improving its light
absorbance properties [9]. The present work is
focused on TiO, modification with cadmium sul-
phide. Composite samples were prepared by the

* To whom all correspondence should be sent:
E-mail: nkostova@ic.bas.bg

mechanochemical route. Mechanochemical synthesis
produces surface clean semiconductor nanoparticles
without any influence of organic ligands, applied in
chemical process, and such nanoparticles can be
tested as a photocatalyst [10].

Ethylene was selected as a model air
contaminant [11]. Ethylene is causing air pollution
due to its large-scale production in the petro-
chemical plants. The photocatalytic oxidation of
ethylene is therefore a hot topic of the day [12, 13].
In the present work mechanochemically synthesized
CdS/TiO, composites were tested and their photo-
catalytic activities were compared with data
obtained beforehand by the traditionally used
reference photocatalyst TiO, Degussa P25. The
investigation of ethylene photocatalytic oxidation
was carried out in a recently designed and con-
structed gas-phase flat-plate continuous flow photo-
catalytic reactor over a thin film coating of semi-
conductor material. The aim of the present paper
was to investigate the influence of the synthesis
conditions for preparing CdS/TiO, composites by
monitoring their physicochemical properties and
testing their efficiency as photocatalysts for
complete oxidation of ethylene.

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL
2.1 Materials

CdS/TiO, composites were synthesized from
cadmium acetate (CH3;COQO),Cd.2H,0 (98%, ITES,
Slovakia), sodium sulphide Na,S.9H,0 (98%,
Aldrich, Germany), and TiO, Degussa P25.

2.2. Mechanochemical synthesis

The mechanochemical synthesis of the samples
was carried out in a Pulverisette 6 planetary ball
mill (Fritsch, Germany). The ball mill was charged
with 50 balls made of tungsten carbide having a
diameter of 10 mm and weighing 360 grams. The
rate of rotation of the planetary carrier was 500 rpm.
Experimental runs were conducted in argon at room
temperature.

Pure cadmium sulphide was mechanochemically
prepared by following equation (1). Further details
are published elsewhere [14].

(CH,CO0),Cd.2H,0 + Na,S.9H,0 —
CdS + 2CH,COONa + 11H,0 1)

One of the composite samples, denoted as
CdS/TiO,-1, was synthesized by milling in a
planetary ball mill using pure cadmium sulphide
prepared beforehand [14] and the commercially
available TiO, at a ratio of 1:4. The milling time
interval was 30 min.

For a second mechanochemically synthesized
composite sample, CdS/TiO,-2, a mixture of
cadmium acetate, sodium sulphide, and TiO, P25
Degussa was used. The synthesis was carried out in
the planetary ball mill in inert atmosphere under the
same conditions as described above.

2.3. Characterization techniques

X-ray diffraction (XRD) patterns were recorded
on a D8 Advance diffractometer (Brucker, Germany)
using CuKa radiation.

Specific surface area (S,) values were obtained
by the low-temperature nitrogen adsorption method
using a Gemini 2360 sorption apparatus (Micro-
meritics, USA).

Diffuse reflectance UV-vis spectra were
measured on a Thermo Evolution 300 UV-Vis
Spectrophotometer equipped with a Praying Mantis
device with Spectralon as the reference. Spectralon
is a fluoropolymer, which has the highest diffuse
reflectance among all the known materials or
coatings over the ultraviolet, visible, and near-
infrared regions of the spectrum. Kubelka-Munk
relationships were used to transform the reflectance
data into absorption spectra.
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Photoluminescence (PL) spectra at room
temperature were acquired at right angle on a
photon counting spectrofluorometer PC1 (ISS) with
a photoexcitation wavelength of 325 nm. A 300-W
xenon lamp was used as the excitation source. The
emission was collected in a 25-cm monochromator
with resolution of 0.1 nm equipped with a
photomultiplier. The photoexcitation and photo-
emission slit widths were 1 and 2 mm, respectively.
For measuring the PL intensity, the powders were
suspended in absolute ethanol.

The photocatalytic activity of the samples in the
reaction of ethylene complete oxidation was
measured under UV-A polychromatic light illumi-
nation (the so called Black Light Blue BLB lamp
with Anax = 365 nm), UV-C monochromatic illumi-
nation (TUV lamp A = 254 nm), and under visible
light illumination. The standard reference experi-
mental conditions and the reactor configuration have
been described elsewhere [15], while the operational
parameters are listed in Table 1.

Table 1. Comparison between CdS/TiO, composites and
commercial TiO, Degussa P 25 in the photocatalytic
conversion of ethylene (30% and O, excess) under
illumination with different types of light

Photocatalyst Ethylene  Type of Intensity
conver- illumi- of illumi-
sion, nation nation,
% W.cm™
CdS/TiO,-1 0.7 UV-A 0.014
CdS/TiO,-1 45 uv-C 0.014
CdS/TiO,-1 115 visible 8.9
CdS/TiO,-2 3.7 UV-A 0.014
CdS/TiO,-2 5.1 uv-C 0.014
CdS/TiO,-2 14.4 visible 8.9
TiO, Degussa P25 12.8 UV-A 0.014
TiO, Degussa P25 27.3 uUVv-C 0.014
TiO, Degussa P25 0 visible 8.9

The support bearing the photocatalytic layer of
CdS/TiO, composites and TiO, was a commercially
available Al foil, covered with silica gel (0.2 mm),
manufactured by Merck for the purposes of thin
layer chromatography (TLC Merck Art. 5554
Kieselgel 60 Fjs,). A suspension (56 mg CdS/TiO,
in 5 ml H,O) was ultrasonically treated as in Ref.
[16].

RESULTS AND DISCUSSION

The XRD measurements were carried out to
study the phase composition of the obtained
samples. Figure 1 represents XRD patterns of the
two mechanochemically synthesized CdS/TiO,
composite materials. The X-ray patterns of the
cadmium sulphide and of the commercial product
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TiO, P25 Degussa are also given for comparison.
The profile of TiO, P 25 Degussa shows that it is
composed of crystallites of anatase and rutile at a
ratio of 75:25. Some diffraction lines are observable
in the XRD pattern of the CdS, which indicate the
cubic structure of hawleyite CdS (JCPDS 00-010-
044). All the diffraction lines are wide, which give
evidence for the formation of fine-sized crystallites
[17] as well as for structural disorder, which appears
in the cadmium sulphide during the milling process
[10].

CdS/TiO,-2

Intensity (a.u.)

CdSITiO-1

Cds

P25

T T T T
25 30 35 40 45 50 55 60

2 Theta (degrees)

Fig. 1. XRD patterns of TiO, P25 Degussa and of
mechanochemically synthesized CdS, CdS/TiO,-1,
and CdS/TiO,-2 samples.

Substantial changes were registered in the XRD
pattern of the CdS/TiO,-1 sample. This sample,
obtained by means of mechanochemical synthesis
starting from a mixture of cadmium sulphide and
TIO, P 25 in the ball mill, gives rise to a substantial
decrease in intensity of the peak at 20 = 25.2°
related to the plane (101) of the anatase. A
significant widening was observed for all the
registered diffraction lines. A considerable decrease
of the crystallite size was registered with this
sample. Some lines characteristic of CdS are also
present. Rutile is the prevailing phase in this sample.
Wide diffraction lines of the mechanochemically
synthesized CdS clearly prove the nanosized nature
of the sample [18]. The impact of energy during the
milling process is manifested in the form of phase
transformation [19].

Regarding the diffraction pattern of sample
CdS/TiO,-2, which was prepared by direct
mechanochemical synthesis of CdS from cadmium
acetate and sodium sulphide on the surface of TiO,
P 25, all the lines characteristic of TiO, P 25 are
present as well as some others, which are
characteristic of CdS having a cubic structure of
hawleyite. No phase transformation of anatase into
rutile was registered in this case. Here, the high-
energy milling was accompanied by generation of
fresh surface, which is displayed in a considerable

growing up of the specific surface area of the
CdS/TiO,-2 sample (72 m? g*) in comparison to
that of P 25 (50 m? g *). The specific surface area of
sample CdS/TiO,-1 was measured to be 19 m?* g™
Specific surface area values of the samples are one
of the most important features of the milled samples
[10]. High values of the specific surface area of
mechanochemically synthesized samples suppose an
effective application of the latter to surface-area
dependent  processes, such as  sorption,
heterogeneous catalysis (both dependent on the
number of surface active sites) and others. The
CdS/TiO,-1 sample represents a less crystalline
material, while sample CdS/TiO,-2 is a more
crystalline material (Fig. 1).

A SEM micrograph of the CdS/TiO,-2 sample is
shown in figure 2. It represents juxtaposition of
back-scattered (left side) and secondary electron
images (right side) of CdS deposited on TiO,. There
is better sharpness of secondary electron image
(SEI), but the chemical contrast in the back scattered
image (BEC) gives more information: bright area is
CdS and dark area is TiO, as the atomic mass of Cd
is higher than that of Ti; therefore, the electron yield
(brightness) from Cd is also higher. Elemental
composition of CdS/TiO,-2 was determined by EDS
(energy dispersive spectroscopy) and it is shown in
Table 2.

Table 2. Composition of the CdS/TiO,-2 sample
supported on a commercially available Al foil covered by
silica gel (0.2 mm)

Element Weight, Content,
% at.%
O 41.91 71.09
Si 2.29 221
S 5.15 4.36
Ti 31.11 17.62
Cd 19.54 4.72
total 100.00 100.00

Figure 2 represents DRS spectra of the initial
TiO, P25 Degussa sample and the mechano-
chemically synthesized sample CdS/TiO,-2. The
absorbance spectrum of TiO, P25 consists of
intensive absorbance only in the ultraviolet region.
The absorbance edge of the pure titania is about 390
nm. In contrast, the absorbance edge in the spectrum
of the synthesized samples of CdS/TiO,-2 was
registered at 530 nm, i.e. already in the visible
region (Fig. 3b). A red shift towards longer
wavelengths is observed in the range of visible light.
The band gaps E4 of the samples were calculated on
the basis of Tauc equation [21]. Evaluated band gap
values of the samples were 3.3, 2.46, 2.2, and 2.35
eV for TiO, P 25, CdS, CdS/TiO,-1, and CdS/TiO,-2,
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respectively. The band gap of the mechano-
chemically synthesized CdS/TiO, composites lies
below that of CdS and thus allows visible light
illumination.

1130 SPI

10um

20kV  X2,000

Fig. 2. SEM image of sample CdS/TiO,-2 particles
on the surface of SiO, coated by a TLC plate.
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Fig. 3. A. UV-vis drs spectrum of TiO, P25 sample.
B. UV-vis DR spectrum of mechanochemically
synthesized CdS/TiO,-2 sample.

The photoluminescence (PL) spectra of the
initial TiO, P 25 Degussa and mechanochemically
synthesized CdS, CdS/TiO,-1, and CdS/TiO,-2
samples, photoexcited at 325 nm at room
temperature, are displayed in figures 4 and 5. The
photoexcitation wavelength of 325 nm, corres-
ponding to photon energy of 3.81 eV, is greater than
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the band gap energy of titania. This energy was an
absorbed exciting transition of valence band
electrons to the conduction band.
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Fig. 4. Photoluminescence spectrum of
TiO, P25 Degussa.
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Fig. 5. Photoluminescence spectra of mechanochemically
synthesized CdS, CdS/TiO,-1, and CdS/TiO,-2 samples.

The emission intensive peak in the spectrum of
TiO, P 25 Degussa with a maximum in the near
ultraviolet region at about 361 nm (3.43 eV) can be
ascribed to emission of a photon having energy
equal or slightly higher than the band gap width of
the anatase phase of TiO, and it provides evidence
for a direct recombination of a photoexcited electron
and a positively charged hole [22, 23]. The photo-
luminescence emission is the result of two effects:
part of the illuminating photons energy goes for a
non-radiative transition (a transition between two
vibrational energy levels of the crystal lattice
nodes). Another part is emitted as a result of
recombination of photoexcited electrons and holes
(lower energy photons).

It is known that CdS nanoparticles manifest a
light-emitting behaviour at a specific wavelength
corresponding to the band gap width, which can be
determined in this way. Thus, the formation of CdS
nanoparticles can also be confirmed by photo-
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luminescence spectroscopy [24]. The photolumi-
nescence spectrum of the mechanochemically
synthesized CdS shows a broad emission band with
a maximum of the emission at 543 nm (2.3 eV)
accompanied by a very slight emission peak at 585
nm (2.1 eV). The emission peak at 543 nm can be
assigned to the surface-trap-induced photolumi-
nescence, which involves the recombination of
electrons with a trapped hole-sulphur vacancy inside
the valence band of CdS nanoparticles [25]. A
similar result has also been obtained [26].

The photoluminescence spectrum of the
mechanochemically synthesized CdS/TiO,-2 sample
is similar to that of the pure cadmium sulphide, but
having a substantially lower intensity. The lower PL
intensity of the CdS/TiO,-2 sample indicates a lower
recombination rate of photoexcited electrons and
holes [27]. No emission was observed in the case of
TiO, P25 within the region of 475 up to 650 nm
(Fig. 4). The presence of CdS in the composite
CdS/TiO,-1 sample is leading to substantial changes
in their PL spectra (Fig. 5) indicating an efficient
transfer of electrons from the CdS particles to the
titania. This results in suppression of the recombi-
nation of charge carriers in CdS/TiO, compared to
titania. A PL spectrum of this sample is complicated
because there are many factors that can influence
the fluorescence signals such as surface states and
bulk defects. In the spectrum of mechanochemically
synthesized CdS/TiO,-1 sample, the minor emission
peaks at 468 and 494 nm correspond to titania and
only slightly pronounced wider emission peaks at
540 and 585 nm belong to CdS, accordingly. The
emission at 468 nm (2.6 eV) proves the presence of
oxygen vacancies, while that at about 494 nm (2.6
eV) could be ascribed to indirect recombination of
defects involving interaction of phonons in the
lattice oxygen vacancies in titania [20]. It is known
that the electronic properties of CdS depend on the
particle size [28]. Since the PL emission is the result
of recombination of photoexcited electrons and
holes, the lower photoluminescence intensity of
synthesized composite CdS/TiO, samples proves a
lower recombination rate of the photoexcited
electrons and holes [29], which was aimed inten-
tionally in this study by adding CdS.

It has been reported earlier that there is no PL
peak emitted by the pure anatase phase, but a weak
PL peak in the rutile phase of titania [30]. However,
in our case we have observed fine PL peaks for
rutile phase and enhanced PL entities for the anatase
phase of the corresponding CdS/TiO, samples,
which is in contrast with earlier reports.

The degree of ethylene conversion was taken as
a measure of the photocatalytic activity. As it can be

seen from the data presented in Table 1, the best
photocatalytic efficiency in ethylene photocatalytic
oxidation under both kinds of UV-light illumination
is exhibited by the TiO, Degussa P25, where the
UV-C light is more effective due to the higher
energy of the photons with all the three studied
samples.

However, anatase TiO, was inactive under
visible light illumination, where both CdS/TiO,
samples exhibited some activity (Fig. 6). The
CdS/TiO,-2 sample was superior to the CdS/TiO,-1
sample under visible light owing to the higher
specific surface area and higher quantum yield.

22 uv-C
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TiO2 CdS/TiO2-1 CdS/TiO2-2
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Fig. 6. Photocatalytic conversion of ethylene under
illumination with different types of light over CdS/TiO,
composites and commercial TiO, Degussa P25.

Composite CdS/TiO, materials could be a
promising photocatalyst to utilize a wide share of
solar light irradiation. Upon irradiation of the
samples with visible light the electrons in the
valence band of CdS are photoexcited and they are
transferred to the conduction band and further to the
TiO, conduction band as the two conduction bands
are merging at the interphase boundary between the
two attached particles. This is due to the fact that the
oxidation potential of TiO, is superior to that of
Cds, so the local electric field at the interphase
boundary enables this transition of the photoexcited
electrons from the conduction band of CdS to the
conduction band of TiO, through the interphase
boundary layer between the attached two particles.
In this way the photoinduced charge carriers (e~ and
h*) in CdS appear to be effectively separated, which
hinders their recombination prolonging the lifetime
of the holes that are, in fact, the oxidation active
sites of the catalyst in an oxidation reaction.
Therefore, the result is that the mechanochemically
synthesized CdS/TiO, samples manifest a higher
photocatalytic activity in the oxidation of ethylene
under visible light irradiation in comparison with
pure titania.
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CONCLUSION

The present paper represents a detailed study of
the structural, optical, and photocatalytic properties
of mechanochemically synthesized CdS/TiO,
composite materials. The XRD pattern analysis of
the CdS/TiO,-1 sample, prepared by mechano-
chemical synthesis in a planetary ball mill of a
mechanical mixture of CdS and TiO, P25, showed
that a phase transition into rutile occurred in a larger
fraction of anatase of the initial TiO, P 25 material.
The phase composition of TiO, P 25 was preserved
during the mechanochemical synthesis of the
crystalline CdS/TiO,-2 sample. The specific surface
area of this sample was higher by 50% than that of
the initial TiO, P 25. A DRS study revealed that all
the  mechanochemically synthesized samples
demonstrated a strong absorbance in the visible light
region. Evaluated band gap values of the samples
were 3.3, 2.46, 2.2, and 2.35 eV for TiO, P 25, CdS,
CdS/TiO,-1, and CdS/TiO,-2, respectively. An
enhanced photocatalytic activity of the synthesized
composite materials in the visible range of the
spectrum for ethylene oxidation in polluted air is
owing to an efficient separation of photoexcited
electrons and holes, i.e. the charge carriers between
attached CdS and TiO, phases.
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MEXAHOXMMUWYEH CUHTE3, OXAPAKTEPU3UPAHE U ®OTOKATAJIMTUYHA AKTUBHOCT
HA CdS/TiO, KOMITO3UTU 3A OUMCTBAHE HA 3BAMBPCEH BB3/1YX

H.T. Kocrosa', Ep. I[yTKOBaZ, Au. Enmusict, Ewm. CTOHHOB3-EJ‘II/I$[C3, M. (I)a6I/IaH2, I1. Banax®

1
Hucmumym no kamanus, bvieapcka akademus na naykume, 1113 Cogus, Bvazapus
2
Hucmumym no ceomexnuxa, Cnogawixka akaoemus na naykume, 04001 Kowuye, Cnosaxus
3
Huemumym no gusuxoxumus, bvreapcka axademus na nayxume, 1113 Cogus, Bvacapus

Toctenmna Ha 29 centemBpu 2015 r.; TIpepabotena ua 27 okromepu 2015 r.
(Pestome)

CdS/TiO, kommo3utHu 00pa3iy ca MOJyYEHH Ype3 eJHOETArleH TBBhPAOTENEH MeXaHOoXuMuueH cuuTe3. Obpasery
CdS/TiO,-1 e monyven B TomkoBa MenHuna 4ype3 cmecBaHe Ha TiO, P25 Degussa ¢ mpeasaputento moiyued CdS
(ky6uuna ¢asza hawleyite). O6pasenr CdS/TiO,-2 e moiydeH 4pe3 MEXaHOXMMHYEH CHHTE3 OT KaJMHEB aleTaT U
HartpueB cynpua B npuckctBue Ha TiO, P25 Degussa. OxapakTepu3npaHeTO Ha CHHTE3UPAaHUTE KOMIO3UTHH
MaTrepualii ¢ PEeHTreHo(a3oB aHaiu3, IU(Yy3UOHHO-OTpa)KkaTelHa CIIEKTPOCKONHUS, (OTOTYMHHECIEHTHA CIIEKTpPO-
CKOIHSI, CKaHUpallla eIeKTPOHHA MUKPOCKOINHUS U SHEPrHUiHO MUCICPCHOHEH aHanu3 Toka3sa, de dactuuu ot CdS ca
3aKpereHd B THTAHOBHS AMOKCHA. PeHtreHoda3oB ananm3 nokasa, ye B obpaser; CdS/TiO,-1 npeobnanaBa ¢aszara
pytun 3a pasnuka ot obopazen CdS/TiO,-2, koifTo chIabpka OCHOBHO aHaTa3. Jn(y3MOHHO-OTpa)KaTeldHa CIEKTPO-
ckomusi Oelie M3MOJ3BaHA 3a ONpeleisiHe Ha 3a0paHeHara 30Ha HA MEXaHOXMMHUYHO CHHTE3MPAHUTE OOpasIv.
[MonyueHnTe CTOMHOCTH 3a 3a0paHeHUTE 30HU Ha KOMIIO3UTHHUTE 00pa3iy ca Mexay 3abpaHeHaTa 30Ha Ha ynuctus Ti0;
(3.2eV) u CdS (2.42 eV). ®OTOKATANTUTUYHOTO OKUCIICHHUE Ha eTUICH (MOJIETICH 3aMbPCUTEN Ha Bb3/yX) € U3CIIEABAHO
npu oOJIbYBaHE KaKTO C YJITPABHOJIETOBA, Taka ChIIO M C BHIMMAa CBETJIMHA. YCTAHOBEHO €, Y€ MEXaHOXMMHYHO
cunresupannte CAS/TiO, KOMIO3UTHH 06Pa3IM MOKA3BaT MO-BUCOKA (DOTOKATAIUTHYHA AKTUBHOCT B OKHCJIEHHETO HA
€THJICH IIPH 00J'bYBAHE C BUIMMA CBETJIMHA B CPABHEHHE C YHUCT TUTAHOB TUOKCHI.
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Mesoporous ZnO powders were prepared by hydrothermal treatment (HT) of a three-block copolymer (P123)
containing precipitate. Well-crystallized wurtzite ZnO phase powders were obtained. The particles consisted of oval
nest-like units, which contained both non-uniformly distributed nanosheets and nanorods. Increasing the Pluronic
(P123) content up to a certain value led to a larger share of the mesopores at the expense of micropore part. The ZnO
samples, obtained from polymer-modified HT precipitate, exhibited a higher photocatalytic activity in oxidative
discoloration of Reactive Black (RB5) dye than that of the reference sample. A larger surface area and a larger pore
volume provided a larger number of surface active sites for the photocatalytic reaction increasing the adsorption

capacity and facilitating the transportation of the dye.

Keywords: zinc oxide, photocatalyst, porosity, wastewaters, polymer modification.

INTRODUCTION

Zinc oxide is known to be an excellent material
for photocatalytic decontamination of wastewaters
due to its high UV-light photosensitivity, nontoxic
nature, and large band gap [1]. It has been demon-
strated that the photocatalytic activity of ZnO is
strongly dependent on its crystallite size, specific
surface area, surface morphology, and texture.
Various routes such as chemical bath deposition [2],
thermal decomposition [3], vapour phase deposition
[4], and hydrothermal process [5] have been applied
to synthesize ZnO powders. The conventional
hydrothermal method and its modifications such as
electrochemically assisted, microwave-assisted, and
surfactant-assisted versions have been developed as
suitable methods for preparation of multifunctional
ceramics materials. The surfactant-assisted hydro-
thermal synthesis of ZnO is an important phase
method, which is used to prepare porous ZnO mate-
rials. Aimable et al. [6] have revealed that the size
and morphology of precipitated ZnO can be tuned
by addition of various anionic polymers, which cause
reduction of the final particle size and lower the
degree of agglomeration. Nanocrystalline meso-

* To whom all correspondence should be sent
E-mail: alel@ic.bas.bg

porous assembled TiO, photocatalyst has been
synthesized using laurylamine hydrochloride,
CH3(CH,)11NH,.HCI, as a structure-directing surf-
actant behaving as a mesopore-forming agent and
tested in the photocatalytic degradation of monoazo
dye [7].

Recent investigations have indicated that poly-
mers could also be used as templates to direct the
formation of mesoporous oxides having high spe-
cific area, large pore volume, and small pore size.
Therefore, mesoporous oxide should be a more
efective photocatalyst because it offers a greater
number of active sites for carrying out catalytic
reactions. The mesoporous structures allow rapid
diffusion of various reactants and products and
enhance the rate of photocatalytic reaction [8]. In
view of this, mesoporous ZnO powders can be
prepared via addition of definite quantity of tri-
block copolymer as structure-directing agent for
organizing the network-forming ZnO species and
for controlling the pore size.

The aim of this work was to prepare mesoporous
ZnO powders using three-block copolymer named
Pluronic (P123) to assist the hydrothermal method
and to study the effect of polymer concentration on
the structure and on the photocatalytic efficiency.

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL

ZnO was synthesized by mixing zinc nitrate and
P123 aqueous solutions. Zn®* reactant solution was
prepared by dissolving 2 g of Zn acetate in 200 ml
deionized water. To prepare the P123-modified sol-
utions, different quantities of tri-block copolymer
Pluronic (P123, EO,PO7,EQO,,, Sigma-Aldrich) were
diluted in small quantity of water and then added to
the zinc acetate solution. Samples containing 2, 4,
and 8 g of P123 were denoted as P1, P2, and P3, re-
spectively. A sodium hydroxide aqueous solution
was used to induce precipitation. For the sake of
comparison, a reference sample was also obtained
without any addition of polymer solution under the
same preparation conditions (sample P0). The re-
sulting mixture was transferred into an autoclave for
thermal treatment at 140°C for 12 h. Then the auto-
clave was cooled down naturally to room tempera-
ture. The precipitates were washed several times
with water and ethanol and dried in an oven at 60°C.

X-ray diffraction (XRD) patterns were recorded
on a Bruker D2 Phaser diffractometer varying 20
values between 25 and 75° and using Cu K, radia-
tion (A = 0.154056 nm) at 40 kV. The single-point
BET method has been applied to measure the specif-
ic surface area based on low-temperature adsorption
of nitrogen. Method relative error amounts to about
8%. Specific surface area and pore-size distribution
measurements were accomplished on an automated
NOVA Win-CFR Quantachrom gas sorption sys-
tem. The average pore diameter was evaluated by
DFT assuming a cylindrical model of the pores. The
total pore volume was estimated in accordance with
the rule of Gurvich at a relative pressure of 0.96. For
morphological characterization of the surface, a
JEOL JEM-200CX scanning electron microscope
(SEM) was used. The images were recorded at 80
keV accelerating voltage in secondary electrons
image (SEI) mode. The samples were coated with a
thin layer of carbon and gold for better conductivity
prior to the investigation.

The photocatalytic discoloration of Reactive
Black 5 azo dye was evaluated using aqueous solu-
tion of initial concentration of 20 ppm under poly-
chromatic UV-A lamp illumination (18 W) with
maximum emission at wavelength 365 nm. A semi-
batch photocatalytic reactor was used feeding con-
tinuously O, and creating large dissolved oxygen
excess with respect to the stoichiometrically re-
quired amount for oxidation reaction. This allowed
us to assume practically constant dissolved oxygen
concentration and to include its value in the appar-
ent rate constant, K. Therefore, the bimolecular
reaction of Langmuir-Hinshelwood type of mecha-

nism is reduced to a pseudo-first order kinetic equa-
tion following only the azo dye concentration de-
crease with time of illumination. The course of the
oxidative discoloration reaction was monitored by a
CamSpec M501 UV-Vis spectrophotometer within
the wavelength range from 200 to 800 nm in absorb-
ance mode. The samples were equilibrated in the
dark (reaching adsorption-desorption equilibrium)
for about 30 min before switching on the irradiation.
The photocatalytic activity tests were carried out by
taking sample aliquots of the suspension from the
reaction vessel at regular time intervals and filtering
them. After measuring the absorbance, the amount
was placed back into the reactor to have constant
volume operation.

RESULTS AND DISCUSSION

The X-ray diffraction patterns (Fig. 1) of both
types of samples revealed narrow and sharp
diffraction peaks, which proved a well crystallized
phase identified as a hexagonal wurtzite type
structure of ZnO (JCPDS 36-1451).

P1

Intensity , a.u.

! P2

20 30 40 50 60 70 80
20, Degrees
Fig. 1. XRD patterns of polymer modified samples.

The adsorption-desorption isotherms of the
samples can be ascribed to type IV of the IUPAC
classification, which shows the dominating presence
of mesopores. The hysteresis loop could be inter-
preted as an H3 type. An almost horizontal section
is observed, whereupon the hysteresis loop is shifted
towards higher relative pressure (P/Po approxi-
mately 1), which implies the presence of cylindrical
pores. A similar behaviour was observed with the
dry pressed ZnO nanoparticles with elongated shape
[9]. The pore size distribution of the PO sample is
shown in figure 2. Polymer modification of the zinc
precursor solution increases the relative share of the
mesopores at the expense of the share of micropores
(Fig. 3). Increasing the Pluronic concentration up to
a certain value leads to a larger share of the meso-
pores lowering the share of micropores. The ZnO
powders P3 contain predominantly micropores,
while the mesopore volume drops down abruptly.
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Fig. 2. Pore size distribution of PO sample.
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Fig. 3. Pore size distribution of P2 sample.

The BET surface area (S) and average pore
diameters of the samples are shown in table 1. BET
measurements have revealed an enhancement of
both specific surface area and average pore diameter
of the Pluronic-modified powders (Table 1).

Table 1. BET surface area (S) and average pore size (d)
of the samples

Sample S [m?/g] d [nm]
PO 10 8.4
P1 13 9.2
P2 14 9.3
P3 14 8.4

XPS analyses of Zn2ps, and ZnO1ls spectra of
the hydrothermally obtained samples disclosed
similar features. The Zn2ps, peak has a maximum at
~1021.7 eV that is typical of Zn®* oxidation state.
The O1s spectrum shows a mean peak at ~530.5 eV
and a shoulder at ~532.0 eV, respectively. The former
is assigned to lattice oxygen in zinc oxide while the
latter is attributed to adsorbed hydroxyl groups. The
Zn/O+ atomic ratio was evaluated from the values of
Zn2ps;, and Ols peak areas, normalized by corres-
ponding photoionization cross-sections.

It has to be noted that all samples were non-
stoichiometric. The values of Zn/O+ atomic ratio are
lower for samples P2 and P3 (Table 2).
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Table 2. XPS chemical compositions of the samples

Sample O [at.%] Zn [at.%] Zn/O+
PO 54.7 453 0.83
P2 56.5 43.5 0.77
P3 57.6 424 0.74

The surface morphologies of the prepared ZnO
samples were investigated by SEM (Figs. 4 and 5).
As can be seen in the figures, in all cases oval nest-
like units appear which consist of some non-uniform
in size nanosheets and nanorods (Fig. 4). When
Pluronic was added into the solution, the surface
morphology of the product was slightly changed
(Fig. 5). The number of nanorods decreases, but
their length slightly increases. They have lengths in
the range of 250-500 nm and diameters in the range
of 30-60 nm. A further increase in the Pluronic
concentration did not lead to any obvious changes in
size and shape of the nanosheets and nanorods. A
similar morphology of ZnO powders, obtained from
PEG-modified solution of zinc acetate precipitated
with NaOH, has been shown in the work of
Adhyapak and co-workers [10].

=

Fig. 5. SEM photograph of P2 sample.

The photocatalytic efficiencies of the samples
were evaluated in the reaction of RB5 oxidative dis-
coloration and the results are displayed in figure 6.
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The reaction kinetics is represented by plotting the
natural logarithm of the pollutant concentration ratio
—In(C/Cy) as a function of the illumination time
interval t. The experimental results showed that the
photocatalytic oxidative discoloration of the dye
solution under UV-light irradiation follows a pseu-
do-first order reaction kinetics due to great excess of
oxygen in the solution, and it is expressed by the
equation:

In(C/Co) = —kt , @)

where C, is the initial concentration of the dye, C is
the concentration of the dye after irradiation for a
certain time interval t, and k is the apparent rate con-
stant. The latter was evaluated based on the slope of
the straight linear dependence —In(C/Cy) vs time.

2.5 P2
2 -
///
a S = P1
(&) Y o _—h
-~ 1 < — e
(=) S //./0
s —~ PO
A 8-
05 e 55
/é/d/ N
s =< X
0 20 40 60 B8O 00 120 140
Time, min.

Fig. 6. Kinetic curves of dye discoloration on the
samples, obtained by Pluronic modified
hydrothermal method.

It can be seen in the figure that the reference
sample and sample P3 exhibit lower activities for
dye discoloration than those of samples P1 and P2.
The best photocatalytic activity is displayed by sample
P2 (when 4 g of P123 were added into solution).
Thus, this is the optimal Pluronic concentration in
the zinc solution to obtain a highly active meso-
porous photocatalyst. The apparent rate constants (k)
are 1.5x10°min™", 10.3x10 °.min ", 15.8x10°.min"*,
and 2.5x10°min™* for the PO, P1, P2, and P3
samples, respectively. We have also estimated the
ratio of rate constant to specific surface area (k/S)
for polymer-modified samples in order to determine
the photocatalytic activity related to unit of surface
area. The k/S ratios are 0.0008, 0.014, and 0.00017
for samples P1, P2, and P3, respectively. As it was
proved by BET measurements, the ZnO samples,
produced by hydrothermal treatment of three-block
copolymer containing precipitate, have slightly
higher surface areas and possess more mesopores
than the reference sample. It is well known that the
photocatalytic activities are strongly dependent on
the surface area of the photocatalysts, as the reacting

molecules have to be first adsorbed on their sur-
faces. The presence of numerous nanosheets and
nanorods ensures large surface, leading to the en-
hancement of dye adsorption and easier transporta-
tion. Higher values of surface area and pore volume
for the polymer-modified samples provide a larger
number of surface active sites for the photocatalytic
reactions. In addition to this, the mesoporous chan-
nels also facilitated the diffusion of reactant mole-
cules thereby increasing the reaction rate [11].
According to Barauch et al. [12], the mesoporous
structure of ZnO can provide more active sites avail-
able for adsorption of reactive species due to the
larger pore volume, which causes improvement in
the photocatalytic activity. It is also possible that the
Zn/O ratio influences the photocatalytic behaviour
besides the surface area and particle size. The pow-
ders obtained from HT polymer-modified precipi-
tate have a lower value of Zn/O+ ratio and a higher
discoloration rate than those of the reference
samples. It is worth mentioning that introducing
P123 in the samples leads to creation of more oxy-
gen vacancies on the surface of ZnO photocatalysts
in comparison with those of the reference samples.
These oxygen defects are adsorption sites, which
result in an enhanced photocatalytic activity.

The results obtained indicate that the Pluronic-
modified hydrothermal method can be used success-
fully to prepare highly effective photocatalysts rep-
resenting well-crystallized mesoporous powders for
oxidative dye discoloration.

CONCLUSIONS

Applied polymer-assisted precipitation, in com-
bination with hydrothermal treatment, is beneficial
in view of the effectiveness of the mesoporous ZnO
photocatalytic material. The phase composition of
all the samples represents a well-crystallized wurtz-
ite phase. Typical of the ZnO samples are particles
consisting of oval nest-like units, which contain
some non-uniform nanosheets and nanorods. The
polymer modification of zinc precursor solution
with Pluronic (P123) results in an increased share of
mesopores, which is accompanied by a decrease in
the share of micropores. The superior photocatalytic
performance in discoloration of azo dye by compar-
ing modified samples with reference ZnO can be
explained based on a larger share of mesopores
enabling faster molecular diffusion and enhanced
adsorption capacity as well as formation of a larger
number of oxygen vacancies in the ZnO lattice.
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XUAPOTEPMAJIHO IMTOJIVUHABAHE HA ®OTOKAJIM3ATOPU OT ZnO C [IOMOLITA HA
KOIIOJIMMEP ITIUNITYPOHUK

Aun. En. Enusic'*, Up. 1. Cram6omnosa®, Bi1. H. Birsckos?, [I. Crososa?, K. . Muienosa®,
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1113 Cogus, bvreapus
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IMoctemuna Ha 12 centemBpu 2015 r.; Tlpepaborena Ha 6 HoemBpu 2015 .
(Pestome)

Mezonopectu mpaxoe oTr ZnO Osxa MOMYyYSHH Upe3 XHUApPOTepMallHa 00paboTKa Ha yTalKW, ChIBPXKAIIH TPH-
0110K0B chroauMmep. [loydeHn ca mpaxoBe OT 100pe KpHUCTaIM3Upaia BIOpUUTHA (asa. YacTHiuTe ca ChbCTaBEHH OT
OBaJIHH THE3JI0BHJHU CTPYKTYPH, ChIbPIKALIN HECIHAKBH HAHOIMCTH ¥ HAHOIPBYKH. YBEIHYABAHETO HAa KOHLEHTpA-
musata Ha [lnyponuk (P123) no onpeneneHa CTOHHOCT BOJH 10 IO-TOJISIM ST HA ME3OMOPUTE 32 CMETKA Ha MHKpO-
mopure. O6pasuute ot ZnO, MONIyY4eHN OT MOJIMMEPHO MOAU(DHUIUPAHU XHIPOTEPMAITHO 00pabOTeHN YTalKH, IIPOSBS -
BaT I0-BUCOKA (hOTOKATATMTHYHA aKTHBHOCT B PEAKIHATa HA OKHUCIHUTEIHO 00e3LBeTsABaHE Ha 0arpuioTo PeakTHBHO
UepHo B cpaBHEHHE ¢ oOpaselia 3a cpaBHeHHe. [lo-BHcoKkaTa crienudpuyHa TOBEPXHOCT U MO-TOIeMust 00eM Ha MopHTe
MPEJOCTABSIT IMO-TOJISIM OpOil MOBBPXHOCTHH AaKTUBHM LEHTPOBE 3a (DOTOKATAIMTHYHATA PEAKLUsl KaTo MOBHIIABAT
aIcCOPOLIMOHHYA KaaluTeT U yIeCHIBaT TPAHCIIOPTa Ha MOJICKYJIUTE Ha OarpuioTo.
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Photocatalytic properties of ferrite/activated carbon composites for degradation of
Malachite Green in agueous medium
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Ferrite/activated carbon (AC) composites of different formulation: CogsFe,s04/AC, CugsFe,s04/AC, and
MngsFe, s04/AC were prepared by coprecipitation and thermal treatment in nitrogen and studied as photocatalysts for
oxidative degradation of Malachite Green dye in aqueous solution under UV-A light irradiation. The phase composition
and magnetic behaviour of the prepared materials were established by powder X-ray diffraction analysis and Mdssbauer
spectroscopy. Synthesized ferrite/AC composites exhibit a superparamagnetic and collective magnetic excitation
behaviour. A degradation degree of Malachite Green dye, used as model pollutant, reached 93% for MngsFe,s04/AC
and 99% for CogsFe,s04/AC and CugsFe,s04/AC composites, which shows that these materials are applicable as photo-
catalysts for purification of waters containing above-mentioned dye. Photocatalytic results indicate that CogsFe,s04/AC
manifested the highest photocatalytic activity. Comparison of the photocatalytic properties of the synthesized
ferrite/activated carbon materials proved that the rate constants over the tested materials are increasing in the following

order: 7.1x107> min* (MngsFe, s04/AC) < 24.1x107° min* (CugsFe,s04/AC) < 28.4x107> min* (CogsFe; s04/AC).

Keywords: photocatalytic properties, Malachite Green dye, ferrite/activated carbon composites.

INTRODUCTION

Nanodimensional spinel ferrites with general for-
mula MFe,O4 (M = Mn, Co, Ni, Cu, or Zn) are mag-
netic materials of certain chemical and thermal sta-
bility. The electromagnetic properties of ferrites are
related to their microstructure and composition de-
pending on the preparation conditions [1]. Activated
carbons (ACs), also known as active charcoal, are
very promising and versatile materials used for
example as catalysts, catalyst supports, and effective
adsorbents exhibiting highly developed porosity,
large surface area, high degree of surface reactivity,
and variable characteristics of surface chemistry.
There are several possible approaches aimed at
improving the application potential of activated car-
bons. One of them is formation of composite materi-
als obtained by incorporation of appropriate inor-
ganic (nano) particles in the structure of activated
carbons [2]. Dye contaminants originating from the
textile industries are among the major sources of
environmental pollution. Semiconductor photocata-
Iytic reactions have attracted considerable interest of
the researchers in recent decades [3]. Activated
carbon/cobalt ferrite/alginate composite beads,
being a magnetically separable adsorbent prepared
using a simple ionic polymerization route, have
been used for effective removal of Methylene Blue
dye from aqueous solution [4]. An AC/CoFe,O,

* To whom all correspondence should be sent
E-mail: zaharieva@ic.bas.bg

composite has been prepared by a simple single-step
refluxing route and used as adsorbent for removal of
Malachite Green dye from water [5]. The catalytic
activity of cobalt ferrite nanoparticles hosted in
activated carbon [6] and nanostructured iron and
mixed iron-cobalt oxides supported on activated
carbon [7] has been studied for methanol decompo-
sition [6,7]. CuFe,O4AC magnetic adsorbents pre-
pared by a chemical coprecipitation method showed
a high adsorption capacity for Acid Orange Il (AO7)
in water and later it could be separated from the
medium by a magnetic technique [8]. MnFe,O4/AC
magnetic composites, prepared by a simple chemical
coprecipitation procedure, have demonstrated high
adsorption efficiency for tetracycline in water [9].
Wan et al. [10] have studied the removal efficiency
of sulphamethoxazole in aqueous solution by using
magnetic manganese ferrite nanoparticles on activ-
ated carbon synthesized by chemical coprecipitation
at various temperatures ranging from 25 to 150°C
[10]. Co, Cu, Li, Zn, Ni, and Mg ferrites have been
synthesized by impregnation of iron and metal salt
aqueous solutions onto activated carbon followed by
calcination at low temperatures of 300-500°C [11].
They have been tested for hydrogen sulphide
adsorption [11]. NiFe,O4//AC composites were
obtained by coprecipitation method [12] or facile
hydrothermal synthesis [13] and used for removal of
Alizarin Yellow R [12] and Methyl Orange [12,13]
in water [12,13]. NiFe,O4 supported on activated
carbon from petroleum coke (petcoke) was prepared

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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and the magnetic properties of the nanoparticles
indicated a strong dependence on particle size [14].
Zinc ferrites were obtained in the presence of activ-
ated carbon, activated carbon fibre, and Yallourn
coal and their adsorption properties for H,S were
examined [15]. ZnFe,O, supported on porous car-
bon was synthesized by pyrogenation of a mixture
of ZnCl,, Fe(NOg3)s, and novolac resin and it was
used for catalytic degradation of mercaptan under
alkaline-free  conditions [16]. Manganese-zinc
ferritesAC nanocomposites (MngsZngsFe,O4) ob-
tained by using the hydrothermal method demon-
strated some fine adsorptive efficiency for Methyl-
ene Blue and a magnetic response [17].

Malachite Green (MG) is an N-methylated di-
aminotriphenylmethane basic dye [18]. Its chemical
structure is shown in figure 1. The crystalline powder
of this dye dissolved in water gives a bluish-green
coloured solution [19]. MG is widely used as a
colouring agent on wool, silk, jute, cotton, leather,
paper, and acrylic. This dye is known to be carcino-
genic, mutagenic, and teratogenic to mammalian cell.
It has potentially harmful effects on the liver, kid-
neys, gills, gonads, and intestines in organisms [20].
The release of coloured wastewater containing dyes
and their by-products has led to great damage to
plants and aquatic animals [21]. Consequently, the
elimination of Malachite Green from polluted water
before its entrance into the food chain and environ-
ment is a very important and necessary action [22].

CHj CHj
on N
)
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Fig. 1. Chemical structure of Malachite Green dye.

The present article deals with a study and compa-
rison of photocatalytic activities of ferrite/activated
carbon materials, such as CogsFe,sO04/AC,
CugsFe,s04/AC, and MngsFe,s04/AC, prepared by
coprecipitation technique and thermal treatment in
nitrogen. Physicochemical methods including powder
X-ray diffraction analysis and Mdssbauer spectro-
scopy were applied to investigate the phase compo-
sition and magnetic behaviour of composite samples.
In order to establish changes in photocatalytic
efficiency of the ferrite/activated carbon composites,
they were tested in the reaction of oxidative degra-
dation of Malachite Green dye under UV irradiation.
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EXPERIMENTAL

Ferrite/activated carbon composites having dif-
ferent compositions: CogsFe,s0,/AC (sample 1),
CupsFe,s04/AC (sample 2), and MngysFe,sO4/AC
(sample 3) were synthesized by the coprecipitation
technique. Initial 0.03 M aqueous solutions of
Fe(NO;)3.9H,0 (Alfa Aesar) and Co(NOj3),.6H,O
(GPR  Rectapur/VMWR  Prolabo  Chemicals),
Cu(NOs),.3H,O (Merck) or Mn(NOs),.4H,O (Alfa
Aesar) were mixed at a preset ratio. Activated carbon
(2 g), obtained from peach stones (provided by
Laboratory of Chemistry of Solid Fuels, Institute of
Organic Chemistry with Centre of Phytochemistry,
Sofia), was then added to the mixture. A precipi-
tating agent, 0.3 M NaOH (Valerus Co.), was slowly
added dropwise into the mixture under continuous
stirring. Upon reaching pH = 12.5 for samples 1 and
3 and pH = 13 for sample 2, NaOH addition was
discontinued and the mixture was aged under con-
tinuous stirring for one hour. Obtained samples were
centrifuged and washed with distilled water until a
neutral reaction (pH = 7) was attained. The so-pre-
pared precipitates were dried at 110°C for 1 h in air.
Afterwards all the samples were calcined at 400°C
for 3 h in inert nitrogen.

The prepared ferrite/activated carbon materials
were investigated by powder X-ray diffraction analysis
(PXRD) and Mdssbauer spectroscopy in order to
determine their phase composition and magnetic be-
haviour.

The PXRD analysis was carried out using a TUR
M62 apparatus with PC control and data acquisition
applying an HZG-4 goniometer and CoKa radiation.
Phases were identified by means of JCPDS database
(Powder Diffraction Files, Joint Committee on Powder
Diffraction Standards, Philadelphia PA, USA, 1997).

Mossbauer spectra were registered on a Wissen-
schaftliche Elektronik GmbH apparatus, working at
a constant acceleration mode, and using a *’Co/Rh
source (activity =50 mCi) and o-Fe standard. The
parameters of hyperfine interactions of Mdssbauer
spectral components: isomeric shift (IS), quadrupole
splitting (QS), effective hyperfine magnetic field at
iron nuclei (Hes), line widths (FWHM), and compo-
nent relative weights (G) were estimated by computer
fitting.

The photocatalytic properties of thermally treated
ferrite/AC composites were tested for oxidative
degradation of Malachite Green dye in aqueous sol-
ution under UV-A light illumination applying poly-
chromatic (320400 nm) radiation with maximal
emission at 365 nm and a black light blue BLB lamp
of 18 W. The reaction course was followed spectro-
photometrically using a CamSpec M501 UV-vis
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spectrophotometer based on the absorbance of dye
solution in the UV-vis wavelength range from 200
to 800 nm. A semi-batch suspension photocatalytic
reactor was used applying a fixed amount of photo-
catalyst and polluted water and continuous airflow
through two frits to saturate the solution in oxygen.
Thus, oxygen was in large stoichiometric excess, its
concentration was practically constant, and it could
be included in the value of the apparent rate con-
stant. Therefore, the Langmuir-Hinshelwood mech-
anism of a bimolecular reaction is reduced to a pseu-
do-first order rate equation. The photocatalytic mea-
surements were performed at a constant stirring rate
(400 rpm) under ambient conditions. MG dye
solutions had an initial concentration of 5 ppm. The
investigated systems reached an equilibrium state
after about 30 min in the dark before switching on
the lamp. Sample aliquots of the suspension were
taken out of the reaction vessel after regular time
intervals in order to measure the photocatalytic
activities of ferrite/activated carbon materials. The
powder was then separated from the aliquot solution
by centrifugation before UV-Vis spectrophotometric
measurement of dye concentration. After that the
aliquot solution together with the photocatalyst sample
were placed back into the reaction vessel (constant
volume operation). Apparent rate constants, k, were
estimated by neglecting the dissolved oxygen con-
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Fig. 2. PXRD patterns of thermally treated ferrite/ AC
composites and activated carbon.

centration based on the straight-line slope of plotted
—In(C/Cp) = kapp.t logarithmic dependence.

RESULTS AND DISCUSSION

Figure 2 illustrates powder X-ray diffraction
patterns of the synthesized ferrite/activated carbon
materials and activated carbon. As it can be seen, the
presence of non-stoichiometric spinel cobalt ferrite
CosFe; O, (PDF-22-1086; PDF-75-0449), copper
ferrite Cu,Fe; 4O, (PDF-34-0425; PDF-75-0449), or
manganese ferrite Mn,Fe;_ O, (PDF-73-1964; PDF-
75-0449), and also activated carbon phases were
registered in presented PXRD patterns. A hematite
phase (PDF-89-0599) was also observed in the case
of thermally treated cobalt and copper ferrite-
type/AC materials.

The registered Mdssbauer spectra of the obtained
samples at room temperature (RT) are displayed in
figure 3. The spectra of CogsFe,;s04/AC (sample 1)
and CugsFe,s04/AC (sample 2) are a superposition
of sextet and doublet components. Doublet lines were
only recorded in the spectrum of MngsF,504/AC
(sample 3). A spinel phase, registered in the spec-
trum of sample 1, is presented by three sextet com-
ponents: Sxt2 due to octahedrally coordinated Fe**
ions, Sxt3 belonging to tetrahedrally coordinated
Fe* ions, and Sxt4 — related to iron ions in a spinel
phase with an average size bellow 20 nm. This phase

Sample 1

§ T
A0 & 6 -4 2 0 2 4 & 8 10
Velocity, mm/s

Fig. 3. Mdssbauer spectra of ferrite/AC composites at
room temperature.
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exhibits a high dispersion degree and collective
magnetic excitation (CME) behaviour. In the spectra
of sample 1 and sample 2, the sextet component,
Sxt1, is attributed to ferric ions (Fe*") in a hematite
phase. Calculated hyperfine parameters of doublet
components could be assigned to the presence of
ferrite particles of superparamagnetic (SPM) behav-
iour and an average size bellow 10 nm [23] (Table
1). Méssbauer measurements confirmed the powder
X-ray diffraction studies.

The degree of degradation of the Malachite Green
dye as a function of time interval under UV-A light
irradiation during photocatalytic tests over prepared
ferrite/AC composites is given in figure 4. The results
indicate that samples 1 and 2 manifested the highest
photocatalytic activity (99%) in the oxidative degra-
dation of Malachite Green dye after 120 min.

The apparent rate constants of ferrite/AC photo-
catalysts determined by the slopes of the curves

using pseudo-first order kinetics [3], —In(C/Cy) =
Kapp-t, are shown in figure 5. Differences in photo-
catalytic activity of tested materials proved that a
maximum in the rate constant was observed with
sample 1 (CogsFe,sO4/AC). The photocatalytic
activity of the ferrite/AC samples is decreasing in
the order: 28.4x10°min' (CopsFe,s04/AC) >
24.1x10° min™ (CugsFe,s04/AC) > 7.1x10° min™
(MngsFe;s04/AC).

CONCLUSIONS

A coprecipitation procedure followed by thermal
treatment in inert nitrogen at 400°C for 3 h was
successfully used to prepare ferrite/activated carbon
photocatalysts of different composition:
M,Fes ,O4/AC (M = Co**, Cu**, Mn**; x = 0.5). A
powder X-ray diffraction study showed that spinel
ferrite and activated carbon phases were registered

Table 1. Mossbauer parameters of prepared ferrite/AC materials.

Sample Component IS QS Hetr FWHM G
mm.s mm.s T mm.s* %
sample 1 Sxt 1 — Fe** hematite 0.37 -0.21 51.8 0.35 10
Sxt 2 — Fe*- octa 0.24 0.05 49.3 0.31 2
Sxt 3 — Fe*'- tetra 0.34 -0.05 49.2 0.33 22
Sxt 4 — Fe - spinel, CME 0.41 0.02 42.8 1.94 40
Dbl 1 -SPM 0.35 0.57 - 0.39 3
Dbl 2 - SPM 0.34 0.90 - 0.85 23
sample 2 Sxt 1 — Fe®* hematite 0.36 -0.21 51 0.54 28
Dbl 1 -SPM 0.33 0.58 - 0.43 37
Dbl 2 - SPM 0.31 1.04 - 0.51 35
sample 3 Dbl 1 -SPM 0.33 0.59 - 0.41 55
Dbl 2 - SPM 0.32 1.04 - 0.45 45
100 — » ] ]
pﬂ;——"’—” %0
=
= 80 r,f"f < 25]
2 -~ =
T g0 £ 20
7 —a— Sample 3 «
o —e— Sample 2 E 15
ﬁ | —v— Sample 1 = 10 2 1
i 'l
0= - - - - - . - . - r - . 1] i - - %
0 20 40 &0 &0 100 120 Sample3 Sample2 Sample1
Time, min

Fig. 4. Degree of degradation of MG dye calculated as

[(Co-C)/Cy]x100,%, where Cy is the initial concentration
before switching on illumination and C is current concentration of
the solution based on changes in peak intensity having maximal
absorbance at 615 nm with time under UV-A irradiation using

synthesized ferrite/AC samples in a semi-batch reac
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tor.

Fig. 5. Comparison data of calculated apparent
rate constants, k (disregarding dissolved oxygen
concentration) under UV-A illumination using
ferrite/ AC photocatalysts in photodegradation
of Malachite Green dye.
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in all the samples. A hematite phase was also ob-
served in the case of calcined cobalt and copper
ferrite-type/AC materials. Mossbauer measurements
at room temperature verified that the synthesized
ferrite/ AC composites exhibited a superparamag-
netic and collective magnetic excitation behaviour
and indicated a highly dispersed ferrite phase of an
average particle size below 20 nm. Photocatalytic
activity tests demonstrated a high degree of degrada-
tion of the Malachite Green dye, used as model pol-
lutant, being within 93-99% for obtained ferrite/AC
composites. The present results give evidence that
the prepared ferrite/activated composites could be
successfully applied to purify polluted waters con-
taining MG dye as contaminant. A certain effect of
the different metal ions on the photocatalytic activ-
ity was established. The photocatalytic apparent rate
constants (a pseudo-first order rate equation) of the
investigated samples are increasing as follows:
7.1x10° min* (MnosFe,s04/AC) < 24.1x10 2 min?
(CugsFe,s04/AC) < 28.4x10° min™
(CopsFe,504/AC). Among the three materials, the
CogsFe,504/AC composite manifested the highest
photocatalytic activity.
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®OTOKATAJIMTUYHN CBOMCTBA HA KOMIIO3UTU ®EPUT/AKTUBEH BBIJIEH 3A
PA3T'PAXKIAHE HA MAJIAXWTOBO 3EJIEHO BB BO/JJHA CPEJJA

K. JI. 3axapuesa*, K. 1. Munenosa, 3. I1. UepkezoBa-XKenesa, An. En. Enmusc, b. H. Kynes, UB. I'. Murtos
Hncmumym no kamanus, bvreapcka akademus na naykume, yi. ,,Axao. I'. bonueg ™, 0. 11, 1113 Cogpus, bvreapus

IMocrenmna Ha 12 okromBpu 2015 1.; Ilpepaborena na 11 Hoemspu 2015 .
(Pesrome)

Kowmriosuty (eput/aKTHBEH BBIIICH ¢ pasiudeH cheras, CogsFe,s04/AC, CugsFe, sO4/AC u MngsFe, s04/AC, Gsixa
MOJMYYCHH Ype3 ChyTasBaHE M TepMHYHA OOpabOTKa B a30THA Cpella W H3CICABaHU KaTo (HOTOKATATH3ATOPU B
OKHUCITUTEITHOTO pasrpaxnaHe Ha MamaxuroBo 3eneHo (M3) Oarpwio BeB BOJCH pa3TBop mnoj YB-A oOnpuBane.
®Da30BHAT CHCTAB U MATHUTHOTO MOBEJCHUC HA TOJYYCHUTE MaTEpUAITU OsIXa YCTAHOBCHH UPE3 PEHTTCHO(hA30B aHAIH3
u MprocbayepoBa crekrpockonus. CHHTE3UpaHUTE KOMMO3UTH (EPUT/aKTHBEH BBIVICH NPUTEkKABAT cCyneprapa-
MAarHuTHO TOBEJICHUEC U KOJICKTHBHO MAarHWTHO BB30yXkIaHe. BUCOKHTE cTenmeHHM Ha pasrpakiaHe Ha OarpuioTo,
M3M0JI3BAHO KATO MOJIENICH 3aMbPCUTEN, Bb3au3aT Ha 93% 3a obpaseria MngsFe, s04/AC u 99% 3a CoysFexs04/AC u
CugsFe,s0,/AC koMmo3uTH, KOETO MOKa3Ba, Y€ TE3M MATepHald ca MPWIOKHMH KaTo (DOTOKATATU3ATOPH 3a
MPEYMCTBaHE HA BOMU ChAbpxkamu ManaxuroBo 3esneHo. [lomyuenute GOTOKATAIMTHYHMA PE3YNTATH TOKa3axa, 4e
obpazepT COpsFe,s04/AC uma Haii-Bucoka (oToKaTtanmuTH4Ha akTUBHOCT. CpaBHeHHME Ha (HOTOKATATHUTHYHHTE
CBOICTBA HA CHHTE3UPAHHTE MaTepuaid (EpUT/aKTUBEH BBIVICH YCTAHOBH, Y€ CKOPOCTHHTE KOHCTAHTH Ha
M3CNeIBaHUTe 00pa3ii HApacTBaT B peja: 7.1x10°3 min? (MngsFe;s04/AC) < 24.1x107° mint (CugsFe,s04AC) <
28.4x107° min™ (CogsFe; s04/AC).
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Mixed cobalt-copper ferrite-type materials: synthesis and photocatalytic efficiency in
degradation of Reactive Black 5 dye under UV-light irradiation
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Mixed cobalt-copper ferrite-type materials having different compositions were prepared using a coprecipitation
technique and mechanochemical or microwave treatment. Various physicochemical methods, such as powder X-ray
diffraction, Mossbauer and FTIR spectroscopy, single point BET method, porosity investigations, and temperature-
programmed reduction, were used for characterization of the obtained ferrite-type samples. The photocatalytic activities
of the so synthesized cobalt-copper ferrite-type materials were examined in oxidative degradation of Reactive Black 5
(RB5) dye as model contaminant in aqueous solution under UV-A light illumination. Photocatalytic activity tests
established that microwave treatment of coprecipitated Cog,5Cuq.sFe, 504 sample leads to a higher degree of degra-
dation of RB5 dye (98%) compared to that of coprecipitated (96%) and mechanochemically treated (73%) materials.
Mechanochemical treatment enhanced the conversion degree of RB5 dye after 120 min of illumination: 77 and 78% for
Coy5CugsFe,0,4 and Cog4Cug1Fe, 504, respectively, compared with matching coprecipitated samples (48% and 52%),
accordingly. An enhancement of photocatalytic efficiency of prepared cobalt-copper ferrites upon decreasing the cobalt
content was established. The photocatalytic properties of obtained mixed cobalt-copper ferrite-type samples were
affected by the degree of incorporation of metal ions in the magnetite-type structure and by applied preparation methods.

Keywords: mixed cobalt-copper ferrite-type materials, mechanochemical and microwave treatment, Reactive Black 5 dye.

INTRODUCTION

Studies of nanodimensional ferrites properties
have attracted attention in last years because of their
significance in the fundamental understanding of
physical processes as well as due to their various
technological applications [1]. Spinel ferrites possess
very interesting catalytic properties compared with
single component metal oxides. The catalytic acti-
vities of spinel ferrites depend on various factors
such as particle size, redox properties of metal ions
and their distribution between the tetrahedral (A)
and octahedral (B) coordination sites [2]. Investiga-
tions of the preparation and properties of cobalt-
copper (copper-cobalt) ferrites [1,3-5] and substi-
tuted cobalt nanoferrites CoM,Fe, O, (M=Cr3+,
Ni?*, Cu*™*, Zn®*; 0.2 < x <1.0) [2] of different com-
positions have been carried out by many researchers
[1-5].

The goals of the present work were synthesis,
physicochemical characterization, and comparison of
photocatalytic activities of mixed cobalt-copper
ferrite-type materials of different compositions in
degradation of Reactive Black 5 dye as model pollu-
tant in aqueous solution under UV-A light irradiation.

* To whom all correspondence should be sent
E-mail: zaharieva@ic.bas.bg

EXPERIMENTAL

Mixed Co-Cu ferrite-type samples having differ-
ent stoichiometric compositions: Co0g25CUg 25F€2504
(A), C00.4CUO.1F92_504 (B), and C00.5CUO.5F6204 (C)
were synthesized by a coprecipitation procedure
using 0.03 M aqueous solutions of CoCl,.6H,0
(Alfa  Aesar), CuCl,.2H,0O (Valerus, p.a.),
FeCl,.4H,O (Sigma  Aldrich, p.a), and/or
FeCl;.6H,0 (P.P.H. STANLAB s.j) mixed at appro-
priate ratios. A pH value of 12.5 of the mixture was
reached by adding dropwise 0.3 M NaOH under
continuous stirring. After coprecipitation, the
mixture was stirred for another hour. The obtained
precipitates were centrifuged and washed with
distilled water until neutral reaction (pH = 7) was
achieved. The prepared samples were then sonicated
for 5 min. The products were dried in air at room
temperature. Coprecipitated ferrite-type samples
were mechanochemically treated in a high-energy
planetary ball mill (model PM 100, Retsch, Germa-
ny). The mechanochemical process was carried out
in tungsten carbide vessels of 250-ml volume at a
milling speed of 400 rpm for 210 min under argon.
The mass ratio of powder amount to applied balls
was 1:46. The mechanochemically treated materials
were denoted as follows: Cog25CugsFe, 504 as D,

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Co0y.4Cug1Fe, 50, like E, and CogsCuqsFe,O, as F.
The coprecipitated sample A was also microwave-
treated at 120°C for 2 h using a microwave apparat-
us (Milestone Ethos Plus High Performance Micro-
wave Labstation). Afterwards the Cog 25CUg 25F€,50,4
material, labelled as G, was centrifuged and dried at
100°C for 4 h and 30 min.

The structure, phase composition, and magnetic
behaviour of the prepared cobalt-copper ferrite-type
samples were investigated by several physico-
chemical methods.

Powder X-ray diffraction (PXRD) analysis was
carried out on a Siemens D-500 diffractometer at 40
kV and 30 mA, using CuKa filtered radiation (A =
1.5418 A).

Mossbauer spectroscopy measurements of the
synthesized materials were carried out on a Wissen-
schaftliche Elektronik GmbH apparatus by working
at a constant acceleration mode and applying a
Co/Rh source (activity ~50 mCi) and a-Fe stan-
dard. Hyperfine interaction parameters of Mos-
sbauer spectral components: isomeric shift (IS),
guadrupole splitting (QS), hyperfine effective
magnetic field at the sites of iron nuclei (He), line
widths (FWHM), and component relative weights
(G) were determined by computer fitting.

A FTIR spectroscopic study was performed
using the KBr pellet technique on a Perkin Elmer
Spectrum One apparatus by averaging 50 spectra
with a nominal resolution of 4 cm™.

A Micromeritics Gemini VII 2390t surface area
analyser was used to record nitrogen adsorption-
desorption isotherms for specific surface area and
porosity assessment. The investigated materials
were degassed beforehand in a Micromeritics
Gemini Flow Prep 060 degassing unit for 2 h at
110°C under continuous nitrogen flow.

Temperature-programmed reduction (TPR) expe-
riments were conducted in a Micromeritics TPR-
TPD 2900 apparatus by applying a 5-vol.% Hy/Ar
mixture (from L’Air Liquide, Spain) at a heating
rate of 10 grad.min*. The amount of tested material
was selected to satisfy resolution conditions report-
ed by Malet and Caballero [6].

Synthesized materials were tested for photo-
catalytic activity in oxidative degradation of
Reactive Black 5 (RB5) dye under UV-A poly-
chromatic illumination (18-W lamp with maximal
emission at 365 nm). The reaction course was
followed using a CamSpec M501 UV-Vis spectro-
photometer in the wavelength range from 200 to 800
nm. The initial concentration of the used RB5 dye
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solution was 20 ppm. The investigated systems
reached an equilibrium state in the dark for about 30
min before switching on the UV illumination. The
photocatalytic tests were carried out in a semi-batch
suspension photocatalytic reactor upon feeding air
through two frits to create a large stoichiometric
excess of oxygen.

RESULTS AND DISCUSSION

PXRD patterns of coprecipitated, mechano-
chemically and microwave-treated mixed cobalt-
copper ferrite-type materials are shown in figure 1.
The spinel non-stoichiometric ferrite (PDF-22-1086;
PDF-34-0425; PDF-75-0449) and additional iron
oxyhydroxide (PDF-75-1594) phases are identified
in the PXRD diagrams of coprecipitated samples A,
B, and C. Formation of single spinel non-stoichio-
metric ferrite phases (PDF-22-1086; PDF-34-0425;
PDF-75-0449) is observed in the investigated
samples both after mechanochemical (D, E, F) and
microwave (G) treatment.

Mgossbauer data are presented in figure 2.
Doublet or doublet and sextet components are
observed in the spectra at room temperature (RT)
with the so prepared cobalt-copper ferrite-type
materials A, B, C, D, E, F, and G. Mdossbauer
spectra at liquid nitrogen temperature (LNT) were
recorded to establish the nature of doublet and sextet
lines. A superposition of sextet and doublet
components is derived from the LNT spectra of all
studied samples. Estimation of the spectra pointed to
existence of iron ions in a ultradispersed ferrite
phase of superparamagnetic (SPM) behaviour and
sizes below 10 nm, and/or ferrite particles of sizes
below 20 nm showing a collective magnetic
excitation (CME) behaviour for the A, B, C, D, E, F,
and G samples and iron ions belonging to an
intermediate phase of iron oxyhydroxide with the A,
B, and C materials [7].

FTIR spectra of the obtained mixed cobalt-
copper ferrite-type samples are displayed in figure
3. The bands positioned below 700 cm™ are assigned
to vibrations of ions in the crystal lattice [8]. The
vibrations recorded around 3400 cm™ and 1625-
1633 cm* are due to the O-H stretching and H-O-H
bending modes of free or absorbed water molecules
[1]. The bands at about 1352-1368 cm ™ and 1464—
1475 cm™ are ascribed to vibrations of carbonate
(CO5%) and hydroxycarbonate (HCO3") species [9]
adsorbed on the surface. Adsorption of atmospheric
CO, could explain the presence of these species.
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Fig. 1. PXRD patterns of synthesized mixed Fig. 2. Mdssbauer spectra of prepared mixed Co-Cu ferrite-type
cobalt-copper ferrite-type materials. samples at room (RT) and liquid nitrogen (LN) temperature.
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Fig. 3. FTIR spectra of obtained mixed cobalt-copper €0-
ferrite-type samples. ,,/)I F
Figure 4 shows N, adsorption-desorption iso- 2 "
therms at —196°C for the synthesized cobalt-copper § « rr".':;"
ferrite-type samples. The adsorption branch in the a c
three isotherms of mechanochemically treated mate- ;
rials D, E, and F belongs to Type Il of the IUPAC Z S D
classification [10]. They display hysteresis loops of B s sarkhasd
type H3 that is typical of non-rigid aggregates of s aca 445
plate-like particles giving rise to slit-shaped pores o[ ' ' _ _ ' '
[11]. Sample F has a notably higher specific surface 00 02 04 06 08 10 12
area value (92 m?.g™) compared to the mechano- PP,
chemically treated samples D and E, 37 and 51
m?.g™", respectively. The shape of the isotherm of G
coprecipitated sample C shows a hysteresis loop 160 1 R
similar to the H2 type. This hysteresis type has been . 1401 ’X."
found for disordered materials of indefinite pore size f 120 e
distribution and shape. On the other hand, the iso- £ 100 {/‘
therms of samples A, B, and G are similar to those § 20 4 /4,.‘
of type 1V in the IUPAC classification that is typical < €0l
of mesoporous materials. Data in table 1 show that *
the surface area values of the coprecipitated 20
materials are much higher than those of mechano- o1 i i i i i )
chemically treated series are. Table 1 summarizes 00 02 04 08 08 10 12
values of total specific surface area (Sget), external PP,
surface area (_St)’ micropore volume (Ve), and Fig. 4. Nitrogen adsorption-desorption isotherms of
average pore diameter (Dy) calculated from the N, prepared mixed cobalt-copper ferrite-type materials

adsorption-desorption isotherms at —196°C. measured at —196°C.
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Figure 5 discloses TPR curves of the obtained
ferrite-type samples and reduction temperature ranges
from 200 to 800°C. All curves have two reduction
peaks between 200 and 350°C that could be attri-
buted to reduction of Co* and Cu®* species to
metallic cobalt and copper phases, respectively. At
temperatures between ca. 350°C and end of reduc-
tion, the curve has several overlapping effects due to
the reduction of Fe,03. The TPR curves of samples
C and F indicate a lower H, consumption in this
interval, as it could be expected in advance due to a
lower iron content in these samples. TPR curves
belonging to samples of similar compositions show
similar shapes, the shifts in temperature of the
effects found for the reduction steps being due to
differences in dispersion of the species formed
depending on synthesis method used.

signal(a.u.)

signal (a.u.)

200 400 600 300 1000
Fig. 5. TPR profiles of synthesized mixed cobalt-copper
ferrite-type materials.

Table 2 summarizes ratios of hydrogen amount
experimentally consumed during TPR analysis to
theoretically needed amount for complete reduction
of the cations, calculated from the content of each
metal cation obtained by element chemical analysis
of the samples. Experimental H, consumption values
agree well with the calculated ones and a slight
deviation is within the experimental error inherent to
this technique [12].

The results obtained by PXRD, Mdssbauer and
FTIR spectroscopy, specific surface area, porosity

measurements, and temperature-programmed reduc-
tion are in complete agreement.

Table 2. Ratio of experimental to calculated H,
consumption based on TPR analysis.

Sample Exp./calc. amount of

consumed H,

11
1.0
0.8
1.0
11
1.0
11

OTMMUOUOmY>

Prior to testing the photocatalytic activities of the
samples, the adsorption capacities of the samples
(mg dye/mg catalyst) were juxtaposed after 30 min
of adsorption time interval in the dark (sufficient to
reach adsorption-desorption): 0.02 (A), 0.04 (B),
0.04 (C), 0.06 (D), 0.07 (E), 0.07 (F), and 0.12 (G).
Different starting points in figure 6 are due to
different adsorption capacities of the samples,
however, experimental runs were carried out at one
and the same initial concentration, C, = 20 ppm.
Figure 6 represents comparatively the course of the
photocatalytic reaction with time interval of illumi-
nation of the RB5 aqueous solution. Photocatalytic
testing results established that the conversion degrees
of RB5 dye after 120 min over the mechanoche-
mically treated photocatalysts E (78%) and F (77%)
are higher than those over samples B (52%) and C
(48%) prepared by coprecipitation. An enhancement
of the degree of degradation of RB5 dye using the
microwave-treated sample G (98%) as photo-
catalyst is also observed if compared with the
coprecipitated sample A (96%) and the mechano-
chemically treated one D (73%).

100 - » e B

—-C

80 " A
C—

/V‘é -=-D

] A
7
[ -2-G

0 20 40 60 80 100 120
Time, min

Dye Degradation, %

N
o
1

Fig. 6. Conversion degrees of RB5 dye solution
determined as [(Co—C)/Cy]*100%, where Cy is the initial
concentration (20 ppm) of RB5 dye before switching on
the illumination and C is the current concentration with

course of time (maximum absorbance at 599 nm azo bond
(-N=N-) under UV-A illumination over mixed cobalt-
copper ferrite-type photocatalysts.
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An improvement of photocatalytic efficiency of
the mixed cobalt-copper ferrite-type materials is
achieved upon lowering the content of cobalt in the
magnetite-type host structure. In the general case,
the photocatalytic activities are correlating with
adsorption capacity: the higher the capacity, the
higher the activity with the exception of sample A.
In spite of its lowest adsorption capacity, the latter
sample is being activated in the course of the
photocatalytic test reaching almost the same activity
as that of sample G. The mechanism of this activa-
tion is not clear yet and it has to be elucidated in a
future study. This effect is due to some adsorbed
admixture that has remained on the surface after
synthesis. In the course of the photocatalytic activity
testing, under the effect of the illumination energy
the adsorbed amount is being desorbed during the
irradiation. Thus, the activation is probably en-
hancing liberation of adsorption sites, which is
evident by a sharp increase in conversion degree
with time.

CONCLUSIONS

Mixed cobalt-copper ferrite-type materials were
successfully synthesized using coprecipitation and
mechanochemical or microwave treatment. Powder
X-ray diffraction data established the presence of
spinel ferrite and an iron oxyhydroxide phase in the
coprecipitated samples. The single ferrite phase was
obtained after mechanochemical or microwave treat-
ment of the mixed cobalt-copper ferrite-type materi-
als. Superparamagnetic and collective magnetic
excitation properties of the prepared ferrite powders
were estimated by Mossbauer spectroscopy at both
room and liquid nitrogen temperature. A coprecipi-
tated Co,5CuUosFe,04 sample exhibited the highest
specific surface area of 286 m>.g ™, which was larger
than that of other cobalt-copper ferrite-type materi-
als. A microwave-treated Cog,5CuUg25F€,504 Sample
exposed a specific surface area of 204 m>.g™*, being
higher than that of a mechanochemically treated
counterpart (Sger = 37 m?.g™"). Photocatalytic stud-
ies proved that the mechanochemical treatment
leads to an improved degradation conversion degree
of RB5 dye after 120 min, 77 and 78% for the
CogsCupsFe;04 and  Cog4CupiFesO,  samples,
respectively, compared with  coprecipitated
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Coy5Cug 5Fe,0, (48%) and Cog4Cug1Fe, 50, (52%)
materials. In the case of microwave-treated
Co0y.25CUg 25Fe, 504 sample the degree of discolora-
tion (98%) was higher than that of coprecipitated
C00.25CUg 25Fe250, (96%) and mechanochemically
treated Cog25CUg25F€e2504 (73%) samples. The re-
sults indicate that the photocatalytic efficiency of
synthesized cobalt-copper ferrites is dependent on
the degree of incorporation of metal ions in the
magnetite type structure and on the preparation con-
ditions. Decreasing the cobalt content in the ferrite-
type materials leads to an increase in photocatalytic
activity. The present study shows that mixed cobalt-
copper ferrite-type materials can find potential
application to purification of polluted waters
containing azo dyes.
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CMECEHU KOBAJIT-MEJJHU MATEPUAJIN OT ®EPUTEH TUII - CUHTE3 1
OOTOKATAJIIMTUYHA AKTUBHOCT B PA3I'PA’JKIAHETO HA PEAKTHMBHO YEPHO 5 BAT'PUJIO
ITPU ¥YB OBJIBYUBAHE

K. JL. 3axapneBal*, K. Y. Munenosa®, B. PI/IBCCZ, P. prXI/IJ'IﬂHOZ, 3. I1. tlepKee.OBa—}KeneBal,
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1H}Ltcmumym no kamanus, bvreapcka akademus na naykume, ya. ,, Akao. I'. Bonues*, on. 11, 1113 Cogus, Bvreapus
2 Ur-XT TMXK, lenapmamenm no neopeanuuna xumus, Yuusepcumem na Canamanxa, 37008-Caramanxa, Ucnanus
® Unemumym no gusuxoxumus, Bvieapeka akademus na naykume, yi. ,, Akao. I Bonues*, 6. 11,
1113 Cogus, bvreapus

IMoctremmna Ha 5 okromBpu 2015 1.; IIpepaborena na 20 oxtomBpu 2015 T.
(Pesrome)

CMeceHH KOOaNT-MEIHA MaTepHand OT (EpUTEH THII C Pa3IMueH ChCTaB OsfXa IMOJTydeHH M3MOI3BAKM TEXHUKA Ha
ChbyTasBaHe M MEXAaHOXMMHYHA I MUKPOBBIHOBA 00paboTKa. Pa3innyHu GU3MKOXMMHYHH METOIM KAaTO PEHTTCHOBA
mudpakims 1 MpocbayepoBa CIIeKTpocKoIus, HHppadepBeHa criekTpockonus ¢ Pypue Tpanchopmanus, BET meton 3a
crneuuduyHaTa TMOBBPXHOCT, MNOPHO3HOCTTA M TEMIEpPAaTypHO-TIpOrpaMHpaHa peAyKIHs Osixa H3MON3BaHU 3a
oXapakTepu3upaHe Ha MNOoJydyeHHuTe Nnpodu oT ¢epureH Turl. POTOKATAIUTHYHHTE AKTHBHOCTH HA CUHTE3UPAHUTE
KOOQJIT-METHU MaTepualid OT (pepUTeH TUN Osixa W3CJIeBAaHU B OKUCIHMTEIHOTO pasrpaxiaHe Ha PeaxruBHo UepHo 5
(PYS) Garpuio kato MoAeNeH 3aMbpPCHUTEN BB BOICH pa3TBOp NpH oOibuBane ¢ YB-A cBeminHa. DoToKaTaMTHYHU
ONKTH YCTAHOBHUXA, Y€ MHUKPOBBIHOBaTa 00paboTKa Ha yracHa nmpoda Cog,5CUg 25Fe, 504 Bou 10 Mo-BHCOKA CTEIICH Ha
pasrpaxxnane Ha PUS Garpunoto (98%) B cpaBHEHHE ¢ Ta3u MPH M3MOJI3BaHE Ha yracHUs (96%) U MEXaHOXUMHYHO
obpaborenus (73%) wmarepman. MexaHoxMMHYHAaTa 0OpabOTKa IOBWINABA CTENEHTAa HAa pasrpaxigane Ha PUS
Oarpunoto cumex 120 mur ocBersiBane: 77% u 78% 3a C0psCugsFe;O4 m Cog4CugiFe,50,4 B cpaBHEeHHE CBC
CHOTBETHHUTE yTaeHH mpobdu (48% mu 52%). YcraHoBeHO e momoOpeHue Ha (OTOKATAIMTHYHATA CIIOCOOHOCT Ha
MOJy4eHUTE KOOAIT-MeAHH (EPHTH C HaMalsiBaHEe CBhABbPKAHUETO Ha KoOanT B MaTepuana. DoTOKaTalUTHYHHTE
CBOIfCTBa HA MONYYCHUTE CMECCHH KOOanT-MeIHH MpoOH OT (EpUTEH THIl 3aBUCAT OT CTCICHTa HA BHEIpSABAaHE Ha
METaJIHUTE HOHU B MATHETUTOBUS THII CTPYKTYpPa M OT M3IIOJI3BAaHUTE METOJIH 3 TI0JIy4aBaHe.
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Mechanochemical activation (MCA) of ZnO samples doped with Ag, Ni, or Co was studied with regard to effect on
their photocatalytic activities in degradation of Malachite Green dye. The samples were characterized by XRD and XPS
methods. XRD spectra of ZnO photocatalysts showed presence of wurtzite ZnO phase. After MCA, the degree of
crystallization was increased and crystallite sizes were smaller. Ratios of defect oxygen species to total oxygen were
calculated for mechanochemically treated doped ZnO catalysts and compared with those of matching non-activated

ZnO catalysts using X-ray photoelectron spectra.

The rate of Malachite Green oxidative discoloration reaction on cobalt- and silver-doped ZnO increases with
duration of post-synthesis mechanochemical treatment. Mechanochemical activation effect is strongest for silver-doped
samples due to the smallest size of the crystallites and increased degree of crystallization.

Keywords: doping, mechanochemical activation, ZnO, photocatalysts, ultraviolet light.

INTRODUCTION

Applying mechanochemical treatment procedures
for tuning of the activity and physicochemical
properties of materials has a significant evolution in
recent years. Mechanochemical activation could be
an effective route for improvement of the structural
and catalytic properties of metal oxide nanoparticles
and nanocomposites. Mechanically introduced energy
can also create crystal defects such as Schottky or
Frenkel defects or crystallographic shear planes
which can lead to enhanced catalytic or photo-
catalytic activities [1]. This technique can improve
the surface areas and porous structures. In many
cases, mechanochemical nanomaterials and nano-
catalysts exhibit comparable or improved catalytic
activities as compared to conventionally synthesized
materials.

Air and water pollution with persistent organic
pollutants can cause significant health and environ-
mental problems. In many cases, conventional puri-
fication techniques are not effective. Photocatalysis
using inorganic semiconductors is considered to
have significant potential to destroy organic pollu-
tants in wastewaters [2]. Recently, ZnO photo-
catalyst is attracting increased attention due to its

* To whom all correspondence should be sent
E-mail: kmilenova@ic.bas.bg

similarity with TiO; in band gap, high quantum effi-
ciency, and high photocatalytic activity [3]. Doping
is a widely applied procedure to diminish the wide
band gap of ZnO and reduce the electron-hole
recombination rate of ZnO during the photocata-
Iytic process by using various transition or noble
metals such as Cu, Ni, Co, Mn, Ag, etc. [4]. Saharan
et al. [5] have obtained nickel-doped ZnO by
chemical precipitation method applying CTAB
surfactant at a low temperature. They found that
substitutional doping of Ni in ZnO lattice at low
temperatures has a positive influence on ZnO elec-
tronic structure and improved sonocatalytic activity
for degradation of anionic (Fast Green) and cationic
(Victoria Blue) dyes.

Nickel-ZnO hybrid nanostructures, prepared by
reduction of nickel chloride hexahydrate through a
solvothermal process followed by surface modifica-
tion, act as an efficient photocatalyst for decompo-
sition of Methylene Blue (MB) dye [6].

Nanorods of cobalt-doped ZnO, synthesized by
hydrothermal method, exhibit a high photocatalytic
activity in degradation of methylene blue dye and
phenol [4].

Silver-doped ZnO nanorods were synthesized
through the precipitation method and their photo-
catalytic activities at different doping levels were
evaluated in the degradation of methylene blue [7].

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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It has been found that Ag doping leads to optical
band gap narrowing. Silver-deposited ZnO nano-
particles (NPs) have been synthesized by sol-gel
method designed for visible light excited photo-
catalytic degradation of methylene blue [8]. Ag/ZnO
NPs exhibit a five-fold higher activity than the
pristine ZnO and four times greater than that of
reference Degussa P-25. A high visible-light activity
of Ag/ZnO could be attributed to effective charge
separation. Dimitriev et al. [9] have performed soft
mechanochemical synthesis of ZnO powders to
avoid formation of intermediate ZnCO5; and addi-
tional heat treatment. The mechanochemically syn-
thesized ZnO powders possess good photocatalytic
properties for degradation of Malachite Green dye.

The purpose of the present study was to perform
mechanochemical activation (MCA) of doped ZnO
powders and test their photocatalytic activities
toward degradation of Malachite Green dye.

EXPERIMENTAL

Activated ZnO powder samples, doped with 1.5
wt.% Co, Ni or Ag, were prepared using zinc
carbonate precursor [10]. The procedure comprised
thermal decomposition at 400°C followed by impreg-
nation with the corresponding metal nitrate. Doped
samples were finally calcined in air at 500°C for 2
h. The so obtained Co-, Ni- and Ag-doped ZnO
samples were mechanochemically treated in a high-
energy planetary ball mill (model PM 100, Retsch,
Germany). The mechanochemical activation was
carried out in an agate-milling container of 80-ml
volume for milling time interval of 15 minutes at a
milling speed of 400 rpm using air medium. The mass
ratio of sample amount to applied balls was 1:9.

Sample morphology was examined on a JEOL
model JEM-200CX scanning electron microscope
equipped with an EM-ASID3D scanning adaptor.

An X-ray diffraction (XRD) investigation of the
samples was performed using a Philips PW 1050
instrument with CuKa radiation. Crystallite sizes
were determined by Scherrer formula.

X-ray photoelectron spectroscopy (XPS) studies
were carried out in a VG Escalab Il electron spec-
trometer using AlKo radiation with energy of
1486.6 eV under base pressure of 10~ Pa and a total
instrumental resolution of 1 eV. Binding energies (BE)
were determined using the C1s line (from adven-
titious carbon) as a reference with energy of 285.0
eV. The accuracy of measuring the BE values was
0.2 eV. C1s, Zn2p, and O1s photoelectron lines were
recorded and corrected by subtracting Shirley’s type
of background and quantified using the peak area
and Scofield’s photoionization cross-sections.

The photocatalytic activities of the prepared
samples were measured in the oxidative degradation
of Malachite Green dye under UV light irradiation
(power of 18 W, maximum emission at 365 nm) in a
semi-batch photocatalytic reactor. Feeding large
stoichiometric excess of oxygen allows modelling
the kinetics of bimolecular reaction reducing it to a
pseudo-first order rate equation, disregarding the
dissolved oxygen concentration. Being practically
constant, Co, is included in the value of the apparent
rate constant. The course of the photocatalytic
reaction was followed using a UV-Vis absorbance
spectrophotometer in the wavelength range from
200 to 800 nm. The initial concentration of the used
MG dye solution was 5 ppm (Amax = 615 nm) and the
catalyst loading was 1 g.L'. Before UV illumi-
nation, the investigated systems were equilibrated in
the dark for about 30 min. The rate constants k were
evaluated as a slope of linear logarithmic depend-
ence —In(C/Cy) = Kappt.

RESULTS AND DISCUSSION

X-ray diffraction spectra have proved that all
doped ZnO samples without mechanochemical
treatment represent a wurtzite crystallographic phase
(PDF 36-1451) with three main peaks corresponding
to (100), (002), and (101) planes orientation [10].
Figure 1 displays XRD patterns of the samples after
mechanochemical activation. The Ag/ZnO-MCA
sample shows traces of silver oxide phase. The
intensity of the crystallographic peaks of MCA
samples is twice higher than that of the initial
samples.

101

100

Co/ZnO,MCA || I w
JUUL L

¥

Ni/ZnO,MCA h
JLJUﬁL

Ag/ZnO MCA JUU Mo A k

20 2 50 55
20, degrees

Intensity, cps

Fig. 1. X-ray diffraction patterns of mechanochemically
activated samples

Mean crystallite sizes of fresh and mechano-
chemically activated samples are shown in table 1.
The MCA leads to a strong decrease in crystallite
sizes.

113



K. I. Milenova et al.: Photocatalytic activity of metal-doped ZnO

Table 1. Mean crystallites sizes (nm).

Sample Before MCA After MCA
Ni/ZnO 54 24
Co/ ZnO 52 24
Ag/ZnO 50 22

Figure 2 shows SEM pictures of Ni/ZnO,
Ni/ZnO-MCA, Ag/Zn0O, and Ag/ZnO-MCA samples.
Figures 2a,b represent surface morphology species
of the Ni/ZnO and Ni/ZnO-MCA samples. It is seen
that after mechanochemical activation the spheroidal
species is transformed into needle-like crystals. In
the case of Ag/ZnO (Figs. 2¢,d) the effect of MCA
is more strongly expressed. Particles size is being
considerably reduced revealing internal surface and
the rate of dye molecule diffusion is being
increased, whereupon the inner pores become easily
accessible. This brings about a higher rate of the
photocatalytic reaction. The smaller particle size
also causes a reduced degree of scattering of the
light beam because of which the reaction is
accelerated due to a greater number of active sites.

(d)

Fig. 2. SEM pictures of: (a) Ni/ZnO, (b) Ni/ZnO, MCA,
(c) Ag/ZnO and (c) Ag/ZnO, MCA.

Surface chemical states of the elements in the
mechanochemically activated ZnO photocatalysts
doped with Ag, Co, and Ni were investigated by
using an X-ray photoelectron spectroscopy method.
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The most intensive photoelectron lines of zinc,
oxygen as well as those of silver, cobalt, and nickel
were studied. Recorded Ag3d, Co2p, and Ni2p
photoelectron spectra (not shown here) were used to
estimate dopant oxidation states as follows: Ag",
Co®, and Ni** [10]. O1s photoelectron lines
obtained for the ZnO powders were complex and to
understand their nature they were subjected addi-
tionally to a fitting procedure. The fitted O1s spectra
presented in figure 3 manifest three peaks.

O1s
Co/ZnO, MCA

524 526 58 5% 52 54 5%
Binding Energy, eV

O1s
Ni’ZnO, MCA

526 528 530 532 534 536 538
Binding Energy, eV

O1s
Ag/ZnO, MCA

526 528 530 532 534 536 538
Binding Energy, eV

Fig. 3. XPS spectra of O1s for mechanochemically
activated samples.

The peak at around 530.5 eV belongs to oxygen
in stoichiometric ZnO, the second one at around
531.5 eV is attributed to oxygen in a non-stoichio-
metric ZnO matrix and the third peak (around 532.5
eV) is ascribed to chemisorbed oxygen: an OH
group or dissociated oxygen on the surface of the
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mechanochemically treated doped ZnO catalysts.
Ratios of defect oxygen species to total oxygen were
calculated for mechanochemically treated doped
ZnO catalysts and compared with those of matching
non-activated ZnO catalysts. Oxygen species associ-
ated with defects related to the total oxygen is
increasing in the order: Ag/ZnO-MCA (30.5%) >
Ni/ZnO-MCA (30.26%) > Co/ZnO-MCA (26%) >
AQ/ZnO (25.3%) > Co/ZnO (23.9%) > Ni/ZnO
(20.8%). It is worth mentioning that the mechano-
chemical activation procedure obviously leads to
creation of more oxygen vacancies on the surface of
silver-, cobalt-, and nickel-doped ZnO catalysts.

A previous study of mechanochemically act-
ivated ZnO powders doped with nickel, cobalt, and
silver reports a positive effect on photocatalytic
performance for degradation of azo dye RB5 over
doped samples, as compared with undoped ZnO in
all cases [10]. Degradation rate constants were
calculated and increased in the following order: ZnO
< C0-ZnO < Ag-ZnO < Ni-ZnO. This confirms the
most positive effect of nickel dopant on the
photocatalytic properties of activated ZnO. Figures
4 and 5 illustrate the reaction course of Malachite
Green dye solution under UV-A illumination over
Ni/Zn0O, Co/Zn0, Ag/ZnO, Ni/ZnO-MCA, Co/ZnO-
MCA, and Ag/ZnO-MCA catalysts. Malachite
Green dye was used as a model pollutant due to its
carcinogenic and teratogenic effect [11, 12].

1.0

0.8

0.6+

CiCo

0.4 4

0.2

0.0 ! T T T T
-30 0 30 60 80 120
Time, min

Fig. 4. Reaction course of the Malachite Green dye
solution under UV-A illumination of (A) Ni/ZnO;
Co/ ZnO; Ag /Zn0.

The photocatalytic activities of the samples
depended both on dopant type and applied act-
ivation treatment. Among all the investigated
dopants, the nickel doping of ZnO powders affected
most favourably the rate of oxidative discoloration
reaction of the Malachite Green dye solution. It can
be supposed that nickel doping in a semiconductor
shifts the Fermi level towards more negative poten-
tial and improves the efficiency of the interfacial
charge transfer process [13]. Therefore, the transfer

of an electron that takes place from the conduction
band of ZnO to the new Fermi level is facilitated in
the Ni-doped ZnO, as shown in Ref. 6. Such an
electron transfer between the photoexcited semi-
conducting ZnO and the dopant prevents electron-
hole recombination [14]. As a result, enhanced
photodegradation of the dye is observed.

1.0

(B) NIiZn0, MCA
+— ColZn0, MCA
0.8 —i— AQiZn0, MCA
0.5+
o
o
O o4
0.2
0.0 ; . : :
-30 0 30 B0 90 120

Time, min

Fig. 5. Reaction course of the Malachite Green dye
solution under UV-A illumination of (B) Ni/ZnO, MCA,;
Co/ZnO, MCA; Ag/ZnO, MCA.

Mechanochemically treated Ag- or Co-doped
powders increase the photocatalytic efficiency of the
samples. This effect was more pronounced in the
case of Ag/ZnO-MCA powders. After 120 min of
illumination, the conversion degree of dye degrada-
tion was 99%, while for the non-treated samples it
was 96%. The higher efficiency of mechanically
activated Ag/ZnO samples is attributed to enhanced
crystallization and a decrease in crystallite size [15].

Figure 6 compares rate constants of the photo-
catalytic process in presence of the investigated
catalysts under UV-A illumination. The photoca-
talytic activity of ZnO nanomaterials is strongly
dependent on porous structure, presence of defects,
crystallite size, degree of crystallinity, etc., which
are affected by the preparation procedure [15]. The
best photocatalytic properties of Ag/ZnO-MCA
samples can be ascribed to smaller crystallite sizes
and enhanced crystallization in comparison with
non-activated Ag/ZnO.

SEM pictures displayed in figure 2d reveal that
the Ag/ZnO-MCA sample exposes sphere-like
particles that enhanced photocatalytic performance
[16, 17] without being aggregates as Ag/ZnO.
Aggregation leads to suppression of photocatalytic
activity because it can lead to fewer electron-hole
pairs, which result in suppressed OHe generation, as
in the case of Ni/ZnO-MCA [18]. Another possible
reason is associated with aggregate particle size
distribution, which may influence both light absorp-
tion and light scattering mechanisms that determine
the degree of photon interaction with photocatalyst
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particles. Scattered light intensity is probably
stronger on samples with aggregates.

K1

304 HIZn, AgiZng,
HiIZnD MCA M

254

20+

154

104

k (x 103min"T)

5 4

0

Fig. 6. Rate constants k of the photocatalytic process in
the presence of the investigated catalysts under UV-A
illumination.

CONCLUSIONS

Mechanochemical post-synthesis activation of
metal-doped (Ag, Co or Ni) ZnO powders was
investigated in connection with their photocatalytic
activities in degradation of Malachite Green dye. An
increased degree of crystallization and decreased
crystallite sizes of the samples were observed after
mechanochemical activation. The mechanochemical
treatment results in formation of a larger number of
oxygen defects in the ZnO lattice, which play the
role of adsorption sites. Degradation apparent rate
constants (pseudo-first order kinetics) are decreasing
in the following order: Ag/ZnO-MCA (26.7x10°°
min™) > Co/ZnO-MCA (17.5x10°2 min™) > Ag/ZnO
(14.3x10° min*) > Co/ZnO (12.3x102 min?). The
mechanochemical activation promotes significantly
the rate of oxidative reaction of Malachite Green
dye discoloration in the case of samples doped with
silver.
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BJIMAHUE HA MEXAHOXUMHWYHATA AKTUBALIMA HA ZnO JOTUPAH C METAJI BbPXY
OOTOKATAJIIMTUYHATA AKTUBHOCT 3A PA3JIAI'AHE HA BAT'PUJIOTO MAJIAXMTOBO
3EJIEHO

K. . Muerosa™*, K. JI. 3axapuesa’, An. En. Emmsic’, MB. A. Apamosa?, Up. JI. Cram6omoBa?,
B H. Birsckos?, Or. C. )II/IMI/ITpOB3, C.B. BacnneBS, 3. IL I-Iep1<e301321—)1(6)1613211, Cn. K. PakoBckn™

1H}Ltcmumym no kamanusz, bvreapcka akademus Ha naykume, ya. ,,Axao. I'. bonueg”, on. 11, 1113 Cogus, Bvreapus
2HHcmumym no obwa u Heopearnuyna xumus, Beaeapcka akademus na naykume, yu. ,,Axao. I". bonues*™, o1. 11,
1113 Cogus, bvreapus
3H)Ltcmumym no eneKmpoxumus u enepeutinu cucmemu, bBvazapcka akademus na nayxume, yu. ,,Axkao. I'. bonueg ™,
on. 10, 1113 Coghusa, bvacapusa

[Mocremmna Ha 28 centempu 2015 1.; IlpepaboTena Ha 15 nexemBpn 2015 1.
(Pe3srome)

UzcnemBan e edexTpT Ha MexXaHOXHMHYHATa aktuBamms Ha ZnO potmpan ¢ Ag, Ni mm Co BBpXy
(doToKaTanMTUYHATA My AaKTHBHOCT 3a pa3naraHe Ha Oarpmwioto MamaxuroBo 3eneno. OOpasmure ca
OXapaKkTepU3UpaHH 4Ype3 METOAUTE Ha PEHTIeHOBa IU(paKIMs U PEHTTCHOBA (OTOCIECKTPOHHA CIIEKTPOCKOIIHSI.
PentrenoBute cnektpu Ha (orokaramuzaropure orT ZnO Tmokasaxa NPUCHCTBUE HA BIOpUMTHA (asa. CremeHTa Ha
KpHUCTaJIM3allis HapacTBa, a pa3MepUTe Ha KPUCTAJIMTUTE HaMalsiBaT CHJIHO CJIeJ] MEXaHOXMMHYHA AaKTHBAaIUS.
W3unciieHo € ChOTHOIIEHHETO MEXY KHCIOpoJa MPUHAUIeKAI Ha 1eeKTH U OOLIHs KUCIOPO/ 32 MEXaHOXHUMHUYHO
aKTUBUPAHHUTE KaTaJIH3aToOpu OT AOTHpaH ZnO M € CPaBHEHO ChC ChIlaTa BEIWYMHA 3a HETPETHPaHHUTE 0Opas3lu Ha
OCHOBaTa Ha PEHTTCHOBHTE (DOTOEIEKTPOHHH CHEKTPH.

CkopocTTa Ha OKHCIHMTENHATa PEaKIHs BOJeNa 10 00e3BeTsIBaHe Ha MalaXuToOBO 3€JI€HO B MPHUCHhCTBHE Ha ZnO
JIOTHpaH ¢ KoOanT wiu cpeOpo HapacTBa ciel] MEXaHOXMMHYHAaTa UM o0paboTka. EdexTpT oT MexaHOXMMHYHATa
aKTHBAIMS € Hali-CHJIEH 3a IOTUPAHHUTE ChC cpedpo 0Opas3nu, KOETO ce IBIDKH Ha MAJKUs pasMep Ha KPHCTATUTUTE U
MI0-BHCOKATa CTENIEH Ha KPHCTATHOCT.
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The aim of the present investigation is to synthesize and characterize pure and La-doped TiO, and to test as-
prepared samples for photocatalytic activity. Doped and undoped samples were prepared by non-hydrolytic sol-gel
method from titanium(IV) chloride, benzyl alcohol, and lanthanum(lll) nitrate followed by thermal treatment.
Lanthanum content in synthesized samples ranged from 0.4 to 5 mol.%. Structure and morphology of the obtained
nanopowders were characterized by XRD, IR, and UV-Vis analysis. Average particle sizes of pure and doped TiO,
were about 6-15 nm and anatase was found to be a dominant crystalline phase in the samples. It was estimated that
particle sizes decreased on increasing La content.

The photocatalytic activity of titania samples for degradation of two organic dyes with different chromophores,
triphenylmethane dye Malachite Green and xanthene dye Rhodamine B, was studied under UV and visible illumination.
Addition of small amounts of La (0.4 and 1 mol.%) to TiO, was favourable for the photocatalytic activity under UV

irradiation, while doping with 5 mol.% La led to a slower decolouration irrespective of used dye.

Keywords: La-doped titanium dioxide, sol-gel, photocatalytic activity.

INTRODUCTION

Titanium dioxide is one of the most investigated
semiconductor photocatalysts for its long-term
stability, non-toxicity, and excellent photocatalytic
properties. It has been used to solve many environ-
mental problems such as pollution of water, air, and
soil. However, titania application is yet limited due
to a fast recombination of electron-hole pairs and a
large band gap, which corresponds with UV light.
Modification of TiO, by doping with rare earth
metals is a promising approach to improving its
photocatalytic performance. Rare earth ion radii are
larger than that of Ti**, so they can be distributed
mainly on the surface of titania [1]. It is reported
that lanthanide ions are able to form complexes with
various organic compounds by interaction of their
functional groups with lanthanide f-orbitals [2].
Thus, it is expected that organic pollutants could
concentrate at the semiconductor surface, which
may lead to enhancement of photocatalytic activity.

An enhanced photocatalytic activity was reported
for rare earth doped TiO, under UV and visible light
irradiation in several publications [3-8]. Among the
various lanthanide metals examined, La, Ce, Eu, and
Gd ions have been used widely [9].

It is well known that the effect of ion doping is
strongly dependent on many factors, such as

* To whom all correspondence should be sent
E-mail: a.stoyanova@mu-pleven.bg

preparation route, doping method, dopant
concentration, etc. For modifying TiO, with rare
earth elements different techniques have been used:
sol-gel technology, hydrothermal method, anodic
oxidation, magnetron sputtering, electrospinning,
co-precipitation, complexation, etc. [6, 10-17]. Sol-
gel procedures are the most popular synthetic
methods, which enable researchers to achieve
superior compositional product homogeneity at
moderate temperatures [15-17]. Among them, due
to a slower reaction rate, non-hydrolytic sol-gel
syntheses performed in organic solvents allow for
better control over particle size and crystallinity
degree [16-17].

This paper is a continuation of our previous
research on preparation and properties of pure and
modified nanosized TiO, catalysts by non-
hydrolytic sol-gel method [18-25]. In the present
work we report on the synthesis, characterization,
and photocatalytic properties of La-doped TiO,
derived by non-hydrolytic sol-gel procedure from
titanium(IV)  chloride, benzyl alcohol, and
lanthanum(l11) nitrate, the latter being a rare earth
element source. Lanthanum content in the
synthesized samples ranged from 0.4 to 5 mol.%.
Photocatalytic activities of the synthesized powders
were evaluated by degradation of two model organic
pollutants under UV-Vis illumination: xanthene dye
Rhodamine B (RhB) and triphenylmethane dye
Malachite Green (MG). RhB is one of the most

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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commonly used dyes in textile and paper industry.
This dye is now banned from use in foods and
cosmetics because it has been found to be
potentially toxic and carcinogenic [28,29]. The
triphenylmethane dye MG is widely used in
aquaculture as a parasiticide and in food, health,
textile and other industries. However, it has been
reported that this dye can have carcinogenic,
genotoxic, and mutagenic effects on fish, mammals,
and other animals. Despite being banned in several
countries, it is still being used in many parts of the
world and poses risks for human health [30].
Therefore, photodegradation of these dyes is
important with regard to the environmental cleanup.

EXPERIMENTAL

Preparation and characterization of titania
catalysts

The starting materials in this study were titanium
tetrachloride (>99.0%, Fluka) used as a titania
precursor, benzyl alcohol (>99.5%, Merck),
lanthanum(l11) nitrate (Aldrich) as a rare earth
element source, and absolute ethanol and diethyl
ether from Merck. The Rhodamine B dye
(C2gH3CIN,O3) was purchased from Fluka while
Malachite Green oxalate (CsHsoN4.3C,H,0,) was
supplied by Sigma. All the chemicals were used
without further purification.

Pure and La-doped TiO, samples were prepared
by means of non-hydrolytic sol-gel method based on
the reaction between benzyl alcohol and titanium
tetrachloride [26]. The main stages of sol-gel
synthesis of lanthanum-modified titania samples are
shown in figure 1. The reactions were performed in
a regular glass beaker under controlled heating. For
the preparation of La-modified titania, initially a
proper amount of lanthanum(lIl) nitrate was
dissolved in ethanol and mixed with benzyl alcohol.
Then, titanium tetrachloride was slowly added to the
beaker with benzyl alcohol at a volume ratio of 1:20
and the resulting sols were heated at 150°C under
vigorous stirring for 10 h. Reaction mixtures were
left for aging at room temperature for 10-14 days.
Obtained white thick suspensions were centrifuged
at 5000 rpm for 15 min and the supernatant was
discarded by decantation. The precipitates were then
washed twice with diethyl ether. After every washing
step, the solvent was separated by centrifugation.
The collected material was dried in air overnight
and then ground into a fine powder. The obtained
powders were calcined at 500°C for 2 h. In this way
three modified xLa/TiO, samples were prepared:
0.4La/TiO,, 1La/TiO,, and 5La/TiO,, where X repre-
sents La content as mol.%. Pure TiO, was prepared

by the same procedure; however, lanthanum
solution was replaced by anhydrous ethanol.

| La(NOg3)s + absolute ethanol |

| TiCl, |—>| Benzyl alcohol |

| Orange-coloured mixture |

| Stirring for 10h at 150°C |

| Precipitation and aging at¢room temperature (14 days) |
| Washing¢with ether |
[ Heating at ioo"c for 2h |—{ powder |

Fig. 1. Scheme of non-hydrolytic synthesis of La-doped
TiO,.

The structure and morphology of the resulting
powders were characterized by X-ray diffraction
(XRD, Bruker D8 Advance X-ray instrument),
infrared (IR) spectroscopy using the KBr pellet
method (Nicolet-320, FTIR spectrometer with a
resolution of £1 cm*, by collecting 64 scans in the
range 1000-400 cm™), and UV-Vis spectroscopy
(Spectrophotometer Evolution 300). Absorption
edge and optical band gap were determined
following instructions of Dharma et al. [27].
Bandgap energies of the samples were calculated by
Planck’s equation: E; = hc/A = 1240/, where Eq is
bandgap energy (eV), h is Planck constant, c is light
velocity (m s ™), and / is the wavelength (nm) (Table
1).

Table 1. Cut-off and optical band gap values for obtained
compositions

Sample Cut-off, nm Eg, eV
undoped TiO, 388.33 3.19
0.4% La-TiO, 368.61 3.36
1% La-TiO, 364.87 3.39
5% La-TiO, 369.67 3.35

Photocatalytic activity procedure

The initial concentration of the RhB and MG
aqueous solutions was 5 and 10 mg I, respectively.
In a typical procedure, a titanium sample (100 mg)
was added to a 150-ml dye solution to form
suspension. Prior to irradiation, the suspension was
magnetically stirred for 30 min in the dark to reach
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an adsorption-desorption equilibrium of organic
pollutant on the photocatalyst surface. A black light
blue lamp (Sylvania BLB 50 Hz 8W T5) was used
as a UV radiation source with a peak at 365 nm, and
a 500-W halogen lamp (Sylvania) was used as the
visible light source. In experiments, UV and visible
light lamps were fixed above the treated solution at
10 and 40 cm, respectively. Blank tests were
performed with dye solutions without catalysts in
order to estimate possibilities for direct photolysis
of the dyes.

All photocatalytic tests were performed under
magnetic stirring (450 rpm) at a room temperature
of 25°C. Aliquot samples of 3 ml were taken out at a
regular time intervals from test solutions,
centrifuged for 15 min at 5500 rpm, and filtered to
remove catalyst particles. The photocatalytic
degradation was monitored by measuring the
absorbance of clear aliquots on a Jenway 6505 UV-
Vis spectrophotometer at the characteristic
wavelengths of the dyes: 555 and 618 nm for RhB
and MG, respectively. Decolouration efficiency,
DE, of the photocatalysts was calculated from
equation (1):

DE = [(Ac-A)/Ag]x100 , (1)

where A, is the absorbance at zero time and A is the
absorbance at time t.

RESULTS AND DISCUSSION
Characterization of titania samples

XRD patterns of La-doped TiO, are shown in
figure 2. As is seen, anatase (TiO,) (JCPDS 78-
2486) is a dominating crystalline phase detected by
XRD. No peaks of rutile were observed. Moreover,
lanthanum was not observed in the patterns, either.
This indicated that La®* ions were not incorporated
into the TiO, crystal lattice to replace Ti*".
Obviously, modification by lanthanum cannot
enhance a phase transformation of anatase to rutile.
Recently, it has been reported that La** dopant could
inhibit the A-R phase transportation at high
La*concentrations (above 2 at.%) [31]. In our
previous investigations, it was established that Fe
and N co-doping enhanced rutile crystallization
which appeared at lower temperatures (500°C) [32].
Thus, it could be concluded that the doping effect of
metal ions on A-R phase transformation is
dependent on the physicochemical properties of
doping metal ion as well as on its concentration.
Average particle sizes of the as-synthesized La-
doped TiO, samples calculated from diffraction line
broadening using Scherrer equation were about 6—
15 nm. It was estimated that particle sizes decreased
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on increasing La content (Fig. 2). For comparison,
the particle size of pure TiO, obtained by non-
hydrolytic sol-gel method is ~20 nm and these
results are published elsewhere [22]. Probably, this
is due to the nature of used precursors, experimental
conditions as well as to applied non-hydrolytic sol-
gel synthesis method [31, 33]. Our results of La-
doped TiO, phase formation are in good agreement
with those reported by other authors [31, 33].

0.4 % La
A - TiO, (anatase)

12nm A

1% La
A - TiO, (anatase)

6nm A 5%La

A -TiO, (anatase)

10 20 30 40 50 60 70 80
26, deg

Fig. 2. XRD patterns of La-doped TiO,.

The La-TiO, powders were investigated by
means of IR spectroscopy in the range of 1000-400
cm* (Fig. 3a) where stretching vibrations of the
inorganic building units are active. Generally, bands
in the range of 600-400 cm™ were observed that
could be related to vibrations of TiOg building units
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[23, 34]. No band shifts were observed upon
increasing La content.

5%LlLa

1%La

Transmittance,(a u.)

0.4 % Le

T T T T
800 700 600 500

Wavenumber,cm®

T
1000 900 400

a
25
1-undoped TiO,
4 2-0.4% La-Tio,
201 3-1%La-Tio,
" 4-5% La-TiO,
= 3+ 1
c
S 154 -
X
c
2
&S 10 4 l
=
[
o 2
=]
X 54
04
T T T T T T T
200 250 300 350 400 450 500 550 600
Wavelength, nm b

Fig. 3. (a) IR and (b) UV-Vis spectra of La-doped TiO..

UV-Vis diffuse reflectance spectra of La-
modified and non-modified TiO, samples are shown

in figure 3b. Registered absorption edges and
calculated band gap values are given in Table 2. The
observed absorption edge of the as-prepared
samples varies in the region of 364-369 nm. The
UV-Vis spectra of the La-doped TiO, samples
display a shift of the absorption edge (~20 nm) in
comparison with that of undoped TiO,. According
to Wang et al. [31] the blue shift is attributed to a
quantum size effect. Evidently, the La*" dopant did
not cause any spectral changes. Our blue shifting
results of the absorption edge are consistent with
reference data [31].

Photocatalytic activity

A photocatalytic bleaching effect on the
examined dyes was observed during all experiments
with synthesized titania samples showing thereby
that all these samples have exhibited some photo-
activity. The photolysis of both dyes could be
neglected, as after 180 min illumination in blank
experiments less than 6% and 4% were removed
under UV and Vis irradiation, respectively.

The photocatalytic performance varied with
dopant content, type of irradiation, and type of
model contaminant. Addition of small amounts of
La (0.4 and 1 mol.%) to titania was favourable for
the photocatalytic activity under UV irradiation,
while doping with 5 mol.% La led to a slower
decolouration irrespective of used dye (Figs. 4 and 5).
Doping with 0.4 and 1 mol.% La improved the
photoactivity under visible light illumination toward
RhB (Fig. 4) and did not change it toward MG (Fig.
5).

According to many works [35-40], the photo-
catalytic degradation rate can be described by
assuming a pseudo-first order kinetic model (Eg. 2):

InCo/C =kt , 2

where C, is the initial concentration and C is the
concentration at any time, t. Semi-logarithmic plots
of the concentration data gave straight lines and
yielding rate constants from their slopes (Table 2).

Table 2. Rate constants (k) and decolouration efficiency (DE at 120 min) for dye photodestruction in presence of pure

and La-doped TiO,

UV illumination

Vis illumination

Catalyst RhB MG RhB MG
sample
kx10°mint DE,% kx10°min? DE,%  kx10>min™* DE, % kx10? min* DE, %
TiO, 1.70 86 1.77 88 0.58 50 0.50 46
0.4La/TiO, 2.10 76 2.49 95 1.05 69 0.32 31
1La/TiO, 3.17 97 1.78 90 1.01 71 0.13 13
5La/TiO, 2.10 93 0.86 65 0.54 47 0.01 3
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100 uv

90 -+
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Fig. 4. Photocatalytic activity of La-modified samples against RhB under UV and Vis irradiation.

100 Vis
—s—Ti02

90 -
=—m=(),4% La-Ti02
80 -

e 1% La-TiO2

70 - 7
——5% La-Ti02 /
1 I\

0 50 100 150
Time, min

100

Vis
—e—Ti02
90 -
il 0.4% La-TiO2
80 1 ——1% La-Ti02

70 - et 5% La-TiO2
60 -

50 +

DE %

40 +

30 -
20 -

10 -

Y
& Y
v v —

0

T T
0 50 Time, min 100 150

Fig. 5. Photocatalytic activity of La-modified samples against MG under UV and Vis irradiation.
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(H3C)N N(CHs)2
9Ve
SN
b)

Fig. 6. Structure of model pollutants: a) Rhodamine B, b) Malachite Green

Our results confirm that the amount of dopant
plays a significant role in affecting photo-
degradation activity and an optimal concentration of
dopant should be determined. Titania samples,
modified with small amounts of La, exhibited good
photocatalytic efficiency probably due to the effect
of dopant ions as electron and hole trappers, which
leads to suppression of electron-hole recombination
and thus stimulating photocatalytic activity.
However, surplus doped ions could serve as
recombination sites by promoting charge-carrier
recombination and doping can become detrimental
[9]. Obviously, applying a non-hydrolytic sol-gel
procedure and calcination temperature in the present
study ensures an optimum doping amount within
0.4-1.0 mol.%, which agrees very well with that
reported in the literature [41, 42]. According to some
authors, the presence of La ions in the titania can
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affect the photocatalytic activity by creating oxygen
vacancies and separating charge carriers [43].

In this study, photocatalytic process efficiency
was determined not only by the type of titania
catalyst and type of irradiation, but also by the
chemical structure of the dyes. As can be seen in
Figs. 4 and 5 and Table 2, RhB bleaching was faster
than that of MG. This can be explained by the
structure of the organic pollutants: RhB contains a
heterocyclic ring, which is more wvulnerable to
splitting (Fig. 6).

CONCLUSIONS

Pure and doped titania nanopowders (6—12 nm)
with different amount of La were synthesized by a
non-hydrolytic sol-gel route. According to XRD
patterns, mainly titania (anatase) was crystallized.
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Particle sizes decreased on increasing lanthanum
content. Addition of small amounts of La (0.4-1
mol.%) to titania was favourable for the
photocatalytic activity under UV irradiation, while
doping with 5 mol.% La led to a slower
decolouration irrespective of used dye. Doping with
0.4 and 1 mol.% La improved the photoactivity
under visible light illumination toward RhB and did
not change it toward MG.
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OOTOKATAJIMTNYHO OBE3LBETABAHE HA JIBE OPTAHMYHU BATPUJIA KATAJIM3NPAHO
OT HAHOPA3MEPEH TiO, IOTHUPAH C JJAHTAH

Axr. M. CTOHHOBal*, 1Is. K. Konesa', An6. 1. BLqBapOBa—Hez[enquaz, P.C. I\/'Iopz[aHOBa2

1Mez)uuunc;<u yrusepcumem, yi. ,, Knumenm Oxpuocku “ 1, 5800 Ilnesen, bvreapus
2HHcmumym no obwa u Heopeanuyna xumus, bvreapcka akademus na naykume, yiu.,, Axao. I'. bonues”, o61. 11,
1113 Cogus, bvreapus

Tlocrpnnna wa 12 centemBpu 2015 r.; Ilpepabotena Ha 12 nexemBpu 2015
(Pe3tome)

llenTa Ha HACTOSIIOTO M3CIEABAHE € Ja Ce CHHTE3MpaT W OXapaKTepU3upaT 4YMCT U JoTUpaHu ¢ jaHTaH Ti0;
oOpasiy 1 aa ce nacieaBaT poToKaTaAIUTHYHUTE UM CBOMCTBA. JloTHpaHH U HEAOTHPaHU 0Opa3Ly OsXa MOJIyYeHHU Upe3
HEXUIPOJIUTHYEH 30J-Ten Metol oT TutaHoB(1V) xmopua, 6ensunos ankoxon u nanraHoB(I1l) Hutpar, ¢ nocnenBama
TepMuyHa o0OpaboTka. ChbIbpkaHMETO Ha JaHTaH B oOpasuure Bapupa oT 0.4 mo 5 mom%. Crpykrypara u
Mopdoorusra Ha MOJyYEeHHTE HAHONpPAaxoBe ca oxapakTtepusupanu upe3 POA, MUY u YB-Buauma cnekTpocKomusi.
OTHOCHTEIHUAT pa3Mep Ha YaCTHLHUTE Ha 4nucThsA U goTupanus TiO, e okomo 6—15 NM u nomuHMpamara KpucTaiaHa
¢daza B momydeHuTe oOpasly € aHara3. YCTAaHOBEHO €, Y€ pa3MephT Ha YaCTHUIMTE HaMaisiBa C ITOBHIIABAHE Ha
CHIBP)KaHUETO HA JIAHTAH.

dotokarannTHyHaTa akTUBHOCT Ha TiO, 3a pasrpaxIaHe Ha JIB€ OPTaHWYHHU Oarpmia ¢ pasiudHH Xpomodopu —
TpudeHmmMeTanoBoto Oarpmio (MamaxuToBo 3eneH0) u kcaHTeHoBoTo Oarpmiio (Pomamuu B) Oemre m3ciensana mpu
oOrpUBaHE € YNTpaBHOJICTOBAa M BUAMMA cBeTiauHA. JloOaBstHeTOo Ha Manko konmdecTBo jaHTaH (0.4 m 1 mom.%)
OsaronpusITCTBA (POTOKATATUTHYHATA AKTUBHOCT IPH 00IbuBaHe ¢ YB, nokaTo moTupaHeTo ¢ 5 Moi.% JIaHTaH BOJIH 110
mo-6aBHO 00e311BETsABaHe, HE3aBUCHMO OT BHJa Ha M3MOJI3BAaHOTO Oarpuio.

124



Bulgarian Chemical Communications, Volume 47, Special issue C (pp. 125-132) 2015

A DFT study of CO adsorption and dissociation over y-Mo,N(111) plane
S. F. Zaman*?

Chemical and Materials Engineering Department, Faculty of Engineering, King Abdulaziz University,
P.O. Box 80204, Jeddah 21589, Saudi Arabia
2SABIC Chair of Catalysis, Chemical and Materials Engineering Department, Faculty of Engineering,
King Abdulaziz University, P.O. Box 80204, Jeddah 21589, Saudi Arabia

Received: 9 October 2015; Revised: 23 November 2015

A theoretical investigation of CO dissociation energy barrier over y-Mo,N(111) plane has been performed using
density functional theory. CO dissociation energy possesses a high activation barrier of 67.96 kcal.mol™ with an
endothermic heat of reaction of 28.87 kcal.mol™, starting with CO molecularly adsorbed on a 3-fold hollow fcc site
with an adsorption energy of 35.98 kcal.mol™'. The activation barrier is little less, 53.03 kcal.mol™', when CO is
molecularly adsorbed on a 3-fold hollow hcp site with an adsorption energy of 34.34 kcal.mol™'. For both cases, the
C-0O bond dissociation process is kinetically unfavourable over the investigated surface. A pronounced electronic effect
of ligand nitrogen (N) and underlying molybdenum (Mo) layer during bond formation at the surface was observed.

Keywords: CO adsorption, y-Mo,N, activation energy, CO dissociation energy.

INTRODUCTION

Density functional theory (DFT) is a quantum
chemical computational technique, which solves
Schrodinger equation to find the minimum energy
state of a system comprising a small number of
atoms. This computational tool has been successful-
ly used in the field of heterogeneous catalysis, for
example studies of catalyst surface electronic prop-
erties and adsorption energies of reactant and prod-
ucts, elementary surface reaction steps of potential
surface reaction pathways, etc. [1]. In combination
with results of catalyst characterization techniques
and catalytic tests, theoretical studies at atomic or
molecular scale may provide valuable information
about intermediate surface compounds formed on
catalyst surfaces and their participation in different
steps of the reaction mechanism. This computational
tool can be very useful in terms of catalyst screening
prior to spending time in the research lab for a
desired reaction. In addition, it will give valuable
information on the electronic behaviour of the sur-
face and performance of the existing catalyst.

Syngas (CO+H,) conversion to higher hydro-
carbons (Fischer-Tropsch synthesis) and mixed
alcohol synthesis is a well-established technology.
Fischer-Tropsch synthesis (FTS) is been commer-
cialized in several countries to produce middle
distillate products, raw materials for various chemi-
cals, and waxes which undergo further cracking to
low carbon chain fuels [2]. Recently researchers are

* To whom all correspondence should be sent:
E-mail: zfsharif@gmail.com; sfzaman@kau.edu.sa

looking into the conversion of syngas to higher
alcohols (HAS), especially C, alcohols, which is
another contemporary important research area for
clean and alternative transportation fuel production
and value added raw material for olefin synthesis. A
considerable progress has been achieved in recent
years in the development of more active, selective,
and stable catalysts for these processes. Important
characteristics of the reaction mechanism have been
revealed. A dependence of technological parameters
of FTS on physical and chemical catalyst properties
has also been established [2]. Carbon monoxide is a
key reagent in FTS and HAS processes. Numerous
studies of the reaction mechanism have shown that
the non-dissociative adsorption of CO on the cata-
lyst surface is the first step of the reaction mechan-
ism of both the FTS and HAS processes on sup-
ported metal catalysts.

Intensive research activities nowadays are de-
voted to search for new, highly active, and selective
catalytic systems for FTS and HAS processes. An
indispensable part of these efforts is studying of sur-
face elementary steps of reaction mechanisms by
theoretical methods. One of the key issues that
should be revealed for each new catalyst system is
information on the mechanism of CO participation
in the reaction. Since the adsorption of carbon
monoxide is the first step of its activation, it is very
important to understand how CO predominantly is
adsorbed on a catalyst active surface and what type
of surface complexes are being formed.

Because dissociative CO adsorption is leading to
formation of coke precursors and active oxygen, this

© 2010 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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reaction route should be depressed by selecting cata-
lyst components, on which the CO is adsorbed non-
dissociatively. As an effective criterion for such a
discrimination, one can use the energy of CO dis-
sociative adsorption on a particular component. Low
energy dissociative adsorption would mean that this
component is not a suitable catalyst for FTS and
HAS processes. At the same time, the energy of CO
adsorption can be used as a criterion of the CO
hydrogenation ability of a particular metal [3]. Thus,
one has to be capable to exclude such components
beforehand by suggesting a suitable criterion.

Molybdenum-based catalysts possess a high hy-
drogenation ability and have been used by many
authors as effective catalysts for FTS and HAS from
syngas [4-6]. Addition of p orbital ligands to Mo
reduces the CO adsorption energies following the
sequence Mo > MoP > y-MoC > 3-MoN [7]. The
energies of CO dissociative adsorption on MoS, and
Mo,C have been reported earlier [8,9]. The K-MaS,
system is a well-known catalyst able to produce
ethanol from syngas with high selectivity up to 40%
[10], whereas Mo,C shows a much lower ethanol
selectivity [11]. y-Mo,N has been used for different
reactions, i.e. CO oxidation, HDN, HDO, NH;
decomposition, etc. and reported for its high activity
[12-15], and, in this connection, it may possess
some interesting characteristics for CO hydrogena-
tion reactions.

In this study, we report adsorption and dissocia-
tion energies of CO over the y-Mo,N(111) plane
calculated by using DFT. We have set our focus on
finding a preferable adsorption arrangement of
CO.¢ and [C,g +0.¢] and calculate the activation
barrier of C-O bond dissociation on a y-Mo,N(111)
catalyst.

Calculation procedure

The DMol® module of Material Studio (version
6.0) from Accelrys Inc. (San Diego, CA, USA) was
used to perform the DFT calculations. Accordingly,
the electronic wave functions were expanded in
numerical atomic basis sets defined on an atomic-
centred spherical polar mesh. The double-numerical
plus P-function (DNP) of all electron basis set, was
used for all the calculations. The DNP basis set
includes one numerical function for each occupied
atomic orbital and a second set of functions for
valence atomic orbitals, plus a polarization p-func-
tion on all atoms. Each basis function was restricted
to a cut-off radius of 4.4 A, allowing for efficient
calculations without loss of accuracy. The Kohn-
Sham equations [16] were solved by a self-consist-
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ent field procedure using PW91 functional with
GGA for exchange correlation [17-19]. The tech-
niques of direct inversion in an iterative subspace
with a size value of six and thermal smearing of
0.005 Ha were applied to accelerate convergence.
Optimization convergence thresholds for energy
change, maximum force, and maximum displace-
ment between the optimization cycles were set at
0.00002 Ha, 0.004 Ha/A, and 0.005 A, respectively.
The k-point set of (1x1x1) was used for all calcula-
tions, which help to reduce the computation cost of
this large slab/cluster arrangement. The activation
energy of interaction between two surface species
was identified by complete linear synchronous tran-
sit and quadratic synchronous transit search methods
[20] followed by TS confirmation through the nudge
elastic band method [21-23]. Spin polarization was
imposed in all the calculations. The adsorption
energy of an element (i.e. molecule or atom) was
found according to the following formula:

Ead =E slab+element — {E empty slab +E element} '

Building unit cell structure of y-MoyN crystal

y-Mo,N has a cubic B1 type crystal structure
belonging to the Fm3m space group with lattice
parameters a = b = ¢ = 4.14613 A. The unit cell of
Mo,N crystal was built following the atomic co-
ordinate position (X, y, z); Mo at (0, 0, 0) and N at
(0.5, 0.5, 0.5) according to experimental finding of
Bull et al. [24]. The studied (111) plane was then
cleaved from the unit cell. Further, the cleaved plane
was increased to five atomic layers and 4x4 super-
cell, comprised of total 57 atoms, as shown in Fig.
1. The periodic supercell was converted into a non-
periodic cluster. A larger surface area was generated
to provide favourable adsorption locations for CO,
C, and O species. The y-M0o,N(111) plane has main-
ly four different adsorption sites, an on-top site, a
bridge-bonding site between two Mo atoms and two
threefold sites, with an underneath N atom (in 1
sublayer), a 3-fold hollow hcp site with an under-
neath Mo atom (2™ sublayer), and a 3-fold hollow
fcc site. The underneath N atom layer is located
very close to the top Mo layer, only at a 0.736-A
depth while the distance to the next Mo sublayer
from the top surface is 2.081 A, which suggests a
pronounced electronic influence/contribution of Mo
and N atoms to the top Mo layer. The distance
between two surface Mo atoms is 2.942 A and the
angle between the Mo atoms is 60°. The charge on
indexed Mo and N atoms of y-Mo,N(111) (Fig. 1)
are tabulated in Table 1.
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RESULTS AND DISCUSSION

Adsorption and dissociation energies of CO
over y-Mo,N(111) plane

A DFT simulation was conducted for CO adsorp-
tion on four different adsorption locations over the
v-Mo,N(111)plane, i.e. on-top, bridge-bonding, 3-
fold hollow fcc, and 3-fold hollow hcp sites. Ad-
sorption locations are depicted in Fig. 1 and adsorp-
tion arrangements and atomic distances from the
surface plane are displayed in Table 2. Stable CO
adsorption was found for all the above-mentioned
arrangements. Carbon monoxide was molecularly
adsorbed vertically having the ‘C’ end towards the
surface for all the cases, which is common for non-
dissociative CO chemisorption on most of the metal

Bridge Bond
site

3-fold hollow
fcc site

3-fold hollow
hcp site

A y-Mo,N(111) cluster showing different adsorption sites.

surfaces because the available electron donation
orbital (50) is located on the carbon atom of the CO
molecule, as explained by Blyholder [25]. Different
adsorption arrangements of the CO molecule are
explained below.

CO was adsorbed on a Mo4 surface atom as on-
top configuration. The obtained energy value of CO
adsorption on the y-Mo,N(111) plane as on-top
arrangement was —30.87 kcal.mol ™’ or —1.34 eV.
The C-O bond length of non-dissociatively adsorbed
CO was found to be equal to 1.185 A. This length is
greater than the molecular CO bond length of 1.14
A. Therefore, CO adsorption on a y-Mo,N(111) slab
makes the C-O bond relaxed. The vibrational fre-
quency of CO on the y-Mo,;N(111) plane was found
to be 2663.06 cm ™.

A y-Mo,N(111) cluster with atomic indexing of
neighbouring adsorption sites.

Fig. 1. y-Mo,N(111) cluster top view.

Table 1. Atomic charge distribution over y-Mo,N(111) with adsorbed species.

Mulliken atomic charge, e

Atomic . co Cco carbon carbon  oxygen  oxygen carbon on
index* Mempty on-top (.:O bridge .CO adsorption adsorption adsorption adsorption adsorption adsorption fec and
0,N slab adsorption  adsorption - . - : . - 0Xygen on
on hcp site on fcc site on fcc site on hep site on fcc site on hep site hep site
Moy 0.561 0.563 0.623 0.633 0.567 0.579 0.666 0.563 0.737 0.772
Moy 0.545 0.569 0.584 0.609 0.633 0.676 0.642 0.751 0.711 0.849
Moys) 0.545 0.573 0.586 0.609 0.633 0.677 0.614 0.751 0.711 0.668
Moy 0.496 0.457 0.572 0.508 0.581 0.626 0.524 0.701 0.500 0.632
Mo, 0.951 0.948 0.948 0.949 0.941 0.941 0.949 0.941 0.951 0.937
Ny -1.158 -1.158 -1.141 -1.126 -1.154 -1.15 -1.101 -1.155 -1.127 —-1.149
N2 —1.183 -1.187 -1.182 -1.182 -1.183 -1.186 -1.182 -1.193 -1.181 —-1.186
N —-1.168 —-1.168 —-1.166 -1.169 —-1.163 —-1.158 -1.171 —-1.165 -1.167 -1.157
N —-1.168 -1.17 —-1.166 -1.169 —-1.163 -1.159 -1.171 —-1.165 -1.167 -1.169
c 0.105 0.068 —-0.035 —-0.089 —0.083 —0.420 —-0.403 X X —-0.575
0] —0.105 —-0.186 —0.183 —-0.180 —-0.180 X X —-0.595 —0.566 -0.411

* Atomic indices are according to Fig. 1
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For a bridge-bonding configuration of CO, a si-
mulation procedure was performed by binding CO
to Mo, and Mo, surface atoms, where the carbon
atom was bonded to two Mo atoms and the O atom
remained on-top of the C atom as a linear arrange-
ment. The adsorption energy of CO on a bridge-
bonding site on the y-Mo,N(111) plane was —33.22
kcal.mol™' or —1.44 eV. The C-O bond length of
non-dissociatively adsorbed CO was found to be
equal to 1.209 A, i.e. more relaxed compared to the
on-top adsorption configuration. The vibrational
frequency of CO for bridged adsorption was found
to be 1769.07 cm™'. For a 3-fold hollow hcp
adsorbed configuration of CO, a simulation
procedure was performed through bonding the CO
to Mog), Mo, and Mog, surface atoms with an
underneath N atom, where the carbon atom was
bonded to three Mo atoms and O remained on-top of
the C atom as a linear arrangement. CO adsorption
on a 3-fold hollow hcp site on the y-Mo,N(111)
plane gave an energy value of —34.34 kcal.mol ' or
—1.49 eV. The C-O bond length of non-dissociative-
ly adsorbed CO was found to be equal to 1.217 A,
which is more relaxed compared to the on-top and
bridging configurations. The vibrational frequency
of CO for this adsorption arrangement was found to
be 2194.47 cm'. Another simulation was performed
for CO adsorption on a 3-fold hollow fcc site by
bonding CO to Moy, Mog,), and Mo4 surface atoms
with an underneath Mo, atom, where the carbon
atom was bonded to three Mo atoms and O remain-
ed on-top of the C atom as a linear species. The
energy value of CO adsorption on a 3-fold hollow
fcc position on the y-Mo,N(111) plane was —35.98
kcal.mol™' or —1.56 eV. The C-O bond length of
non-dissociatively adsorbed CO was found to be
equal to 1.217 A, which is more relaxed compared
to the on-top and bridging configurations but similar
to the 3-fold hollow hcp site. The vibrational fre-
guency of CO for this arrangement was found to be
1844.45 cm™.

Among all adsorption modes, carbon monoxide
was most strongly bonded at a 3-fold fcc position,
which may be the preferred adsorption arrangement
for CO on the y-Mo,N(111) plane. Yang et al. [26]
studied the vibrational frequency of CO on a fresh
Mo,N/AI,O; catalyst. They assigned infrared bands
at 2045 and 2200 cm™' to CO adsorption onto 3-fold
hollow hcp sites on the Mo,N catalyst. This study
also found a very close CO vibrational frequency,
2194.47 cm™', for a 3-fold hollow hcp adsorption
arrangement but the adsorption energy was little less
compared to the 3-fold hollow fcc configuration.

Molecular carbon monoxide adsorption values
on the y-Mo,N(111) plane have not been reported so
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far in the literature. Flapper et al. [27] stated an
adsorption energy of —1.49 eV for CO adsorption on
a 3-fold site of Mo,N(100) plane whereas Liu and
Rodreguez [7] reported an adsorption energy value
of —1.74 eV for on-top CO on a 3-MoN(001) plane.

Electronic charge distribution over the surface

Electronic charge distribution (Mulliken charge)
values are given in Table 1 for the indexed Mo and
N atoms of y-M0o,N(111), atom indices are shown in
Fig. 1, and for adsorbed C and O atoms. For an on-
top adsorbed CO molecule on a Mo atom, calcu-
lated values of Mullikan atomic charges on C and O
were +0.068e and —0.186e, respectively. Atomic
charges on C and O atoms of a free CO molecule are
+0.105e and —0.105e, respectively. Reduced charges
on C and O atoms indicate that a process of electron
back donation from surface molybdenum atoms is
taking place. The back donation of electron to the
adsorbed CO molecule increases the antibonding
orbital population and hence making the C-O bond
weaker. At the same time the Mo, atom, to which
CO was bonded, had a decrease in charge from
+0.496¢ to +0.457e whereas other close surrounding
surface Mo(,.3 atoms experienced an increase in
their positive charge. Charges on underneath Mo,
and N 234 atoms did not change to a considerable
extent, suggesting their less involvement in electron
donation/bonding process. Charge distribution re-
sults suggest that the electrons are drown from other
nearby surface Mo atoms to the bonding Mo atom,
i.e. Mo, and are back donated to CO, which makes
the CO bond relaxed and reactive.

For bridge-bonded carbon monoxide on Mo,
and Mo, the calculated values of Mullikan atomic
charges of C and O were —0.035e and —0.183e, re-
spectively, i.e. a decrease in charge value compared
to on-top adsorption configuration. Charges on sur-
face Mo 2,34 atoms were increased compared to the
empty slab. The increase in charge was less for the
Mo, and Mo, atoms and more for the Mo, and
Mo, entities. Charges on the underneath Mo, and
N@234 atoms were not changed to a considerable
extent, suggesting less involvement in the electron
donation/bonding process. Charge distribution re-
sults suggest that the electrons are drown from other
surface atoms to the bonding atoms, Mo, and Moy,
and are back donated to the carbon monoxide, which
makes the CO bond more relaxed as indicated by
the increase in C-O bond length.

For 3-fold hollow hcp adsorption of carbon mon-
oxide on Mog), Mo, and Mo, atoms, calculated
values of Mulliken atomic charges on C and O in
the adsorbed CO molecule were —0.089e and —
0.180e, which is a decrease in charge on the C and
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O atoms compared to the bridge bonding configura-
tion. Positive charges on the surface Mo 34 atoms
were increased compared to the empty slab. The in-
crease in charge was less for the Moy atom com-
pared to the Mo, Mo(,), and Mo, atoms to which
the CO molecule was bonded. Interesting charge
was decreased for the underneath N atom from —
1.158e to —1.126e, which signifies involvement of
underneath N atom layer in charge donation and sur-
face bonding process. Charges on underneath Mo,
and N, 34 atoms were not changed to a considerable
extent, which implies less participation in electron
donation/bonding process. Charge distribution re-
sults suggest that the electrons are drown from
surface Mo atoms and underneath N atom and back-
donated to CO, which makes the CO bond more
relaxed as indicated by an increase of the C-O bond
length compared to on-top and bridge bonding con-
figurations.

Calculated values of Mulliken atomic charges on
C and O atoms of CO molecule adsorbed on a 3-fold
hollow fcc site on Moy, Mog), and Moy atoms
were —0.083e and —0.180e, respectively. Compared
to a 3-fold hcp site the charge on the C atom was
reduced, while that on the O atom remained the
same. Positive charges on surface Mo 234y atoms
were increased compared to the empty slab. The in-
crease in charge was less for the Mo, atom com-
pared to the Mo(,), Mo, and Mo, atoms. Charges
on underneath Mo and N 234 atoms changed to a
little extent; there was a decrease of positive charge
for the Mo, atom and all the underneath N atoms
underwent a decrease in negative charge that indi-
cated their contribution to electron donation and
bonding. Charge distribution results suggest that
electrons are drown from surface Mo atoms and
underneath N and Mo atoms and are back donated
to CO, which makes the CO bond more relaxed as
indicated by an increase in CO bond length com-
pared to on-top and bridge bonding sites.

Preferred adsorption location for C and O atoms
over y-M0o,yN(111)

Before calculating the dissociation energy barrier
of CO, the preferred adsorption sites for atomic oxy-
gen (O) and carbon (C) on the y-Mo,N(111) surface
were performed by adsorbing C and O atoms separ-
ately on the surface and then place them together on
the surface, thus building the preferred (lowest
energy) surface product configuration of [C,g+Oyq].
Table 2 shows adsorption arrangement for product
configuration. For both C and O atoms, the prefer-
red adsorption location was 3-fold hollow fcc and

then 3-fold hollow hcp sites. On-top and bridge
bonding adsorption configurations are not possible
on y-Mo,N(111).

For a 3-fold hollow hcp adsorbed configuration
of C atom, a simulation procedure was performed
through bonding a C atom to Mo, Mo(,), and Moy,
surface atoms with underneath Ny atom. The
obtained energy value of C atom adsorption on the
y-Mo,N(111) plane was —65.45 kcal.mol ' or —2.83
eV. Another simulation was carried out for bonding
a C atom to Mo, Mo, and Mo surface atoms
with underneath Mo atom on a 3-fold hollow fcc
site. In this case the energy value of C atom adsorp-
tion on y-Mo,N(111) was —65.96 kcal.mol™ or —
2.86 eV. Therefore, a 3-fold hollow fcc site is more
favourable for C atom adsorption than a 3-fold hol-
low hcp site. Similarly, for an O atom, a simulation
was performed by bonding an O atom to Moy,
Mo, and Moy, surface atoms with underneath N,
atom for a 3-fold hollow hcp configuration. The
found energy value of O atom adsorption on the y-
Mo,N(111) plane was —63.35 kcal.mol”' or —2.74
eV. Further, simulation of adsorbed O atom on a 3-
fold hollow fcc site of Mo, Mo, and Mo, sur-
face atoms with underneath Mo, atom was carried
out. The adsorption value was —65.17 kcal.mol ™' or
—-2.82 eV. Therefore, a 3-fold hollow fcc site is also
a favourable adsorption site for O atom.

Simultaneous adsorption of C and O atoms on
their preferred locations on the y-Mo,N(111) plane,
i.e. both a C atom and an O atom on a 3-fold hollow
fce site, was performed. The adsorption energy of
atomic C and O over y-M0o,N(111) was —2.77 eV.
The distance between the C and O species on the
surface was 3.11 A. Charge distribution showed that
both the C and O atoms had a negative charge, —
0.575e and —0.411e, respectively. It should be noted
that non-bonded C and O have Oe charges. Positive
charges on all the surface Mo atoms and underneath
Mo atoms were increased (a 3-fold hollow fcc site
has an underneath Mo atom) and for the underneath
N atoms charges were not changed much. Therefore,
the main contribution to bonding came from charge
donation from surface Mo atoms.

Transition state search for CO dissociation

A transition state search was performed between
a CO molecule adsorbed on a 3-fold hollow fcc site
and a product configuration [C,4+0,4] adsorbed on
two different 3-fold hollow fcc sites. A complete
Linear Synchronous Transit/Quadratic Synchronous
Transit (LST/QST) search was accomplished with a
root mean square (RMS) convergence of 0.002 Ha/A.
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Table 2. Adsorption energies and surface adsorption arrangement and atomic distances of C and O atoms and CO

molecule on y-Mo,N(111) plane.

Adsorbed entity Adsorption arrangement Pictorial description Adsorptéc\)? energy Atomic distance
on-top adsorption dco=1.185
co on a Mo surface atom —1.34 Ovoc =2.121
bridge site adsorption deo :_1'209
CcO —1.44 dmozc =2.29
on two surface Mo atoms. d 599
Mo3-C — &
3-fold hcp site adsorption ddC*O :=1223119
co on three Mo atoms -1.49 dM°1£ — 5370
(underneath N atom) dM"z*C — 5377
Mo3-C — &
3-fold fcc site adsorption ddC*O ::122?%775
co on three Mo atoms -1.56 dM"z*C — 5372
(underneath Mo atom) e 340
Mo4-C — &-
. d =2.212
3-fold fec site Mo2-C —
C atom (underneath Mo atom) ~2.86 gMM{ - giég
Mo4-C — &-
~ - dMoZ—O =2.212
O atom (undzrz(ygtrl:clf/lsolt:tom) —2.83 Oyios-0 = 2.214
dMo4—O =2.196
dc,o =3.119
dM02£ =2.225
adsorption on two different Omozc =2.204
C and O atom 3-fold fcc sites -2.77 Omosc = 2.160
(underneath Mo atom) Omoi—o = 2.195
dMol—O =2.223
dMOX{) =2.087

Dissociation activation barrier was found to be
67.96 kcal.mol™' or 2.95 eV, while endothermic re-
action energy was +28.87 kcal.mol ™. The activation
barrier of CO dissociation was quite large compared
to carbon monoxide molecular adsorption energy, —
35.98 kcal.mol™ or —1.56 eV. So the DFT simula-
tion suggests desorption of CO from the surface in
molecular form rather than undergoing a CO disso-
ciation step over the y-Mo,N(111) plane. Fig. 2 de-
picts the transition state of CO dissociation reaction
having the surface arrangement of CO at different
NEB simulation points. C-O bond length was kept
on increasing from 1.22 to 2.09 A. A transition state
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search was also performed for a CO molecule ad-
sorbed on a 3-fold hollow hcp site and [Cag+Osd]
adsorbed on two different neighbouring 3-fold hol-
low fcc sites. The activation energy was little less
compared to CO adsorbed on a 3-fold hollow fcc
site as depicted in Fig. 3. Dissociation activation
barrier was found 53.03 kcal.mol™ or 2.30 eV
whereas endothermic reaction energy was +27.13
kcal.mol™'. The activation barrier for CO dissocia-
tion was still higher than the molecular CO adsorp-
tion energy suggesting the same conclusion that CO
would prefer to desorb from the surface rather than
undergo dissociation, as for the previous one.
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Transition state
dC-0=2.09A

s

dC-0=2.31A

A
g dC-0=157A

dC-0=3.12A

Energy of the surface + adsorbed species [Ha]

CO at 3 fold fcc
dCc-0=1.22A

6 0‘.2 0.‘4 016 0‘.8 i 112
Fig. 2. Transition state search by NEB method for CO

dissociation over y-Mo,N(111) for CO adsorbed
on a 3-fold fcc location.

Transition state
dc-0=193A @

dc-0=3.12A

Energy of the surface + adsorbed species [Ha]

CO at3fold hcp
dc-0=122A

6 0:2 0.‘4 0:6 018 1
Fig. 3. Transition state search by NEB method for CO

dissociation over y-Mo,N(111) for CO adsorbed on
a 3-fold hcp location.

Table 3 presents CO dissociation barrier and
reaction energies on different molybdenum-based
catalysts. Among reported catalysts, the activation
barrier varies from low to high values in the follow-
ing order: Mo,C < MoS; < Mo,N < MoP. Close CO
dissociation barrier values for MoS, and Mo,N
suggest similar surface reaction features for CO
hydrogenation over these two catalysts.

Table 3. CO dissociation energies for Mo-based catalysts.

Reaction

ener Activation
Mo surface AEgy’ energy, AE, Ref.
r kcal.mol™
kcal.mol
B-Mo0,C(0001)
Mo terminated 2191 2052 [28]
B-Mo,C(0001)
C terminated —.99 44.28 [28]
COy—  MoSy1010) 5, 5096  [29]
[Cad+oad] Mo edge
MoP(100) 62.49 87.17 [30]
MoP(001) ~42.20 92.01 [31]
this
v-Mo,N(111)  28.83 67.96

CONCLUSIONS

Density functional theory (DFT) was employed
to investigate carbon monoxide dissociation energy
over y-M0o,N(111) surface. Non-dissociative adsorp-
tion of CO on a 3-fold hollow fcc site was favoured
on the surface with an adsorption energy of —35.98
kcal.mol™, while the adsorption energy for a 3-fold
hollow hcp position was 34.34 kcal.mol™'. Both the
C and O atoms prefer a 3-fold hollow fcc bonding
location. The dissociation activation energy barrier
for CO adsorbed on a 3-fold hollow fcc position was
67.96 kcal.mol' while that for CO adsorbed on a
3-fold hollow hcp site was 53.03 kcal.mol™'. Hence,
the carbon monoxide molecule would prefer to
desorb from the y-Mo,N(111) surface rather than
undergo dissociative adsorption.
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N3CJIEABAHE C T®ITI HA AACOPBIUATA U JUCOLNALIUATA HA CO BBPXY y-Mo,N(111)
KPUCTAJIHA PABHUHA

III. &. 3aman

Henapmamenm no unsicenepna xumus u mamepuanu, @axyimem no undicenepcmeo, Ynueepcumem Kpan A60dynasuc,
n.x. 80204, /[rceoa 21589, Cayoumcka Apabus
Kameopa ,, Kamanuz** na Cayoumckama oCHO6HA UHOYCMPUAnHa Kopnopayusi, /lenapmamenm no uHICeHepHa Xumus u
mamepuanu, Daxynmem no unsicenepcmeo, Ynusepcumem Kpan A60ynasuc, n.x. 80204, /Jceoa 21589,
Cayoumcka Apabus

Tlocrprmna Ha 9 okromBpu 2015 r.; IIpepaborena Ha 23 HoemBpu 2015 T.
(Pesrome)

[TpoBeneHo € TeopeTHUHO M3CJIeBaHe C TeopusTa Ha (YHKIMOHAA Ha IUTBTHOCTTAa Ha eHepreTHYHaTa Oapuepa Ha
JUCOIUAIIAATA HA BBIIICPOJICH OKCHI BHPXy KpucranmHata paBHuHa Y-MO,N(111). [uconmanmsara Ha CO e enmo-
TepMHYHA peakius ¢ TormuHeH epekt 28.87 kcal.mol' m Bucoka eHeprermuna Gapuepa ot 67.96 kcal.mol
3aroyYBalla ¢ MojeKyJHa agcopoims Ha CO Ha TPULEHTPOBU MECTa ChC CTEHHO LIEHTPHPaHa KyOWYHA IThTHA ONaKOBKa
¢ eHeprus Ha ancop6uus 35.98 kcal.mol . Eneprernunara Gapuepa e mo-Hucka, 53.03 kcal.mol ', korato Monexynsata
ancopoims Ha CO e BbpXy TPHIEHTPOBH MecTa C XEKCaroHaJlHa IUTbTHA OINAaKOBKa C €Heprusi Ha aacopOuus 34.34
kcal.mol™'. U B nBata ciyuas npouechT Ha auconmanus Ha CO e KHHETHYeCKH orpaHudeH. HabimoaBa ce ChIecTBeH
eJNIeKTPOHEeH e(eKT Ha a30THUs JIMTaHJ W Ha MONMOJEeHA OT JIeKallhs OTHONY CIOW Npu oOpa3yBaHe Ha BPB3KU B
a/ICOPOIIMOHHUS CIIOH Ha MOBBPXHOCTTA.
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Thermochromism of a series of spiroindolinonaphthoxazines
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Five spiroindolinonaphthoxazines, synthesized by the authors, bearing different substituents on the basic skeleton
have been studied for their thermochromic properties in solvents of different polarity. The compounds were very
polarizable, which led to equilibrium between their colourless closed and coloured open forms in the absence of light at
temperatures of 20-60°C. The thermal equilibrium between the ground state populations of the colourless and coloured
forms was influenced by solvent polarity as well as by the nature of substituents. The concentration of the open form

increased with solvent polarity.

Keywords: spirooxazines, thermochromism, thermodynamics

INTRODUCTION

Spiroindolinonaphthoxazines (SO) are among the
most interesting functional dyes with potential ap-
plication in many new technologies, such as data
recording and storage, optical switching, displays,
and nonlinear optics [1-15]. These compounds com-
prise two heterocyclic moieties linked by a tetra-
hedral spiro-carbon, which prevents them from be-
ing conjugated (Scheme 1). As a result, the spiro-
compounds are almost colourless or pale yellow
since the lowest electronic transition of the molecule
occurs in the near UV region. Absorption of UV
light gives rise to isomerisation caused by breakage
of the spiro linkage C-O and subsequent rotation
about the 2-2' C-C bond. The photoisomerized
merocyanine (MC) dye molecules absorb in the
visible part of the spectrum [1-7].

Irradiation strongly displaces the thermal equilib-
rium between both forms to the side of open-chain
coloured photomerocyanine (MC), but it spontane-
ously converts to the colourless spiroform (SO) to
reach a thermal equilibrium immediately after re-
moving the light. We have recently reported [16-19]
on the synthesis and photochromic and solvato-
chromic properties of a series of spiroindolino-
naphthoxazines, both unsubstituted or bearing dif-
ferent substituents on the basic skeleton, and have
estimated their metal ion coordination ability. On re-
suming our investigation of this series of com-
pounds, in the present paper we describe a spectro-
scopic study of the effect of both solvent and struc-
ture on the thermochromic behaviour and equilib-
rium between SO and MC.

* To whom all correspondence should be sent
E-mail: stelasmin@ic.bas.bg

EXPERIMENTAL

Materials

The molecules under study were five spiro-
indolinonaphthoxazines including four 5'-benzothi-
azolyl-substituted compounds: 1,3,3-trimethyl-5'-(2-
benzothiazolyl)-spiro(indoline-2,3'-[3H]naphth[2,1-
b][1,4]oxazine]) (1); 1-butyl-3,3-dimethyl-5'-(2-benzo-
thiazolyl)-spiro(indoline-2,3'-[3H]naphth[2,1-b][1,4]
oxazine]) (2); 1,3,3-trimethyl-5'-(2-benzothiazolyl)-
spironaphth(indoline-2,3'-[3H]naphth[2,1-b][1,4] ox-
azine]) (3), and 1-butyl-3,3-dimethyl-5'-(2-benzothi-
azolyl)-spironaphth(indoline-2,3'-[3H]naphth[2,1-b]
[1,4]oxazine]) (4), and one 5'-hydroxy-substituted
compound, 1,3,3-trimethyl-5’-hydroxyspiro(indoline-
2,3'-[3H]naphth[2,1-b][1,4]oxazine) (5).

The compounds (Scheme 2) were prepared and
characterized in our laboratory [16, 17]. Solvents
were used after distillation.

Instrumentation

Absorption spectra were taken on a Specord UV-
Vis (Carl Zeiss, Jena) spectrophotometer using
quartz cells. For absorption measurements at a vary-
ing temperature, the reaction cell was enclosed in a
thermostatic water jacket placed inside spectro-
photometer sample chamber. Spectral changes were
recorded at a constant temperature and repeated use
of the same solution at temperature intervals of ca.
5°C over a temperature range of about 30°C, and
waiting for ca. 30 min after resetting the tempera-
ture control to allow the solution to attain a thermal
equilibrium.

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Molar absorption coefficients

Spectral characteristics of merocyanines 1-4 in
acetone are listed in Table 1. Molar absorption coef-
ficients (¢) were calculated by the expression ¢ =
colourability/@. [10, 11] using own data on ‘colour-
ability’ [17] and quantum yield values (&c) of the
colour-forming reaction in acetone [19].

Table 1. Quantum yield of photocolouration [19] and
absorption characteristics of merocyanines 1-4 in acetone

D Amaxs Colourability g,
Compound 111 m[16] [16] MLcm
1 0.75 640 58900 78500
2 0.80 642 72500 90600
3 0.85 655 67600 79500
4 0.90 656 72800 80900
*this paper

Provided the molar absorption coefficient of the
1-4 open forms is known, the absorbance in the
visible region of the non-irradiated concentrated
solutions was used in the present study to calculate
the thermal equilibrium constant of the spiro-
oxazine-merocyanine systems in acetone.

Equilibrium constant values

Thermal equilibrium constant values were deter-
mined in acetone by measuring the visible absorb-
ance of the open form in relation to its maximum
absorption K, = [MC)/[SO] (Table 1) where the spiro-
form does not absorb. The equilibrium concentra-
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tion of the open form was derived from the equation
[MC] = Ale.b using the absorbance A of MC at Anax
and the molar absorptivity given in Table 1 forb=1
cm. The equilibrium concentration of the closed spiro-
form was found by the expression [SO] = ¢so-[MC],
in which cso is the initial concentration of spiro-
oxazine.

RESULTS AND DISCUSSION
Thermal equilibrium

We have reported [16-19] that spiroindolino-
naphthoxazines 1-5 in polar solvents like acetone,
ethanol, or acetonitrile are capable of transformation
to their open MC forms in the dark. As a result,
solutions of 1-5 (~10* mol.dm™) show a low
intensity absorption band in the visible region at
room temperature denoting that a thermal equi-
librium SO < MC between their open and closed
forms given in Schemes 3 and 4 is established. It is
affected by changes in solvent polarity at room
temperature in the absence of light.

Equilibrium constants derived from the equation
Ke = [MC]/[SO] at 25°C in acetone are reported in
Table 2 compared with our recently published data
[18] evaluated by using rate constants of the forward
and back reaction (K. = ky/k ;). An agreement with
the latter can be considered satisfactory since varia-
tions of K. for the same molecule are within the
experimental error.
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SO

MC

Scheme 3

Scheme 4

Table 2. Equilibrium constants, K, of SO «» MC in
acetone (25°C)

Ke = kafk 4 (x107)

K. = [MC]/[SO]

50 [18] (x109*
1 1.69 1.67
2 191 1.94
3 4.66 4.60
4 6.04 6.02
*this paper

The equilibrium constants presented in Table 2
increase on moving from 1 to 4 obviously due to
suppression of the thermal ring closure reaction [17]
when the benzene substituent in the indoline moiety
of 1 and 2 is replaced by naphthalene in 3 and 4 and
also when the N-imino CH; group in 1 and 3 is
replaced by C,H, in 2 and 4. The combined effect of
both substituents gives rise to a decreased rotational
freedom upon cyclization yielding decreased k.,
values, while the values of k; remain unchanged [19].

Thermochromism

Visible absorption intensity of 1-5, observed in
polar solvents, increases as the temperature raises
(Figs. 1-4), i.e. these molecules exhibit thermochro-
mic properties. For the parent unsubstituted spiroin-
dolinonaphthoxazine (Scheme 1) the coloured band is
hardly detectable, even in a saturated solution of
polar solvent at 47°C, the absorbance at 600 nm
being less than 0.005.

The enthalpy of reaction was evaluated
according to the Van’t Hoff equation, dInK/d(1/T) =
—AH%R, by measuring the absorbance of the
coloured form at several temperatures. Determina-
tions were carried out in the temperature range of
20-80°C, using sample concentrations within
1x10* = 5x10° mol.dm™, The accuracy can be
assumed £20%.

Plots of InK. vs. 1/T for 1-4 in acetone are shown
in figure 5 and the obtained AH® values are reported
in Table 3 along with AG® and AS° calculated by
means of the thermodynamic relationship AG® =
AH-TAS". Variations of AH® from 1 to 4 are within
the experimental error.

The reaction entropy is negative, which indicates
[7, 8] that the positive contribution to entropy due to
increased torsional freedom in the open structure is
strongly compensated by solvent reorganization
around the more polar merocyanine form.

The constants of thermal equilibrium between
SO and MC of compound 5 could not be calculated
because the ¢ value of its open form was not avail-
able and the same was valid about 1-4 in methanol,
ethanol, i-propanol, i-butanol, and acetonitrile. In
view of this we have calculated only the enthalpy
changes AH® by using the expression dInK./d(1/T) =
dinA/d(1/T) = —AH/R (Table 4). Plots of InA vs. 1/T
are shown in figures 6-10.
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Table 3. Thermodynamic parameters of SO « MC in Table 4. Calculated values of AH® [k mol™] for 1-5 in
acetone different solvents for SO <> MC using the relationship
dInA/d(1/T) = -AH/R

AH® AG® AS°
SO InK kJ mol™ kJ mol™ kJ mol™ AH?

1 -4.09 7.6 10.0 —34 SO aceto-  Acet- meth- ethanol  Pro-  i-buta-

2 -3.94 7.7 9.6 -33 nitrile one anol panol nol

2 ‘g-gi g-i ;-g ‘gg 1 67 76 67 66 6.7 5.8

= : : _ 2 6.5 1.7 6.8 6.5 6.7 5.8

3 7.6 8.3 7.8 7.7 8.9 6.5

4 7.9 8.4 8.3 7.8 8.8 6.4

5 114 104 9.8 11.6 8.2 13.6
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T T
3.0 31 3.2 33 3.4
1000/T

Fig. 7. Data (InA) on thermal equilibrium treated
according to the Van’t Hoff equation in methanol
solutions of compounds 1-5.

InA
9
[=]
N

-24
‘4\.\‘\*\ .
-2.8 T T T T T T T T T
3.0 31 3.2 33 34
1000/T

Fig. 9. Data (InA) on thermal equilibrium treated
according to the Van’t Hoff equation in i-propanol
solutions of compounds 1-5.

CONCLUSIONS

Five newly synthesized spiroindolinonaphth-
oxazines bearing different substituents on the basic
skeleton were investigated with respect to thermo-
chromism in solvents of different polarity. Thermal
reactions involving the cyclic spiroform and the
open merocyanine form of the compounds with
benzothiazolyl substituent were studied. Acetone
was employed as a solvent to determine standard
thermodynamic parameters, AH’, AS°, and AG®, of
the reaction. It was found that the opening of the
spirocyclic ring was not a spontaneous reaction.
Both positive enthalpy changes and AS® negative
values contributed to the overall positive AG’
values. Negative standard entropy values were
attributed to a better arrangement of the solvent
molecules around each open polar MC form in
comparison with a starting spirocyclic molecule.

InA
> B

T T T
3.0 3.1 32 33 34
1000/T

Fig. 8. Data (InA) on thermal equilibrium treated
according to the Van’t Hoff equation in i-butanol
solutions of compounds 1-5.

InA

4 4
o [N}
N (2]

3.0 31 3.2 33 34
1000/T

Fig. 10. Data (InA) on thermal equilibrium treated
according to the Van’t Hoff equation in acetonitrile
solutions of compounds 1-5.
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TEPMOXPOMUM3BM HA CEPUS CIIMPOMHAOJIMHOHA®TOKCA3HU

C. MI/IHKOBCKal*, b. )Kenﬂ3KOBaZ, Cn. PaKOBCKI/Il, T. ,Z[enMreopmeB2

! Hncemumym no kamanus, bvreapcka akademus na naykume, yi. ,,Axao. I'. bonueg ™, 6n. 11, 1113 Coghusa, bvreapus
2 @axkynmem no xumus u papmayus, Couiicku ynusepcumem ,, Ce. Knumenm Oxpuocku *, oya. ,, [ocetimc Bayuep “ 1,
1164 Cogpus, bvreapus

[Moctenuna Ha 7 okromBpu 2015 .

(Pesrome)

TepMOXpOMHI/ITe CBOICTBa Ha MET CHHpOHa(l)TOKcaSI/IHa, ChABbpPIKAIHN pa3IMYHU 3aMCCTUTCIIM B OCHOBHHUSA CKCJICT HA

MOJIEKyJlaTa, Cca CHHTC3UpaHH B Hamata JabopaTopusi W HW3YYEHH B pPa3TBOPUTEIH C pa3IMYHA IOJIIPHOCT.
CpeiMHEHHATA Ca CHJIIHO IOJSIPU3YyeMH, KOETO BOAM IO PaBHOBECHE MEXIy Oe3IBeTHaTa 3aTBOpEHa M OI[BETEHATa
oTBOpeHa ¢opma B uHTepBasa ot temmeparypu (20-60°C) B oTcheTBHE Ha CBETIHHA. TEPMHUYHOTO PABHOBECHE MEKIY
OCHOBHOTO 3aCEJIEHO CHCTOSIHME Ha Oe3I[BeTHaTa 3aTBOpeHa ¢opMa M I[BETHAaTa OTBOpPEHa (hopMma 3aBHCH KaKTO OT
MOJIIPHOCTTA Ha Pa3TBOPUTEINS, Taka M OT MpUpojara Ha 3amecturesnuTe. KoHIeHTpanusTa Ha oTBopeHaTa ¢opma ce
yBeJINYaBa C HapaCTBaHE MOJSIPHOCTTA HA PA3TBOPHUTEII.
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This paper reviews a series of some novel spironaphthoxazines containing chelating functional groups, which have
been synthesized and investigated by the authors. Physical and spectroscopic characteristics (UV, *H-NMR, and
elemental analysis) of these compounds have been determined. Photochromic reactions of the synthesized compounds
were studied under continuous UV irradiation in solvents of different polarity. Solvent and structural effects on
absorption properties and thermal bleaching kinetics of the photomerocyanines of synthesized spironaphthoxazines
were investigated. The photomerocyanines obtained under steady irradiation of spiroindolinonaphthox-azines,
containing a hydroxyl substituent in the naphthoxazine moiety, form complexes with Al(111), Cu(ll), and Fe(ll) in polar
solvents, while those containing a benzothiazolyl substituent interact with Co(ll), Ni(Il), and Zn(Il). Complexation of
metal ions with the merocyanines induces a slight hypsochromic shift of its visible absorption band and drastically

slows down its thermal bleaching in the dark.

Key words: synthesis, photochromism, complexation, spectral properties, kinetics.

INTRODUCTION

Spirooxazines are a particularly interesting
family of photochromic molecules [1, 2] due to their
remarkable properties, such as photo-fatigue resis-
tance, strong photocolouration, and fast thermal re-
laxation [3, 4]. These properties give spiro-oxazines
the ability to be applied in many new technologies,
for example light filters and optical devices, photo-
chromic liquid crystals, photochromic plastics, photo-
chromic substances useful in lenses, dynamic bio-
sensors and bioelectronical materials, in catalysis,
and as metal complex agents [5-14]. The photochro-
mism of these molecules is owing to a photo-
cleavage of the C—O spirobond according to Scheme
1 under UV irradiation and subsequent rotation about
a C-C bond to give an open merocyanine (MC)
structure (photomerocyanine), which absorbs in the
visible region and the molecule is intensively

coloured. The spirooxazines are comprised of two
heterocyclic nearly planar moieties (indoline and
naphthoxazine) joined by a tetrahedral spiro-carbon
which prevents the two = electron systems from
conjugation. As a result, the spiro-compounds are
almost colourless or pale yellow since the lowest
electronic transition of the molecule occurs in the
near UV region.

There is a technical interest in photochromic
materials based on spiro-compounds [1-14] in
which the coloured photomerocyanine once
produced cannot revert to the colourless spiro-form,
or at least reversion rate is greatly retarded [15, 16].
One way of achieving this is to try to trap the
photomerocyanine in a metal-chelated form [17-21]
by having suitable substituents in the spiro-
compound and metal ions in the solution. This
approach has been reported for spiropyranes [17—
20] and in single cases for spirooxazines [21, 22].

sHC s cHy o
LR =
3 : R —
6 O KT
R 5 6
SO
Scheme 1
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EXPERIMENTAL

All solvents and starting materials, not synthe-
sized in this laboratory, were commercial products
(Sigma Aldrich, TCI Europe) and were used without
further purification. Synthesis of spirooxazine com-
pounds 0-6 was carried out in a one- to three-step
sequence as depicted in Schemes 2—4 [23]. '"H NMR
spectra of the dyes were recorded in CDCI; on a
Bruker 500 MHz spectro-meter.

A 250-W medium-pressure mercury lamp housed
in a light box was used for producing coloured
forms and absorption spectra were recorded on an
Ocean Optics PC2000 fast scanning spectrometer
capable of recording the whole absorption spectrum
in the visible region in 10 ms using a 1-cm quartz
cell. Irradiation was performed in the spectro-
photometer holder at right angles to the monitoring
beam. Light was homogeneously spread on cell
window to avoid stirring [11].

A general procedure for determining photo-
merocyanine fading kinetics was as follows. A solu-
tion of spiro-compound in a suitable solvent, with a
concentration sufficient to give an absorbance of ca.
0.8-1.0 at a corresponding Amax, Was exposed to UV
light in a quartz cell until the colour was fully
developed. SO thermal ring-opening kinetics was
measured in the presence of metal ions at a different
temperature in the range of 20-50°C about 30 min
after having set the temperature control in order to
allow initial solution to reach the appropriate tempe-
rature in a separate vessel. The ring-closure reaction
after photocolouration was monitored directly after
switching off light source and scanning the complex
between the MC form and the metal ion at the
wavelength of maximum absorption (Acomp) at 15-s
intervals over a period of 20 min at room tempera-
ture. First-order rate constants were obtained from
linear InA vs. time descending curves. By extrapo-
lation of the obtained InA/t plots to zero time,
complex absorbance A, at t = 0 was related to

‘colourability’ [11] using the expression Agy/Cso.b in
which cgg is the initial SO concentration and b is the
optical path length.

RESULTS AND DISCUSSION

The most common method employed to synthe-
size spironaphthoxazines is condensation of an
alkylidene heterocycle with o-nitrosonaphthols in
polar organic solvents, such as methanol [8] or chlo-
rinated lower aliphatic hydrocarbons. The present
photochromic spironaphthoxazines were prepared by
the reaction of 1,3,3-trimethyl-2-methylene indoline,
or 1-butyl-3,3-dimethyl-2-methylene indoline, or the
corresponding benz[c]indolium perchlorate com-
pounds 1,3,3-trimethyl-benz[c]indolium perchlorate
or 1-butyl-3,3-dimethyl benz[c]indolium perchlorate
with the matching o-nitrosonaphthols [23].

The visible spectra of photomerocyanines 0-6,
acquired by UV irradiation in solvents of different
polarity, are characterised by a strong absorption
band in the range of 560-660 nm (Table 1).
According to data in Table 1, addition of —-OH at the
5’ position in the naphthoxazine moiety has a minor
effect on the visible band of MC derived from com-
pounds 1 and 2 compared to the parent 0. The effect
of benzothiazolyl substituent at the same position
reveals a moderate bathochromic shift of 30 to 65
nm in the spectrum of the MC derived from com-
pound 3. Replacing benzene in the indoline moiety
by naphthalene additionally shifts the visible band
of the MC originated from compounds 5 and 6 by
15-20 nm to longer wavelengths.

Visible spectra of photomerocyanines derived
from compounds 0 and 3-6 are apparently not single
absorptions, but show in each case a shorter
wavelength shoulder of the main absorption band
(Fig. 2) like the spectra of other photomerocyanines
of this type [8, 10, 12]. Visible spectra of 1 and 2
reveal only a wide single absorption band (Fig. 3).

Table 1. Experimental values of Ama (nm) and ‘colourability’ (x10~*) of the visible absorption of photomerocyanines

derived from compounds 0-6

Amax (colourability)

Solvent

0 1 2 3 4 5 6
hexane 560 (4.55) 565 (6.87) 570 (6.96) 625 (6.61) 630 (6.84) 642 (6.46) 648 (7.25)
acetone 600 (5.50) 590 (4.27) 595 (4.37) 640 (5.89) 642 (7.25) 655 (6.76) 656 (7.28)
acetonitrile 600 (6.92) 595 (5.79) 597 (5.88) 640 (6.19) 645 (6.98) 658 (7.08) 658 (7.24)
ethanol 610 (5.25) 600 (5.94) 605 (6.32) 642 (7.10) 648 (8.45) 660 (6.82) 660 (8.02)
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Fig. 2. Visible absorption spectra of 1x10"> M hexane solution of 6 taken: upon 0, 1, 2, 3,5 or 7-9 s UV irradiation (a)
and on keeping the irradiated sample for 2, 4, 6, 7, 10, and 15 s in the dark (b).
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Fig. 3. Visible absorption spectra of 2.5x10"° M acetonitrile solution of 1 taken: upon 0, 1, 3, 4,5, and 7 s UV
irradiation (a) and on keeping the irradiated sample for 1, 5, 10, 15, and 20 s in the dark (b).

‘Colourability’ [9, 11] of photomerocyanines was
calculated from the absorbance A, obtained by extra-
polation to t = O of the room temperature linearly
descending kinetic curves InA/t (Figs. 4 and 5) taken
immediately after UV irradiation. Values of Ad/cl
are displayed in Table 1. Bathochromic shifts given
in Table 1 at a higher solvent polarity, positive solv-
atochromism, are indicative of a better stabilisation
of photomerocyanine-excited state relative to the
ground state. A high ‘colourability’ of the visible
absorption bands and observed batho-chromic shifts
of the spectrum at a higher polarity of the medium
are consistent with a m—m* character of the singlet
excited state of the open forms [10].

Kinetic runs followed immediately after irradia-
tion of 1 or 6 in a range of solvents of different
polarity (Figs. 4a,b) show that the thermal ring
closure reaction follows first-order Kkinetics in
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concentration of the photomero-cyanine, as the InA/t
plots are linear. The slopes of the In A/t curves gave
the first-order rate constants, k. Photomerocyanine
relaxation times (tmc_so) given in Table 2 were
obtained from the first-order rate constants using the
expression r = 1/k. Thus, data in Fig. 4a do not
indicate any noticeable dependence of the rate of
cyclization of photomerocyanine derived from —OH
derivative 1 on solvent polarity and the same is
observed about compound 2 and parent unsubsti-
tuted compound 0 in Table 2. On the contrary, data
in Fig. 4b show that solvent nature has a significant
effect on the rate of cyclization of photomero-
cyanine derived from benzothiazolyl-substituted
compound 6 and similar results were obtained for
compounds 3-5 in Table 2. In hexane, the mero-
cyanine receives little solvent stabilisation and
cyclization is rapid, whereas in acetone and aceto-
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nitrile, a relatively higher stabilisation of the polar
merocyanine compared to the non-polar spiro-com-
pound is the reason of slower cyclization. The effect
is quite pronounced in ethanol, where decolouration
reaction is up to 30 times slower than in hexane
most probably due to a combined effect of stabilisa-
tion of the polar merocyanine and its specific solute-
solvent interaction like hydrogen bonding with
ethanol. Kinetic runs illustrating the effect of dif-
ferent substituents on colour fading of photomero-
cyanines in ethanol are presented in Figs. 5a,b.
Corresponding values of k and 7yc_so are presented
in Table 2. According to these values addition of —
OH at the 5’ position in the naphthoxazine moiety
only slightly increases the relaxation time of photo-
merocyanines derived from compounds 1 and 2.
Addition of benzothiazolyl substituent at the same
position has a stronger effect on the rate of
cyclization and the value of MC-SO of the photo-
merocyanine derived from compound 3 is up to 25
times higher than that acquired for parent unsubsti-
tuted compound 0. These results definitively show
that the tucso values vary gradually for 0-6
depending on both structural characteristics and
solvent polarity.

Colourless spiro compounds gave no complexes
with metal ions. However, the merocyanine form of
spirooxazines containing a hydroxyl substituent at
the 5’ position in the naphthoxazine moiety appeared
to form complexes with Al(II1), Cu(ll), and Fe(ll),
while those containing a benzothiazolyl substituent
interacted with Co(ll), Ni(Il), Zn(l1) in polar solvents.

The visible spectra of photomerocyanines,
obtained upon UV illumination of 1 or 2 in polar
solvents [46], are characterized by absorption in the

Table 2. Rate constants k (x10%s?) of thermal ring closure

their lifetimes TMC-SO (S)

range of 600-620 nm. Irradiation of 1 and 2 in the
presence of 1 equivalent of Cu(ll), Fe(ll) or AI(III)
generated a new photo-reversible absorption band in
the range of 540-600 nm with band intensity
dependent on the [M(I1),(111)]J/[SQO] ratio, the highest
effectiveness being at 10 equivalents of added metal
ion. The observed Amax Values (Table 3) are slightly
blue-shifted and the same was observed at a 10-fold
molar excess of M(II),(1I1). It is obvious that UV
irradiation of SO in the presence of a suitable metal
ion vyields a MC-M(II),(I11) complex and this
process is considered a photoinduced complexation.
Thermal coordination to the metal ion also takes
place, giving a complex, which is spectroscopically
identical to the photoinduced product. The
colouration obtained in the dark becomes more
intense upon UV illumination and reverses back to
its initial level after switching off the light.

A strong absorption band in the range of 640—
660 nm characterizes visible spectra of photomero-
cyanines, obtained by UV irradiation of 3-6 in
acetone [46]. Insertion of Ni(ll), Co(Il) or Zn(ll)
generates a new intense photo-reversible absorption
band in the range of 610-640 nm. According to the
data reported in Table 4 the new absorption band
obtained on adding 5x10° M acetone solution of
Ni(11), Co(ll) or Zn(ll) to equimolar acetone, hexane
(or cyclohexane) solutions of 3-6 is slightly blue-
shifted, about 25-45 nm for 5 in acetone. The same
was observed at a 10- to 250-fold molar excess of
M(I1). While Amax depends only moderately on metal
ion nature (1545 nm), the time needed for re-
establishing equilibria is sensitive to the metal ion
and substantially prolonged compared to non-
complexed merocyanine.

of photomerocyanines derived from compounds 0-6 and

solvent 0 1 2 3 4 5 6
hexane 52.5(2) 18.0 (5) 18.7 (5) 18.0 (5) 18.4 (5) 25.2 (4) 22.5(4)
acetone 44.7 (2) 16.8 (6) 15.9 (6) 5.4 (19) 5.1 (20) 2.5 (40) 2.1 (48)
acetonitrile 54.6 (2) 15.3 (6) 14.2 (7) 5.2 (19) 5.7 (18) 3.3(30) 2.8 (36)
ethanol 42.9 (2) 13.6 (7) 129 (8) 2.0 (50) 1.9 (53) 1.0 (100) (125)

Table 3. Absorption maxima of complexes obtained upon
UV illumination of 5x10°° M solutions of 1 and 2 in the
presence of 1 equiv. of metal ion

Table 4. Experimental values of An.x (nm) and
e (Mt.cm™) of the visible absorption band of Ni(ll),
Co(ll), and Zn(Il) complexes with 3-6 in acetone

Amax, M
SO Solvent ve  MC- MC- MC-
Cu(lly  AI(II)  Fe(l)
1 EtOH/H,0 610 595 585 546
CH3COCH4/H,O 600 590 580 540
2 EtOH/H,0 620 600 580 546

CH;COCH43/H,O0 600 590 580 540

Jmax (€)

SO MC-Ni(Il) MC-Co(ll) MC-Zn(I1)
3 620 (48500) 610 (44500) 600 (36500)
4 625 (51500) 615 (48000) 605 (38500)
5 630 (59000) 620 (54000) 610 (41000)
6 640 (54000) 630 (53500) 620 (40500)
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Fig. 4. Kinetic runs (InA vs. time) at 600 nm after irradiation of 1x10~° M solutions of 1 (a) and 6 (b) in solvents of

Fig. 5. Kinetics runs (InA vs. time) at 600 nm after irradiation of 1x10~> M solutions of 0-2 (a) and 3-6 (b) in ethanol.
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Fig. 6. A). Absorbance changes at 590 nm following 15-s UV illumination of an ethanol solution of 1 after insertion of:

(1) 0.5 or (2) 10 equivalents of Cu(ll) in ethanol and (3) 10 equivalents of aqueous Cu(ll). Insets: InA vs. time plots,
initial (0.5-6 min) and final (10—70 min); B). Absorbance changes at 600 nm following 15-s UV illumination of an
ethanol solution of 2 after insertion of: (1) 0.5 or (2) 1 equivalent of aqueous Cu(ll). Insets: InA vs. time plots,
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Photoirradiation of the parent-unsubstituted
spiroindolinonaphthoxazine (Scheme 1) in the pre-
sence of either metal salt [28] induces irreversible
photo-degradation without any complexation indi-
cating that the nitrogen atom at the 1’ position in the
naphthoxazine moiety takes no part in chelation.

In the absence of metal ion, the first-order decay
of the photomerocyanines of 1 and 2 occurs with
k. ~ 0.1 s [24] and the relaxation time in acetone
and ethanol is tyc.so ~ 10 s. Taking into account that
colouring and fading times are important charact-
eristics of the photochromic systems, we have
studied the effect of chelation on the kinetics of
spironaphthoxazine photochromic transformations.
A typical picture of bleaching after irradiation of 1
and 2 in the presence of Al(III), Cu(ll) or Fe(ll) is
shown in figures 6A and 6B. Kinetic runs in figure
6A followed at Keomp immediately after illumination
of ethanol (plots 1 and 2) or 1:1 aqueous/ethanol
(plot 3) solutions indicate that the photoinduced
MC-Cu(ll) complex of 1 undergoes spontaneous
thermal decolouration. It is first order in concentra-
tion of the starting complex as the In A vs. time plots
(initial inset in Fig. 6A) are linear (q > 0.98) at
about 50% of reaction completion. Similar changes
are observed in figure 6B for the MC-Cu(ll) com-
plex of 2. A strongly descending part of the curves
associated with thermal spironaphthoxazine ring
closure, analysed by the least squares method, give
metal-dependent values of the re-equilibration rate
constant k, ranging from 1.5 to 2.6x107° s at 20°C.

Relaxation times (zom-so) of 5-10 min for 1,2
and of 2-42 min for 3-6 were obtained using the
expression z = 1/k,. The rate constants calculated by
the least squares method from the final In A vs. time
linear plots are ca. 5x10° s for 1 and 1x107° s™* for
2 in 1:1 aqueous/ethanol (up to 1x10~* s™* in ethanol.

CONCLUSION

We have successfully designed and synthesized
six novel spiroindolinonaphthoxazines containing
chelating functional groups. The photochromic pro-
perties of the parent spiroindolinonaphthoxazine were
modulated by introduction of substituents at
different positions of the molecular framework. A
thermal ring closure reaction was strongly sup-
pressed when a benzthiazolyl substituent was
attached to the 5’ position in the naphthoxazine
moiety and benzene was replaced by naphthalene in
the indoline fragment. A combined effect of both
substituents could be assigned to a decreased
rotational freedom upon cyclization. High ‘colour-
ability’ values (up to 8.5x10%) suggest high
effectivity of the colour-forming reaction. As a rule,

substituents have stronger influence than solvents
and provide an active method of tuning and
designing new photochromic molecules. Coordina-
tion of Al(I1), Fe(ll), and Cu(ll) with the open MC
form of 5’-(hydroxy)spiroindolino(-)naphthoxazines
and of Ni(ll), Co(Il) or Zn(ll), with the open MC
form of 5'-(benzothiazol-2-yl)spiroindolinonaphth-
oxazines takes place thermally (slowly) or photo-
chemically in a suitable solvent yielding a reversibly
photochromic complex. The thermal build-up
reaction (~10°.s™") is independent of [M(11)], which
implies that ring opening is the rate-determining
step. Chelation induces a 10-45-nm hypsochromic
shift of the visible absorption band of the photo-
merocyanine and drastically slows down thermal
bleaching in the dark.
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CHUHTE3 U U3CJIIEABAHE HA HOBU XEJIATHU ®OTOXPOMHU CITMPOHA®TOKCA3VHU

C. MI/IHKOBCKal*, b. }Kena:sKOBaZ, Co. PaKOBCKI/Il, T. I[eJ'II/IFCOpFI/IeBZ

! Hncmumym no kamanus, bvreapcka akademus na naykume, yi. ,,Axkao. I'. bonueg ™, ox. 11, 1113 Coghus, bvreapusa
2 @axkynmem no xumus u papmayus, Coguiicku ynusepcumem ,, Ce. Knumenm Oxpudcku ', oya. ,, ocetimc Bayyep 1,
1164 Cogpus, bvreapus

Tloctermna Ha 7 okromBpu 2015 1.
(Pesrome)

Cratusita € 0030p BBPXY CepHs HOBH CIOHMPOOKCA3HHH, CHIBPXKAIIN PA3THIHA XeNaTHH (YHKIHOHAIHH TPYIIH,
KOWTO Ca CHHTE3WPAaHW W W3CIEABaHM B Hamara jaboparopus. OmpeneneHn ca (U3HYHUTE U CICKTPOCKOTCKH
xapakrepuctukn (UV, 'H-SIMP u enementen anamus). DOTOXMMHUYHATA PEAKIHs HA CHHTE3MPAHHTE CHEJUHEHHS €
M3CIe/BaHa MPU HEMPEKbCHATO OOIbYBaHe ¢ YB cBeTiMHA B pa3TBOpPHTENH C pasiiMyHa MOSIpHOCT. V3cnenBanu ca
eexThT Ha Pa3TBOPHUTENST W CTPYKTypara Ha ChEAWHEHHATA BHPXY aOCOPOIMOHHHTE CBOWCTBA W KHHETHKATa Ha
TepMHYHO  OOe3IBeTsABAHE Ha  MEpOIMaHWHOBaTa  (GopMa  HAa  CHHTE3HPAHHTE  CIHHPOHA(PTOKCA3HHH.
doToMEpOIMaHUHKITE, OTYYEHH IIPU CTAMOHAPHO 00TbuBaHe ¢ YB cBeT/inHA HAa CIUPOHA(PTOKCA3UHUTE, ChIbPKAIIN
XHUJPOKCUIIEH 3amectuten B HadT(0)kca3uHoBaTa vact, oopasyBar kommuekcu ¢ Al(II1), Cu(ll) u Fe(ll) B momsipau
pa3TBOPUTEINH, OKATO TE3W, ChABbPXKAIIM OeH30THa30mwIoB 3amecturen B3aumoaeiictear ¢ Co(ll), Ni(ll) u Zn(ll).
KomruiekcooOpazyBaHeTo MeXIy MepolMaHHHOBaTa (opMa U METalHHTE WOHM Ce XapakTepusupa cbC Cciabd
XHUIICOXPOMEH eeKT BbpXy abcopOIMOHHATA MBHIA BB BUANMATA OOJIACT M 3HAYUTEIHO MIOHUKEHHE HA CKOPOCTTA HA
PELUKITU3AIIHS.
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Ni(Co)-Mo/Al,O; catalysts for hydrodesulphurisation (HDS) process have been studied by means of Kinetic,
temperature-programmed reduction (TPR), and temperature-programmed sulphidation (TPS) methods. It has been
established that on increasing the amount of MoO; active phase, and that of NiO promoter, both catalyst activity in the
reaction of HDS and selectivity to butane are growing up. Correlations have been established between catalyst activity
and TPR peak temperature so as between catalyst activity and TPS peak area. An approach is proposed to predict
catalyst activity based on TPR and TPS characteristics. There is experimental evidence confirming a supposition that
the active species in the reaction are oxysulphides that are being formed on the surface of the catalyst during activation.
At least two types of active sites were found to be present on the surface: hydrogenation and hydrodesulphurization
entities, their activity being dependent in a different way on temperature of the TPR peak maximum on activating the

catalyst.
Keywords: HDS, Ni-Mo/Al,O; catalysts, TPR, TPS

INTRODUCTION

Supported Ni(Co)-MoOs catalysts are extensively
used in hydrotreatment that is one of the most impor-
tant processes in oil refining. Crude oil fractions
treatment in the refineries impose the primary pur-
pose of organic sulphur removal from the stream
prior to use as various fuels [1-5]. It is so, as on the
one hand, the quality of oil is constantly deteriorat-
ing, while on the other hand, the requirements for
fuel quality are constantly growing up in view of en-
vironmental protection. Since 2005, European Com-
munity fuel regulations require sulphur levels less
than 10 ppm after 1st January 2009 [6]. It should be
noted that 10% of the global market for catalysts are
hydrotreating catalysts [7]. The major segment of
these catalysts is used for hydrodesulphurization
(HDS).

Thomas et al. [8] arbitrarily characterize catalyst
reducibility by the temperature at which 50% of the
transition metal species are reduced. The authors
have found that the HDS activity increases on de-
creasing this temperature. This feature suggests that
reduction of the transition metal compounds is a
crucial step in the transformation of the oxidic pre-
cursor into the sulphided catalyst.

Temperature-programmed reduction (TPR) has
been shown to be a sensitive technique to study
reducibility and it has been applied successfully for

* To whom all correspondence should be sent
E-mail: stereva@ic.bas.bg

characterization of CoO/Al,O;, MoO/Al,O;, and
Co(Ni)-MoOs catalysts [9]. A series of temperature-
programmed desorption and reduction experiments
have been performed over in-situ sulphided bare
y-alumina support, alumina-supported monometallic
Ni, Mo, and bimetallic NiMo catalysts. Tempera-
ture-programmed desorption (TPD) and TPR results
were related to active site assignment of nickel- and
molybdenum-associated centres in hydrodenitroge-
nation (HDN) and HDS reactions [10]. The influ-
ence of catalyst sulphidability on HDS activity has
been studied in detail by Scheffer et al. [11]. They
proved that active Co-Mo/Al,O; catalysts are well
sulphidable at low temperatures.

Since hydrodesulphurization reactions are carried
out in a hydrogen atmosphere, it is tempting to in-
vestigate whether a direct correlation exists between
the reactivity of various sulphur species registered
by TPR and HDS activity [12]. During hydrodesul-
phurization extra hydrogen is always consumed due
to the hydrogenation of unsaturated hydrocarbons.
This is often undesirable, because it leads to loss of
expensive hydrogen. On the other hand, hydrogena-
tion and hydrocracking will become more important
processes in the future as the need for clean fossil
fuels has been extended to heavy petroleum frac-
tions and coal [8]. Therefore, in addition to the HDS
activities of the catalysts, it is also important to
determine their hydrogenation activity.

Many studies have investigated the nature of the
active phase in these catalysts [13] and the most

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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widely accepted model is that of Co(Ni)-Mo-S
proposed by Topsee et al. [14]. In this model, Ni or
Co promoters of the active phase are enhancing the
activity of sites located at the edges of molybdenum
sulphide. Recently, Topsee has also reported the
existence of new sites of metallic character. These
sites, located adjacent to the edges in the basal
planes of the MoS, crystallites, have the ability to
perform hydrogenation reactions [15], the latter
being a favoured route in hydrodesulphurization. It
has been suggested that the more active sites exist in
MoS, crystallites of more than one slab. However,
they can also exist in one slab crystallites having
only weak interaction with the support [16]. The
existence of these active sites and prevention of in-
active species formation can be achieved by careful-
ly controlling the metal-sulphur interaction during
catalyst activation. Therefore, it is important to de-
termine precisely the temperature of sulphidation of
the catalyst during activation. The easiest way to do
this is by using temperature-programmed sulphida-
tion (TPS) data on the catalyst samples.

EXPERIMENTAL
Catalysts preparation

A series of alumina-supported NiO-MoOs/Al,O;
catalysts (12, 15, 18 wt.% MoOs, and 2, 3, 4 wt.%
NiO) were prepared by consecutive impregnation of
v-Al,O; (Cherok, surface area of 128 m* g*) with an
aqueous solution of (NH,;)sMo0,0,4.4H,0 (Merck),
followed by impregnation with an agueous solution
of Ni(NOs3),.6H,O (Acros Organics). In each im-
pregnation step, the suspensions were stirred conti-
nuously at ambient temperature for 6 h, dried at
70°C under constant stirring for 2 h, further drying
at 120°C, and finally calcined 4 h at 500°C. The
amounts of ammonium heptamolybdate and nickel
nitrate were so calculated as to obtain compositions
of desired formulation.

Catalytic activity measurements

The model reaction of thiophene hydrodesul-
phurization was carried out in a continuous flow
reactor. Catalyst amount was 0.5 g and a sieve frac-
tion of 0.25-0.50-mm size was used. A measure of
HDS activity of the catalyst was accepted to be the
rate of thiophene decomposition, while the rate of
n-butane (b) formation was taken as a measure for
hydrogenation activity. HDS and hydrogenation ac-
tivities in the reaction were determined after in situ
preliminary activation of each catalyst sample in a
flow mixture of 10% H,S in H, at 400°C for 2 h.
The reaction was carried out in a continuous flow
reactor at ambient pressure and excess of hydrogen.
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The liquid reactant was fed into the reactor by
means of a Gilson 302 piston pump. Gas feed rates
were regulated and controlled by a Matheson flow
regulator. The catalytic activity of the samples was
measured at 300, 350, and 400°C. The reactor was
directly connected by means of a 6-way valve to a
gas chromatograph equipped with a thermal con-
ductivity detector. Separation of the reaction prod-
ucts was performed on two GC columns. One of
them had a length of 2 m and was filled with 10%
Carbowax 1500 on Chromosorb to separate unreact-
ed thiophene from the reaction products. The second
column had a length of 8 m and was filled with 20%
Bp’-oxydipropionitrile on Diatomite, which separat-
ed the products of the reaction. GC-identified com-
pounds were: unconverted thiophene, n-butane,
1-butene, cis-2-butene, trans-2-butene, and hydro-
gen sulphide. Thiophene conversion rate was select-
ed to be a criterion for evaluating HDS activity,
while the rate of n-butane formation was a measure
of hydrogenation (HYD) activity. Before measure-
ments, steady state conditions were attained at each
reaction temperature for 2 h. Experimental confir-
mation that the reaction is proceeding in the kinetic
region was obtained by calculating Weisz’s criteri-
on, which was less than unity.

TPR and TPS measurements

The specific temperature of reduction of the var-
ious phases in the oxide form of the catalyst samples
was determined by the method of temperature-pro-
grammed reduction. The reducing mixture contain-
ing 10% H, in argon was deoxygenated over a
Pt/asbestos filter at 130°C, dried in a molecular
sieve 5A filter and then fed into a tubular quartz
reactor at a flow rate of 25 cm®.min™. The TPR
started from room temperature and the temperature
was increased linearly at a ramp of 10 grad.min* up
to 600°C. The amount of catalyst sample charged in
the reactor was 0.1 g. The TPR setup was equipped
with a thermal conductivity detector. A scheme of
the experimental setup is presented in figure 1.

H,+&
1| T HZ Ha {1 5 = 7

Fig. 1. Experimental set-up for temperature-programmed
reduction: 1 — Matheson electronic mass flow regulator,
2 — Pt/asbestos catalyst and molecular sieve (0.5 nm),

3 — thermal conductivity detector; 4 — six-way valve,

5 — catalytic reactor placed in an oven, 6 — micro-
processor-controlled thermal regulator, 7 — water trapping
unit for evolved vapour during reduction.
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In TPS experiments, reduced catalyst samples
were cooled down to room temperature and TPS
was carried out with similar equipment. 10% H,S
were added to the reaction mixture and the heating
procedure followed the conditions at which the TPR
run had been conducted.

RESULTS AND DISCUSSION

TPR measurements were conducted to determine
catalyst reducibility. Figure 2 displays patterns of
12% MoOs/Al,0; samples promoted by 2, 3, and
4% NiO. All the runs were carried out up to the
temperature, which is actually used in the HDS
process (600°C). TPR profiles of samples having
15% and 18% MoO; had the same appearance with
peak maxima shifted to lower temperatures by
increasing NiO content but also on increasing MoOs
content.

400
350
300
250
200

150

consumption H,, a.u.

100 4% NiO 12% MoO,
50 - 3%NiO 12% MoO,

ol 29%NiO 12%6MoO,

T T T T T T T 1
0 100 200 300 400 500 600 700 800

Temperature, °C

Fig. 2. TPR patterns of 12% MoO3/Al,03
promoted by 2, 3, and 4% NiO.

It is seen that by increasing NiO content the
reduction occurred at lower temperatures, while the
peak area was growing up. It should be noted here
that in our previous studies with the same catalyst
samples [17, 18] it was found that the rate of thio-
phene decomposition and the selectivity to butane
formation increased with the increase in nickel
content. An enhanced catalyst activity on increasing
promoter amount has also been observed in the case
of Co-Mo-Al,O; catalysts [11]. Brito and Laine
have assigned a TPR peak at 457°C in Ni-Mo-Al,O;
to reduction of octahedrally coordinated Mo®* ions
of a Ni-Mo-O phase [19]. Accordingly, the peaks
observed in this study at 441, 445, and 457°C of the
12% MoO3/Al,O5 catalyst samples promoted by 2,
3, and 4% NiO, respectively, we assign to reduction
of this species. TPR patterns of 15 and 18%
MoOs/Al,O5 catalyst samples, also promoted by 2,
3, and 4% NiO, demonstrated a peak in the same
temperature interval, but it was shifted to lower
temperatures with the increase of MoO; content.

Figure 3 represents dependences of sample HDS
activity on the TPR peak maximum attributed to re-
duction of octahedrally coordinated Mo®* ions of a
Ni-Mo-O phase in 2, 3, and 4% NiO-promoted 18%
MoO3/Al,O5 catalyst samples at reaction tempera-
tures of 300, 350, and 400°C. The dependences have
similar appearance at the three temperatures of HDS
reaction. It is seen that activities of samples of
greater nickel content, i.e. lower temperatures of the
TPR maxima, are higher.

4% NiO
] [ 3% NiO

2% NiO

RthxlO4 mol g'lh'1
[6)]
1

0 T T T T T T T T T 1
440 442 444 446 448 450 452 454 456 458 46

TPR Tmax,°C

Fig. 3. Dependence of thiophene decomposition rate at
various reaction temperatures on peak maximum in TPR
patterns of NiO-promoted 18% MoO3/Al,O; catalysts.

At selected reaction temperatures, the rate of
thiophene decomposition is increased on decreasing
the temperature of reduction of the active phase.
This is experimental evidence for suggested mech-
anism of reduction of these catalysts put forward on
the basis of quantum chemical calculations [20]. Ac-
cording to the proposed mechanism, during the first
step of catalyst activation, i.e. reduction, hydrogen
is bonded to the oxygen entities of the MoQOs phase
to liberate H,O and thus an oxygen vacancy is form-
ed on the surface. Sulphur is chemisorbed on the so
formed vacancy during the second step of the activ-
ation process, namely sulphidation. Certainly, a
lower temperature of reduction will contribute to the
formation of more vacancies thus increasing catalyst
activity. This result is also in agreement with an es-
tablished higher activity of catalysts, for which 50%
reduction is occurring at a lower temperature [8]. In
our case, for the samples of different composition,
this dependence had the same character as that of
active samples having a higher content of Ni and
Mo.

Another important for the industry characteristics
of these catalysts is their hydrogenation activity.
Figure 4 illustrates dependence of the butane
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formation rate on the temperature of peak maximum
in the TPR pattern of the same catalyst samples.
4% NiO

3.0+ 3% NiO
2% NiO

N
n
1

400°C

n
o
Il

be104 mol g'lh'1
-
wn
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05+ -_

L
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440 442 444 446 448 450 452 454 456 458 460

TPR Tmax, °C

Fig. 4. Dependence of butane formation rate at various
reaction temperatures on the temperature
of peak maximum in TPR patterns of NiO-promoted
18% MoOs/Al,O4 catalysts.

Comparing the tendencies shown in figures 3 and
4 it is seen that both the HDS and hydrogenation ac-
tivities are decreasing with the increase in tempera-
ture of the peak maxima during TPR analysis of the
catalyst samples, but the slopes are different. It is
evident that the two processes take place on two
types of active sites on the catalyst surface in agree-
ment with a supposition of Radomyski [21]. Ac-
cording to this author, thiophene is adsorbed on one
type of active sites and then it decomposes into
butenes and H,S, but if it is adsorbed on another
type of active sites, at first, it is hydrogenated into
tetrahydrothiophene and the latter is decomposed
into the products of the reaction.

The effect of sulphidation during catalyst activa-
tion was also studied with respect to changes of
properties. Figure 5 represents TPS patterns of 12%
MoO3/Al, O3 samples promoted by 2, 3, and 4%
nickel oxide.

The increase in NiO content gives rise to an in-
crease of the TPS peak area and a shift of the peak
maximum to a lower temperature. The same kind of
dependence was also observed with samples of
higher MoOs content (15 and 18%). The increase in
MoO; quantity led also to peak shifts to lower tem-
peratures if samples of the same NiO content were
compared.

Figure 6 illustrates dependences of thiophene
decomposition rate at a reaction temperature of 300,
350, and 400°C on TPS peak area of 12%
MoOs/Al,O5 catalyst samples promoted by various
guantities of NiO (2, 3, 4%). It is seen that an
increase in the TPS peak area resulting from the
increase of nickel amount in the catalyst sample
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leads to a higher HDS activity. Similar dependences
were observed with other promoted MoOs/Al,O;
samples containing 15 and 18% MoOs.

1200
1000
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4004 49%Ni0 12% MoO,
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3% NiO 12% MoO.
200 3

29% NiO 12%MoO,

T T T T T T
0 100 200 300 400 500 600

Temperature, °C

Fig. 5. TPS patterns of 12% MoO3/Al,O3 catalyst
samples promoted by 2, 3, and 4% NiO.
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Fig. 6. Dependences of thiophene decomposition rate at
various reaction temperatures on peak area of TPS
profiles of NiO-promoted 12% MoO3/Al,O; catalyst
samples.

The increase in TPS peak area comes as a result
of an increase in sulphur quantity chemisorbed on
the surface of these catalysts. This dependence was
observed with all reaction temperatures studied. Our
results are a new experimental evidence supporting
the reaction mechanism of thiophene hydrodesul-
phurization over a Mo catalyst proposed on the basis
of molecular orbital calculations [22]. According to
this mechanism, the thiophene molecule is adsorbed
via the sulphur atom on a vacancy between two Mo
atoms of the oxysulphide, which is being formed on
the catalyst surface during activation. The C-S bond
in the adsorbed thiophene is weakened and after an
attack by hydrogen molecule this bond is broken.
Butane and butenes are liberated as well as hydro-
gen sulphide. It is evident that according to this
reaction mechanism the increase in sulphur amount
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(in the oxysulphide) on the catalyst surface would
lead to enhanced activity.

For all the studied catalyst samples an increase in
the hydrogenating activity (expressed as the rate of
butane formation) was also observed on increasing
sulphur content in the catalyst. This correlation has
a similar character but a lower slope if compared to
the changes in HDS activity (Fig. 7).

4% NiO

3.0 3% NiO
2% NiO '
2.5 400°C
—
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5
£
o 1.5
—
x
& o
1.0 350°C v
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TPS peaks area, a.u.

Fig. 7. Dependence of the butane formation rate at
various reaction temperatures on the peak area in TPS
patterns of NiO-promoted 12% MoO3/Al,O; catalysts

samples.

Thus, the effect of sulphur on catalyst activity for
hydrogenation and HDS once again suggests that at
least two types of sites occur on the surface of the
activated catalysts, which are responsible for
hydrogenation and hydrodesulphurization reactions.
These results are further confirmation of earlier
formulated suggestion during a study of the effect of
catalyst pretreatment on catalyst activity and
selectivity [23].

CONCLUSIONS

The first step in HDS of sulphur-containing
organic compounds on Ni-Mo catalysts involves
adsorption via the sulphur atom on a vacancy at the
catalyst surface. During catalyst activation at least
two types of active sites are being formed on the
surface responsible for hydrogenation and
hydrodesulphurization reactions. The activity and
selectivity of these catalysts can be predicted based
on TPR and TPS data.
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MN3CIHEABAHE C TIIP U TIIC HA KATAJIM3ATOPU 3A XJIC 1 MEXAHW3BM HA TTPOLIECA

1 2 1 3
Uc. lllepesa™, /1. Bnagos®, Ci. PakoBcku, b. nbenko

1 «
Hncmumym no kamanus, bvreapcka akademus na naykume, yi. ,,Axao. I'. bonueg ™, 0. 11, 1113 Cogpusa, bvreapus
2 .
Xumurxomexuonozuuen u memanypeuier ynusepcumem, oya. ,, Knumenm Oxpuocku* 8, 1756 Cogpus, bvacapusa
Hucmumym 3a 2a3, Hayuonanna akaoemus na naykume, Kuee, Vkpaiina

[Moctremmna Ha 30 centemBpu 2015 1.; IlpepaboTena Ha 17 nexemBpu 2015 1.
(Pesrome)

Upe3 KMHETHYHU H3CIICABAHUS, TeMIeparypHo mporpamupana peaykius (TIIP) m TtemmepartypHO mporpaMupaHo
cynounupane (TIIC) ca uscnensanu Ni(Co)-MoO;/Al,O; katamuszatopu 3a xuapoaecyiadypupane (XC). YcraHoBeHO
e, Ue MpH yBeJIWYaBaHC HAa KOJMIECTBOTO Ha akTuBHata (aza (MoOs) m Ha mpomotopa (NiO) akTHBHOCTTA Ha
katanuzatopa B peakuuutre Ha XJC u xuzmpupaHe Ha OyTaH ce yBelHuaBaT. YCTaHOBEHAa € 3aBUCHMOCT MEXIY
TemnepaTyparta Ha MakcumyMa Ha TIIP muka, mnomra Ha TIIC nmuka u akTUBHOCTTa Ha KaTanusaropute. [Ipennoxen e
HA4MH 3a Tpe/AcKa3BaHe Ha aKTHBHOCTTa Ha Katanusatopure no texHure TIIP u TIIC xapaxrepuctuku. Excnepu-
MEHTAJTHO € TMOTBBPCHO MPEANOI0KEHHETO, Y€ aKTUBHH B PEaklusITa ca OKCHCYI(puIH, 00pa3yBaH! Ha OBBPXHOCTTA
Ha KaTaJu3aTopa IpH HETOBOTO aKTUBUpaHE. YCTAHOBCHO € HAJIMYMETO Ha INOHE JBa THUINA AaKTUBHHU IICHTPOBE Ha
KaTaJUTUYHATa MIOBBPXHOCT — XUAPHUPALIH U XUIPOeCyIhypHUPAIN, YUATO aKTHBHOCT KOPEIHPA TI0 Pa3InieH HauuH C
TeMIieparypara Ha Mmakcumyma Ha TIIP nuka.

152



Bulgarian Chemical Communications, Volume 47, Special issue C, 2015

CONTENTS

o ] Ut PRSP

V. lliev, D. Tomova, A. Eliyas, S. Rakovsky, M. Anachkov, L. Petrov, Enhancement of the activity of
TiO,-based photocatalysts: a review .

T. S. Tsoncheva, I. G. Genova, N. Scotti, V Dal Santo N Rava3|o Unconventlonal chemlsorptlon—
hydrolysis’ vs ‘impregnation’ technique for preparation of nanodispersed copper on mesoporous
(o0 o= Vo 4 ol o] - PP

R. Palcheva, B. Pawelec, E. Gaigneaux, J. L. Fierro, S. Damyanova, Redox properties of ceria-alumina
oxides .

A. M. Ali, M. A, Daous L A Petrov Role of Mn in supported Au Mn/TOS Catalysts ..................

A. Braga, J. B. dos Santos, S. Damyanova, J. M. C. Bueno, XANES and EXAFS study of supported
CoNi catalysts for ethanol steam reforming ............ocooeiiiiiiiiii e

S. Todorova, A. Ganguly, A. Naydenov, H. Kolev, I. Yordanova, M. Shopska. S. Mondal, G. Kadinov,
S. Saha, A. K. Ganguli, Nanosized cobalt oxides modified with palladium for oxidation of
methane and carbon MONOXIAE ...........oeiririei e

A. |. Naydenov, Catalytic decomposition of ozone: from laboratory fixed bed reactor to design of
adiabatic MONOIIThIC rEACION ... ... .o e

Ts. Lazarova, P. Tzvetkov, V. Tumbalev, S. Atanassova-Vladimirova, G. Ivanov, A. Naydenov,
D. Kovacheva, Complete oxidation of methane on Pd-substituted perovskite LaCuysMngs0s....

N. Stoeva, I. Spassova, R. Nickolov, G. Atanasova, M. Khristova, Effect of carbon in cobalt-silica-
carbon composite catalysts for NO reduction by CO ...,

M. V. Gabrovska, R. M. Edreva-Kardjieva, M. G. Shopska, D. A. Nikolova, L. P. Bilyarska, D. Crisan,
M. Crisan, Purification of hydrogen-rich streams from CO, by methanation .......................

M. Shopska, S. Todorova, I. Yordanova, S. Mondal, G. Kadinov, Comparative analysis of the catalytic
behaviour in CO oxidation of iron containing materials obtained by abiotic and biotic methods
and after thermal treatment ...... ... e

M. G. Shopska, G. B. Kadinov, J. Briancin, I. D. Yordanova, H. G. Kolev, M. Fabiadn, Preparation of
Fe-Pd/Al-Si-O catalyst using biogenic iron of cultivated Leptothrix genus bacteria ..............

N. G. Kostova, E. Dutkova, A. Eliyas, E. Stoyanova-Eliyas, M. Fabidn, P. Balaz, Mechanochemical
synthesis, characterization and photocatalytic activity of CdS/TiO, composites in air purification

A. E. Eliyas, I. D. Stambolova, V. N. Blaskov, D. Stoyanova, K. I. Milenova, L. D. Dimitrov,
M. G. Shipochka O. S. Dimitrov, Preparation of ZnO photocatalysts by copolymer Pluronic-
assisted hydrothermal PrOCESS .........ouiir it e

K. L. Zaharieva, K. I. Milenova, Z. P. Cherkezova-Zheleva, A. E. Eliyas, B. N. Kunev, I. G. Mitov,
Photocatalytic properties of ferrite/activated carbon composites for degradation of Malachite
Green inagueous MEdiUM .. .. . e

K. L. Zaharieva, K. I. Milenova, V. Rives, R. Trujillano, Z. P. Cherkezova-Zheleva, A. E. Eliyas,
M. P. Tsvetkov, B. N. Kunev, I. G. Mitov, Mixed cobalt-copper ferrite-type materials: synthesis
and photocatalytic efficiency in degradation of Reactive Black 5 dye under UV-light irradiation

K. I. Milenova, K. L. Zaharieva, A. E. Eliyas, I. A. Avramova, I. D. Stambolova, V. N. Blaskov,
O. S. Dimitrov, S. V. Vassilev, Z. P. Cherkezova-Zheleva, S. K. Rakovsky, Influence of
mechanochemical activation of metal-doped ZnO on its photocatalytic activity in degradation of
Malachite GreeN AYE ... e e e

A. M. Stoyanova, Ts. K. Koleva, A. D. Bachvarova-Nedelcheva, R. S. lordanova, Photocatalytic
bleaching of two organic dyes catalysed by La-doped nanosized TiOy .........cccooiviiieinnn.n

S. F. Zaman, A DFT study of CO adsorption and dissociation over y-Mo,N(111) plane .................

S. Minkovska, B. Jeliazkova, S. Rakovsky, T. Deligeorgiev, Thermochromism of a series of
SpiroindolinoNaPhthOXazZINeS .........coovirir it e e

S. Minkovska, B. Jeliazkova, S. Rakovsky, T. Deligeorgiev, Synthesis and study of some novel chelating
photochromic SpironaphthOXazines ...........ovuivuiiniiiii i e e e eee

I. Shtereva, D. Vladov, S. Rakovsky, B. llienko, TPS and TPR study of HDS catalysts and process
L1703 =T TS PP

12

19
25

34

42

49

54

59

66

73

79

87

94

99

105

112

118
125

133

139



Bulgarian Chemical Communications, Volume 47, Special issue C, 2015

CBbABPXXAHUE

B. Unues, /. Tomosa, An. Enusc, Can. Pakoscku, M. Anauxos, JI. [lempos, [loBumaBane Ha akTHBHOCTTA
Ha (poTokaTamu3aTopu Ha 0CHOBATA HA T102: OO30PHA CTATHST «.vvvvervevereeenieseeareareereeneeseeeseeseesnenns
T. C. Lonuyesa, U3. I'. I'enosa, H. Cxomu, Ba. [an Canmo, H. Pasa3zuo, Hectanmapten metoj Ha
,»XeMOCOpOIHA-Xuapon3a” U METOJ Ha ,,AMIIpeTHHUpaHe” 3a IolydaBaHe Ha HaHOIMCIIepCHA
MeJl BBPXY ME30ITOPECTH LIEPUEB TUOKCH]] M IUPKOHUEB JHOKCH .. .vvnveneenneneeneaneannannenenns
P. Ilanuesa, b. Ilaseney, E. I'envo, X. JI. I. Quepo, C. [Jamsanosa, OKUCAUTETHO-PEAYKIIMOHHU
cBOMCTBA HA CeO2-AlsO3 OKCHI .. ..uvetie et e e e e e e,
A. M. Anu,, M. A. [layc, JI. A. I[lempos, Pons Ha Manrana B Hanecenu Au-Mn/TOS karanuzatopi ......
A. Bpaea, X. . Canmoc, C. Jlamanosa, X. M. K. Byeno, N3yuaBane na nanecenn CoNi karanuzatopu
3a pepopMHpaHe Ha €TAaHOJ C BOJHA Mapa C MOMOIITA Ha PSHTICHOBA a0COPOIIMOHHA CIIEKTPO-
1000 117 (NP
C. Toooposa, A. I'ancynu, Aum. Haiioenos, Xp. Kones, Un. ﬁopdaﬁoea, M. Illoncka, C. Monoan, I
Kaounos, C. Caxa, A. K. I'aneynu, Hanopa3zmepeH K00aaToOB OKCHJI MOIUGDHUITUPAH C Majaanui 3a
OKHCIICHUE HA METAH U BBITICPOIEH OKCHIIL .. e vt ententeneent et et et enaeeeteeeeene et eeeananeenenn
Anum. Un. Hatioenos, KaTanmuTudHo pasnaraHe Ha 030H — OT 1a00OpaTOpeH PeaKkTop C HEMOIBIKEH CIIOH
KbM Opa3MepsSIBAHEC HA MOHOJUTCH aHA0ATCH PEAKTOP +..vvenrenrenrenreranrerennensenseaneanannennns
Ls. Jlazaposa, I1. 1lgemxos, B. Tymbanes, C. Amanacosa-Braoumuposa, I'. Ueanos, Aum. Haiioenos,
/. Kosauesa, ITb1HO OKHCIIEHHE Ha METaH BHPXY 3aMecTeH ¢ mananuii nepoBckut LaCugsMngsO;
H. Cmoesa, HUs. Cnacosa, P. Huxonos, I'. Amanacosa, M. Xpucmoea, BnusHue Ha BBIJIEpOaa B
KOOAJIT-CUJIMKATHO-BBIJICPOIHU KOMITO3UTHH Katanu3aTopH 3a peaykius Ha NO ¢ CO .........
M. B. T'abposcka, P. M. Eodpesa-Kvpoxcuesa, M. I Illoncka’, . A. Huxonosa, JI. I1. Euﬂﬂpcml,
. Kpuwan, M. Kpuwan, OanctBane Ha 6oratu Ha Bofgopo razose ot CO, upe3 MeTaHUpaHe .
M. loncxka, C Toooposa, Hn. ﬁopéaHoea, C. Monoan, I Kaounos, CpaBHUTEJICH aHAJIU3 Ha KaTaJlu-
TUYHOTO TOBeneHWe B okucieHre Ha CO Ha JXKens30-ChIbPIKAIlM MaTEepHald IOJYYeHU C
a0MOTHUYHU ¥ OMOTUYHH METOIU U CIET TEPMUTHA OOPAOOTKA ...'vvuveneeeinneneanineennennenenn,
M. I'. Illloncka, I'. b. Kaounos, A. Bpusinuun, HUn. J]. ﬁopdcmoea, Xp. I'. Kones, M. ®abuan, Cuntes Ha
kataiuszatop Fe-Pd/AL-SI-O chabprkali OHOTSHHO KeJs30 upe3 KyJITHBUPaHEe Ha OaKTepHu OT
100 =T o] (0] (4] ) G RSP RRR
H. I Kocmosa, Ep. [[ymxosa, An. EJZu}ICl, Em. Cmosanosa-Enuac, M. ©@abuan, II. Banaor,
MexaHOXUMHYEH CHHTE3, OoXapakrepuszupaHe u (orokaranuthuHa aktuBHOcT Ha CdS/TiO,
KOMIIO3UTH 32 OUUCTBAHE HA 3AMBPCEH BBBIIYX - enuvrenrenrenneneaneneaneaneaneaneaneaneaneaneaneanss
An. En. Enusc, Up. /[. Cmambonosa, Ba. H. Brivckos, /]. Cmosinosa, K. . Munenosa, JI. /]. Jfumumpos,
M. I Hlunouxa, Oc. C. Jumumpos, XuapoTepMaIHO MojiydaBaHe Ha oTokanusaTtopu ot ZnO
C TIOMOIITA Ha KOTOTUMED [IITYPOHIIK ....vvnetitt ettt et e e et e e ee e
K. JIL 3axapuesa, K. HU. Munenosa, 3. Il. Yepresoea-Kenesa, An. En. Enusc, b. H. Kymues,
Hs. I Mumog, ®OTOKaTATUTHYHNA CBOWCTBA HA KOMITO3UTH ()E€PUT/aKTUBEH BBIJICH 33 Pa3rpax-
JlaHe Ha MaJTaxUTOBO 3€JICHO BHB BOMHA CPEIA .. vnvvenreenneenneennsensanneeenneaneenseanseanneennenns
K. JI. 3axapuesa, K. U. Munenosa, B. Pusec, P. Tpyxunano, 3. I1. Yepxezosa-Kenesa, An. En. Enusc,
M. II. LJeemkos, b. H. Kynee, Hs. I'. Mumog, CMeceHn K0OanT-MeJHU MaTepualid OT (pepuTeH
THUI — CHHTE3 U (POTOKATATUTHYHA aKTUBHOCT B pasrpaxaanero Ha PeaktuBHo UepHo 5 Garpuiio
TIPH Y B OOITBUBAHE ... vttt ettt ettt et ettt et ettt et et e et e et et et e e e et et e et et e e eeeneeeens
K. U Munenosa, K. JI. 3axapuesa, An. En. Enusc, He. A. Aepamosa, Up. [J. Cmambonosa,
Ba. H. Brvckos, Oe. C. Jumumpo, C. B. Bacunes, 3. Il. Yepreszoea-Kenesa, Cn. K. Pakoscku,
BrnusiHue Ha MexaHOXMMHUYHATA aKTUBAIMS Ha ZNO qOTUPaH ¢ MeTall BbPXY (OTOKATAIMTHYHATA
aKTHUBHOCT 32 pa3jiaraHe Ha 0arpriioTO MallaXUTOBO 3ETIEHO ....ceuvnrenreneeneeneeneaneeneennaneanns
Auz. M. Cmosnoea, Is. K. Konesa, An6. J]. Bvusapoea-Hedenuesa, P. C. Hopdanoea, ®orokatanu-
THUYHO OOE3I[BETABAHE HA JIBE OPraHUYHM Oarpria KaTaau3upaHo oT HaHopasMmepeH 110, gotupan
(o 21 2 (v ) : ST
Il @. 3aman, NzcnenBane ¢ TOII Ha ancopbumsita u muconmanusita Ha CO Bbpxy y-Mo,N(111)
D29 0)% (o iR 02 2T 001 2 1.1

154

11

18

24

33

41

48

53

58

65

72

78

86

93

98

104

111

117



Bulgarian Chemical Communications, Volume 47, Special issue C, 2015

Cm. Munxoscka, b. XKensaszxoea, Cn. Pakxoscku, T. [lenuceopeues, TepMOXpOMH3BM Ha CEPHI
007101037050 (0310205 10) 111 N0 Uor2 170512 138
Cm. Munxoscka, b. XKensazxosa, Cn. Paxoecxu, T. [lenuceopeues, CUHTE3 U H3CIEIBAHE HA HOBU
XETATHH (POTOXPOMHH CITHPOOKCABHH ... vv et enssenseenssenneenseenseanseaseenneeaneenseanseanneaneenns 146
Hc. llepesa, JI. Bnaoos, Cn. Pakoscku, b. Hnvenxo, U3cnensane ¢ TIIP u TIIC Ha xaranm3aTopu 3a
D Ol (OR 7B Y5151 33 2 10110 10) (X 152

155






	Blank Page
	Blank Page
	Blank Page



