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The effect of Y,05 addition to y-alumina carrier on the structure and surface and reductive properties of supported

monometallic Rh and Ni

bimetallic RhNi materials was studied. Various techniques for physicochemical

characterization were used, such as N, adsorption-desorption isotherms, XRD, UV-vis DRS, XPS, EPR, and TPR.
XRD, UV-vis DRS, and XPS results of calcined samples showed the presence of Ni%* ions in different environment:
octahedral and tetrahedral coordination. Well-dispersed yttrium and rhodium oxide species were detected. EPR and
TPR data indicated a strong interaction between Ni and yttria, as revealed by higher temperature of reduction of nickel
oxide species. Rh promoting effect on the reduction of Ni oxide species was related to hydrogen spillover effect of the

noble metal.
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INTRODUCTION

Due to high availability and low cost, alumina-
supported nickel catalyst materials have been widely
used for hydrogen production by reforming processes
of ethanol [1,2] and for synthesis gas or hydrogen-
rich synthesis gas production by reforming of
methane with CO, [3]. On the other hand, methane
and carbon dioxide are greenhouse gases that cause
the global climate change and considerable attention
has been given to control and utilize these gases
[4,5]. It is well known that Ni-based catalysts sup-
ported on alumina suffer from carbon deposition
over the active phase. Different studies have been
focused on problems how to eliminate coke forma-
tion on Ni catalysts including use of suitable addi-
tives or supports to modify the physicochemical
properties of Ni/Al,O5 with beneficial features, such
as high metal dispersion, high number of basic sites,
and superior reducible nature [6-8]. Another pro-
mising alternative to obtain highly active and coke
resistant Ni-based catalysts is addition of small
amount of noble metal [9-12]. The aim of the
present work was to study the effect of yttrium
addition to y-alumina carrier and of Rh introduction
to supported Ni catalysts on their structure and sur-
face and reductive properties. Sample physicoche-
mical properties were examined by applying N,
adsorption-desorption isotherms, X-ray diffraction
(XRD), UV-vis diffuse reflectance spectroscopy
(UV-vis DRS), X-ray photoelectron spectroscopy
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(XPS), electron paramagnetic resonance (EPR), and
temperature-programmed reduction (TPR).

EXPERIMENTAL
Sample preparation

Modified alumina support with yttrium was pre-
pared by impregnation of y-Al,O; with an aqueous
solution of Y(NOs);.6H,0. Monometallic Ni and Rh
catalysts were prepared by impregnation of unmodi-
fied and yttrium modified alumina with aqueous
solution of Ni(NOs),.6H,O and ethanol solution of
RhCl5.3H,0 salt, respectively. Supported bimetallic
NiRh samples were prepared by co-impregnation of
unmodified and modified alumina with solutions of
rhodium chloride and nickel nitrate salts in ethanol.
Obtained solids were dried at 110 °C for 12 h and
calcined at 550 °C for 4 h. The theoretical content of
Y, Ni, and Rh was 10, 10, and 1 wt.%, respectively.
The samples were denoted as Y-Al, Ni/Al, Rh/Al,
Ni/Y-Al, RhNi/Al, and RhNi/Y-Al.

Methods

N, adsorption-desorption isotherms of samples
were recorded at 77 K by means of a Quantachrome
Instruments NOVA 1200e (USA) 3000 apparatus.
Beforehand the samples were outgassed under
vacuum at 200 °C for 18 h. The surface area was
calculated according to the BET method. XRD
analysis was performed according to step scanning
procedure (step size 0.02°; 0.5 s) with a compu-
terized Seifert 3000 diffractometer, using Ni-filtered
CuKa (A = 0.15406 nm) radiation and a PW 2200
Bragg-Brentano 6/20 goniometer equipped with a
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bent graphite monochromator and an automatic slit.
The assignment of the various crystalline phases
was based on JPDS powder diffraction file cards.
UV-vis DRS spectra of the samples were recorded
in the range of 200-800 nm at room temperature
using a Varian Cary 5000 UV-vis spectrometer
equipped with an integration sphere. XPS measure-
ments of the samples were carried out on an
ESCALAB-MKkII (VG Scientific) spectrometer with
a base pressure in the analysis chamber of ~107* Pa.
The spectra were excited with an Al Ko radiation
(hv = 1253.6 eV) at total instrumental resolution of
~0.9 eV as measured by FWHM of Ag 3ds, photo-
electron line. The binding energy (BE) scale of the
spectrometer was calibrated with respect to the Au
4f;, peak of gold fixed at 83.98 eV and the BE’s of
O 1s, Al 2p, Ni 2p, Y 3d, and Rh 3d electrons were
referenced to the O1s band at 531.5 eV. Peak decom-
position was performed using Casa XPS program
(Casa Software, UK) assuming 85/15 Gaussian/Lo-
rentzian product function. EPR spectra of calcined
(550 °C in air) and reduced (550 °C in 10% HJ/N,
flow) samples were recorded as a first deri-vative of
the absorption signal of JEOL JES-FA 100 EPR
spectrometer at room temperature. The spectrometer
operated in X-band equipped with a standard TEq;
cylindrical resonator. The samples were placed in a
special quartz reactor and fixed in the cavity centre.
A variable temperature controller ES-DVT4 was
used to permit detection of EPR spectra at tempera-
tures from 123 to 298 K. Desired temperature could
be easily obtained by moving liquid nitrogen at a
certain temperature controlled by the EPR spectro-
meter data system computer to the sample area. The
reduction temperature of the various phases in the
oxide form of the samples was determined by the
method of TPR. The reducing mixture containing
10% H, in Ar was deoxygenated over Pt/asbestos
filter at 130 °C, dried in a molecular sieve 5A filter,
and then fed into the a tubular quartz reactor at a
flow rate of 25 cm*/min. The program started from
room temperature at a ramp rate of 10 deg/min up to
1000 °C. Catalyst sample amount charged in the
reactor was 0.1 g. The TPR set-up was equipped with
a thermal conductivity detector.

RESULTS AND DISCUSSION
Structure and surface properties

Nitrogen adsorption-desorption isotherms of cal-
cined samples (not shown) were classified as a type
IV isotherm according to IUPAC, which is typical
of mesoporous materials [13]. Specific surface area
(Sger), total pore volume (V), and average pore
diameter (Dp) values are summarized in Table 1.
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Table 1. Textural properties of calcined monometallic
and bimetallic RhNi samples

Sample SgeT Vp Pore diameter
(m?lg) (cm°/g) (nm)
Al,O, 232 0.90 15.5
Y-Al 183 0.79 17.2
Ni/Al 187 0.55 11.7
Ni/Y-Al 163 0.66 16.2
Rh/Y-Al 185 0.72 15.7
NiRh/Al 161 0.65 16.2
NiRh/Y-Al 171 0.70 16.2

A decrease in specific surface area and pore
volume of the alumina carrier was observed after
addition of yttrium or nickel (from 232 to 183 and
187 m?/g for Y-Al and Ni/Al, respectively, Table 1)
due to blockage of alumina pores by yttrium or
nickel oxide species. The Sger of modified Y-Al
support continued to decrease for Y-Al,Os-sup-
ported monometallic Ni and Rh samples and it is
more obvious with the former one. The bimetallic
NiRh samples have the lowest specific surface area.
It is interesting to note that with exception of Ni/Al
the mean pore diameter of the supported samples is
higher than that of pure alumina (Table 1). Probably,
this is caused by the presence of particles with larger
pores and owing to possible blockage of the small
pores by yttrium oxide species.

XRD patterns of unmodified and Y-modified
alumina and supported monometallic and bimetallic
samples are shown in figure 1. Pure alumina exhi-
bited peaks at 20 = 37.2° 39.7°, 46.2°, and 66.4°,
which are due to y-Al,O3; (JCPDS 86-1410). Modifi-
cation of alumina with yttrium or addition of nickel
and/or Rh led to a change of intensity and modi-
fication of the shape of the alumina lines because of
changes in crystallinity of the samples.
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Fig. 1. XRD of supported monometallic Rh and Ni and
bimetallic RhNi samples.
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Diffraction lines of Y,0; at 26 = 33.77°, 48.54°,
and 57.6° (JCPDS 65-3178) were not detected in
yttrium modified samples, which is an indication of
the amorphous nature of the compound. In spite of
the absence of peaks characteristic of NiAl,O, phase,
the presence of some surface spinel species cannot
be excluded. In addition, the peaks of NiAl,O, over-
lap with those of y-Al,Os. For Ni/Al and NiRh/Y-Al
samples XRD lines at 20 = 37°, 43.2°, 62.9°, and 76°
are registered, which could be related to the pre-
sence of cubic NiO species (JCPDS 47-1049). How-
ever, these lines were not definitely detected with
other samples. Since the main characteristic peaks
of rhodium oxide species in the 260 interval of 16—
18° [14] were absent, it could be assumed that these
species were well dispersed.

UV-vis DR spectra of calcined samples in the
wavelength ranges of 200—800 nm and 500-800
nm are displayed in figure 2. Supported bimetallic
RhNi/Y-Al sample manifested a strong absorption at
200—-350 nm with a maximum at about 260 nm
related to O — Ni** charge transfer transition.
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Fig. 2. UV-vis-DRS of supported monometallic Rh and
Ni and bimetallic RhNi samples.

A doublet at 594 and 635 nm in the wavelength
range of 500—800 nm (Fig. 2) indicates presence of
Ni?* ions in tetrahedral coordination of NiAl,O,
spinel like structure [15]. A broad absorption at about
720-780 nm means that Ni** ions are in octahedral
coordination that is typical of NiO species. It can be
concluded that the nickel ions occurred in different
environment: tetrahedral and octahedral coordina-
tion.

Binding energy (BE) values of Y 3ds;, Ni 2pzp,,
and Rh 3ds, as well as XPS atomic ratios for
calcined samples are listed in Table 2. The BE
values of Y 3ds, electrons for Y-containing samples
(158.8—159.2 eV) are higher compared to that of the
bulk Y,0; (157.9 eV, Table 2) which should be
related to certain interaction of supported yttrium
oxide species with alumina or with Rh or Ni. For
Ni/Al sample the BE of Ni 2pg, electrons at 856.4
eV characterizes the Ni*" ions in nickel oxide
species, which can be ascribed to the presence of
dispersed NiO species as well as of surface NiAl,O,
like species [16,17]. This is in accordance with the
UV-vis DRS results (Fig. 2). However, there is
some increase of the BE value of Ni 2p;, to 857.0
eV for NiRh/Y-Al sample, most likely due to a
change in coordination and/or reflection effects in
the presence of Rh and Y oxide species.

The BE values of Rh 3ds, electrons at 310.0—
310.4 eV could be ascribed to Rh*" species [18],
though these values are slightly higher than that of
bulk Rh,03 (309.0 eV). The observed shift in bind-
ing energy values may arise from a smaller size of
the supported rhodium oxide species.

XPS atomic ratios calculated from the intensities
of the peak normalized by atomic sensitivity factor
[19] are summarized in Table 2. Nickel oxide dis-
persion on alumina increased after introduction of
the noble metal to Ni/Al. However, the presence of
Y in monometallic Ni/Y-Al and in bimetallic
RhNi/Y-Al caused a decrease in the XPS atomic
Ni/Al +Y + Rh ratio values due to some agglomera-

Table 2. XPS characteristics of calcined monometallic Rh and Ni and bimetallic RhNi samples supported on

unmodified and yttrium modified alumina

Sample Y 3ds Ni 2ps), Rh 3ds), Y/AI+Ni+Rh Ni/Al+Y+Rh Rh/AI+Y+Ni
b. Y,0, 157.9 - -

Y-Al 159.2 - 0.074 -

Ni/Al - 856.4 - 0.053

Ni/Y-Al 158.8 856.4 0.067 0.051 -
Rh/Al - - 310.0 - - 0.005
Rh/Y-Al 159.1 - 310.2 0.070 - 0.005
NiRh/Al - 856.7 310.4 - 0.058 0.003
NiRh/Y-Al 158.8 857.0 310.1 0.058 0.048 0.003
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tion of nickel oxide species. Yttrium oxide species
were well dispersed on pure alumina. However, addi-
tion of other elements led to a decrease of the ac-
cessibility of Y-containing species, which is more
pronounced for the bimetallic RhNi/Y-Al sample
(Table 2). Rh oxide species were well dispersed on
the surface of unmodified and Y-modified alumina.
A decrease of the atomic XPS Rh/Al+Y+Ni values
with the bimetallic RhNi samples was observed
(Table 2), probably due to some Rh coverage, bear-
ing in mind nickel higher concentration. It has been
reported [20] that yttrium oxide species had no im-
portant impact on oxidation state and dispersion of
metallic centres, but substantially altered support
acid-base properties.

Reductive properties

EPR spectra of reduced Ni/Al,Os, Ni-Y/Al,O3,
Ni-Rh/Al,O3, and Ni-Rh/Y-Al,O; samples at room
temperature are given in figure 3. The spectra con-
sist of two overlapping EPR signals denoted as Sil
and Si2. A narrow signal Sil detected in the spec-
trum of Ni/Al,O3 is characterized by a g factor of
2.1993 and a linewidth of 32.6 mT. In the presence
of yttrium and rhodium the g factor decreased to
2.1676 and 2.1480, respectively, and the value of
the linewidth increased to about 42—-46 mT for Sil
because of change in atom surrounding. Based on
previous EPR studies of supported Ni samples the
signal Sil can be assigned to Ni** ions in octahedral
symmetry [21-23]. The electronic configuration of
Ni?* is d® and postulated coupling would lead to a
spin-paired system. This signal probably had never
been detected in samples containing only nickel ions.
Thus, it can be stated that signal Sil is due to the
presence of paramagnetic species evidently related
to the interaction among aluminium, yttrium or
rhodium, and Ni?* ions. A broader Si2 line in Ni-Al
sample has g value of 2.3791 and linewidth of 102.8
mT. The EPR parameters of this signal were changed
after modification of the sample with yttrium and
rhodium to g of 2.2299 and 2.2195 and to AH of
90.0 and 135.3 mT for Ni/Y-Al and NiRh/Al, res-
pectively. In view of the literature data [23], the
most probable reason for the appearance of the
signal Si2 is the presence of ferromagnetic metallic
nickel. Compared with other samples, the signal Sil
of Ni/Y-Al is dominant. Therefore, a small number
of nickel ions were reduced to metallic nickel for
this sample. It may be concluded that nickel and
yttrium interacted with each other and this led to a
decrease of the reduced capacity of nickel oxide
species. Addition of rhodium to the samples in-
creased the reduction of Ni** to Ni° which was
confirmed by the more pronounced signal Si2 in the
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EPR spectrum of Ni-Rh/Al sample that is caused by
the hydrogen spillover effect.
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Fig. 3. EPR of reduced Ni-containing samples.

TPR profiles of calcined mono and Ni, Rh, and
bimetallic NiRh samples are shown in figure 4. At a
temperature above 450 °C a high hydrogen consump-
tion with poorly resolved maxima at about 526, 600,
700, and 797 °C is observed for Ni/Al sample. Both
higher temperature maxima should be related to
hard reduction of nickel oxide species in strong
interaction with alumina surface or to the presence
of agglomerated NiO particles, whereas the lower
temperature peaks at 526 and 600 °C are associated
with the presence of small weakly bonded NiO
species to the support. Addition of yttrium to Ni/Al
gave rise to a shift of the latter two peaks to higher
temperatures: from 700 to 725 °C and from 797 to
833 °C, respectively (Fig. 4).

NVA
NifY-Al 420
[ Rh/Al

Rh/Y-Al
_ |ENirnal | 309
z: &NIRh/Y—AI 413 785
= ' 773
§ 216 |
= 296
E 344
72
c
8 [ 112
o~ t .
* 700 797
600
526 iy
|
526 '
: 833

150 300 450 600 750 900
Temperature (°C)

Fig. 4. TPR profiles of supported monometallic Rh and
Ni and bimetallic RhNi samples.
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The high temperature shift suggests a strong
interaction between nickel oxide species and alu-
mina support modified with yttrium. A TPR profile
of Rh/Al sample demonstrated a small peak at
around 112 °C assigned to reduction of rhodium
oxide species. After introduction of yttrium to alu-
mina, the TPR profile of Rh/Y-Al sample displayed
a main signal at 296 °C with a shoulder at about 344
°C that corresponds to reduction of rhodium oxide
species of different extent of interaction with yt-
trium-modified alumina support. No peaks were re-
gistered in the TPR profile of alumina modified with
Y. As can be seen in figure 4, Rh improved Ni redu-
cibility in the bimetallic RhNi sample by decreasing
significantly the reduction temperature of nickel
oxide species to 413 and 420 °C for NiRh/Al and
NiRh/Y-Al, respectively, due to hydrogen spillover
effect. It can be concluded that yttrium presence
makes difficult the reduction of nickel and rhodium
oxide species.

SUMMARY

Investigated monometallic Rh and Ni and
bimetallic RhNi samples exhibited mesoporous
structure. Supported yttrium oxide species were in
amorphous state. Detected Ni** ions occurred in
tetrahedral and octahedral configuration, similarly to
surface Ni,Al,O, spinel structure and NiO, respect-
ively. A strong interaction between yttrium oxide
species and alumina was detected. A couple of
Ni**/Ni° ions was defined in reduced Ni-containing
samples based on EPR study. The reducibility of
nickel oxide species increases in the presence of
noble metal.

Acknowledgment: The authors kindly acknowledge
financial support from Bulgarian National Science
Fund by project DFNI E02/16/2014.
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®U3NKOXUMUYHN CBOMCTBA HA MOHOMETAJIHU Ni M Rh I BUMETAJIHU NiRh
KATAJIMTUYHNA MATEPUAJIA, HAHECEHU BbPXY HEMOJUPUILINPAH U MOIMONLIUPAH
C UTPUU ATYMUHHMEB OKCU/]

P. [Tamuera, U. Lllepena, 158 Kapakuposa, I'. Tromues, C. JlamsHoBa™
Hucmumym no kamanus, bvareapcka akademus na naykume, yi. ,,Axao. I'. bonues ™, onox 11, 1113 Cogus, bvreapus

Tloctenuna Ha 6 deBpyapu 2018 r.; [Ipepaborena Ha 7 mapt 2018 r.
(Pestome)

Usyuen e epekrpT Ha Y03, mobasen B Hocureln Y-Al,O3, BBpXY CTPYKTYpaTa, OBBPXHOCTHUTE M PEAYKITMOHHHUTE
cBoiicTBa Ha HaHecenu MoHoMeTanHu Rh u Ni u 6umerannu RhNi karanutrnuau mMatepuanu. U3Moi3BaHu ca pa3indHu
TEXHUKH 32 TAXHOTO (PU3MKOXMMHUYIHO OXapaKTEpU3UpaHe: afCcOPOIMOHHI-ICCOPOIIMOHHN H30TEPMH Ha a30T, AU(Y3HO
OTpa)kaTesHA U PEHTIeHOBa (HOTOCICKTPOHHA CIIEKTPOCKOIIHS, CICKTPOHCH MapaMarHUTCH PE30HAHC U TEMIICPaTYPHO
IIporpaMMupaHa peayKuus. Y CTaHOBEHO €, 4e Ni*" jioHn B HaxameHn o0pa3uy ca B OKTaeJIpHYHO U TETpaeipHUHO
00KpBKeHHe, choTBeTcTBamo Ha ToBa B NiO m NiAl,O, mmunen. [IpuchcTBHeTO Ha IBOWKAa HOHU NiZ*/Ni® e
peructpupano ¢ momomara Ha EIIP B okcumuau Ni-chappkamu oOpasmu. HabmromaBaHo € CHITHO B3amMOJEHCTBHE
Mexy Ni u Y,03, mposBsBaIio ce B MO-TPyAHA PEAYKIUS HA HUKEIIOBH OKCUIHU YacTHIH. [[poMOoTHpamusaT eQeKT Ha
Rh BBpxY BHCOKaTa pegynupyemoct Ha NiO 10 Ni’ ce xpioky Ha CITIIIOBEP €(PEeKT Ha OarOpOIHUS MeTall.
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Y-doped ceria-supported gold and palladium mono- and bimetallic catalysts
for complete propene oxidation

P. Ts. Petroval™, G. Pantaleo?, A. M. Venezia®, L.lF. Liotta?, Z. Kaszkur®, T. T. Tabakova®,
L. I. llieva

! Institute of Catalysis, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria
2 Istituto per lo Studio dei Materiali Nanostrutturati (ISMN)-CNR, 90146, Palermo, ltaly
¥ Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw, Poland

Received: January 29, 2018; Revised: March 19, 2018

Monometallic Au and Pd as well as bimetallic Pd-Au particles deposited on Y-doped ceria supports were studied in
complete propene oxidation (CPO), which was used as a probe reaction for aliphatic hydrocarbons abatement. Y-
modified ceria supports (1 wt.% Y,03) were prepared by impregnation and coprecipitation. Gold (3 wt.% Au) and
palladium (1 wt.% Pd) containing samples were prepared by deposition-precipitation method. Bimetallic Pd-Au
catalysts were prepared by adding palladium to already deposited gold. Catalyst samples were characterized by BET,
XRD, TPR, and XPS techniques. In general, the catalytic activity in CPO did not differ significantly in the presence of
Y dopant and because of synthesis method of mixed oxide support. Total propene conversion over gold catalysts was
reached at 220 °C. Pd-based catalysts demonstrated a higher oxidation activity in comparison with Au-based samples
showing 100% propene conversion at 200 °C. The lowest temperature of total propene oxidation of 180 °C was
achieved over the bimetallic Pd-Au catalysts and long-term catalytic performance showed good stability with no loss of

catalytic activity.

Key words: Au, Pd, and Pd-Au catalysts, Y-doped ceria, complete propene oxidation.

INTRODUCTION

Treatment of gaseous emissions containing
volatile organic compounds (VOCs) has been an
increasing concern in the last years. Catalytic com-
bustion is considered a promising way to convert
VOCs, especially of low concentration, into harm-
less CO, and water. Selection of catalytic materials
for the reduction of VOCs is not easy because
several factors such as support type, active sites
distribution, and synthesis methods would influence
catalyst activity and catalyst lifetime.

Gold-based catalysts are already well known as
promising candidates for the total oxidation of
VOCs at relatively low temperatures [1]. Rapid
change in cerium oxidation state (Ce*"«<Ce*") makes
ceria a suitable reducible support, which is also able
to stabilize finely dispersed gold particles. Due to
the formation of oxygen vacancies, CeO, modifica-
tion with metal dopant of proper oxidation state and
concentration could lead to further increase of
oxygen mobility in ceria-based catalysts. Own
results of gold deposited on ceria doped with MeO
(Me = Fe, Mn, Co, and Sn) have shown an effect of
mixed oxide support composition and structure on
the catalytic behaviour in complete benzene oxide-

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

tion [2,3]. Recent results have shown a beneficial
effect on the catalytic performance in complete
benzene oxidation in the case of Au deposited on Y-
doped ceria support (1 wt.% Y,Os3) prepared by
impregnation as compared to gold on bare ceria [4].

Catalysts containing both highly dispersed gold
and palladium particles were reported as very ef-
fective in many reactions including organic com-
pounds oxidation. A higher catalytic activity in the
case of bimetallic formulation as compared to the
corresponding monometallic Au and Pd catalysts for
catalytic destruction of p-aniline [5] and toluene [6]
was observed. An important role of metal loading
sequence was established [7,8]. Catalysts prepared
by palladium introduction to already deposited gold,
containing Pd(shell)-Au(core) particles, exhibited
the best catalytic activity in toluene and propene
oxidation [7]. In accordance with these observa-
tions, the highest complete benzene oxidation acti-
vity has been reported for Pd-Au catalyst prepared
by impregnation of Fe-doped ceria support when Pd
loading followed gold deposition [9].

The present study is focused on the complete
oxidation of propene, the latter being selected as a
probe molecule for aliphatic hydrocarbon combus-
tion. The activity of mono- (Au, Pd) and bimetallic
Pd-Au particles (Pd added to deposited Au particles)
supported on differently prepared Y-doped ceria (1

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 9
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wt.% dopant) in the complete propene oxidation
(CPO) was investigated. Modification of Au, Pd,
and Y oxidation state before and after catalytic work
was elucidated

EXPERIMENTAL
Sample preparation

Three series of catalysts containing Au (3 wt.%),
Pd (1 wt.%), and Pd (1 wt.%)-Au (3 wt.%) sup-
ported on bare ceria, Y-doped ceria prepared by
impregnation (IM), and Y-doped ceria prepared by
co-precipitation (CP) were synthesised. Yttria dopant
amount was 1 wt.%.

Ceria was prepared by precipitation of aqueous
solution of CG(NOg)gGHzo with K,CO; at 60°C and
constant pH = 9.0. The resulting precursor was aged
at the same temperature for 1 h, filtered and care-
fully washed until NO; ions removal, dried in
vacuum at 80 °C, and calcined in air at 400 °C for 2
h. Using IM method ceria was impregnated with
aqueous solution of appropriate amount of
Y (NOs)3.6H,O under vigorous stirring at room
temperature for 4 h. Then, the suspension was eva-
porated under vacuum at 70 °C in a rotary evapo-
rator until water was completely removed. By CP
method a solution of Y and Ce nitrates at an appro-
priate ratio were co-precipitated with a solution of
K,CO; at constant pH = 9.0 and temperature of 60
°C. The precipitates were aged at the same tem-
perature for 1 h, filtered, and washed until removal
of NO;™ ions. All resulting precursors were dried in
vacuum at 80 °C and calcined in air at 400 °C for 2
h. Before metal deposition, the support was
dispersed in water and activated in an ultrasound
disintegrator.

Gold was deposited by deposition-precipitation
method from HAuCl,.3H,0 and K,CO; precursors
under vigorous stirring. The precipitation was
carried out under full control of all parameters of
preparation (constant pH = 7, T = 60 °C, stirring
speed = 250 rpm, reactant feed flow rate = 0.15
L.h™!, etc.). After filtering and careful washing, the
solid was dried under vacuum and calcined in air at
400 °C for 2 h. The gold catalysts were denoted as
AuCe, AuYCelM, and AuYCeCP.

Pd-containing samples were prepared from
Pd(NOz),.xH,0 precursor following aforementioned
preparation method and calcination procedure for
gold catalysts. These samples were denoted as
PdCe, PdYCelM, and PdYCeCP.

Sequential deposition-precipitation was applied
for the preparation of bimetallic Pd-Au catalysts.
Palladium was loaded on already prepared and
calcined Au/Y-doped ceria. After Pd deposition
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calcination in air at 400 °C for 2 h was carried out.
The samples were denoted as Pd-AuCe, Pd-
AuYCelM, and Pd-AuYCeCP.

Sample characterization

Sample BET surface area (Sggr) was evaluated
by performing nitrogen adsorption/desorption expe-
riments on a Carlo Erba Sorptomat 1900 instrument.
Prior to the measurements, each sample was out-
gassed at 200 °C for 1 h under vacuum. Compu-
terized analysis of the nitrogen adsorption isotherm
at —196 °C allowed estimating the specific surface
areas of the samples in the standard pressure range
of 0.05-0.3 P/P,,.

X-ray powder diffraction (XRD) measurements
were performed using a D5000 diffractometer
(Bruker AXS), with Cu sealed tube operating at 40
kV and 40 mA. The setup employed Bragg-Bren-
tano focusing geometry with 1° beam divergence
and LynxEye strip detector. Data were analysed
using PeakFit program (Jandel Scientific) and fityk
(Copyright 2001-2014 Marcin Wojdyr) fitting XRD
profiles to K, 1,2 doublets having PEARSON VII
analytical form. The CeO, phase was analysed on
the basis of 14 well measured reflections and
Williamson-Hall plot [10,11] to calculate the aver-
age crystal size. Gold particle crystal size was esti-
mated based on the strongest (111) reflection as the
only one detectable. The procedure is described in
detail elsewhere [4].

X-ray photoelectron spectroscopy (XPS) analysis
was performed by VG Microtech ESCA 3000
Multilab equipped with a dual Mg/Al anode [12].
The spectra were excited by unmonochromatized Al
Ko source (1486.6 eV) run at 14 kV and 15 mA.
The analyser was operated in the constant analyser
energy (CAE) mode. For the individual peak energy
regions, a pass energy of 20 eV set across the hemi-
spheres was used. Sample powders were pelletized
and mounted on a double-sided adhesive tape. The
pressure in the analysis chamber was in the range of
10 Torr during data collection. Constant charging
of the samples was removed by referencing all the
energies to the Cls set at 285.1 eV arising from
adventitious carbon. Peak analysis was performed
with software provided by VG based on non-linear
least squares fitting program using a weighted sum
of Lorentzian and Gaussian component curves after
background subtraction according to Shirley and
Sherwood [13,14].

Temperature-programmed  reduction  (TPR)
measurements were carried out by means of an
apparatus described elsewhere [15]. A cooling trap
(-40 °C) for removing water formed during reduc-
tion was mounted in the gas line prior to the thermal
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conductivity detector. A hydrogen-argon mixture
(10% H,), dried over a molecular sieve 5A (40 °C),
was used to reduce the samples at a flow rate of 24
ml.min™". The temperature was linearly raised at a
rate of 15 °C min ". The amount of sample used was
0.05 g based on a criterion proposed by Monti and
Baiker [16]. Hydrogen consumption during the
reduction process was calculated using preliminary
calibration of the thermal conductivity detector per-
formed by reducing different amounts of NiO to Ni°,
NiO — ‘analytical grade’ being calcined at 800 °C
for 2 h to avoid presence of non-stoichiometric

oxygen).
Catalytic activity measurements in CPO

The catalytic activity in CPO, expressed as degree
of propene conversion, was evaluated in the tem-
perature range of 100-300 °C after catalyst pretreat-
ment using 50 ml.min™" of 5% O, in He for 1 h at
350 °C. The measurements were carried out in U-
shaped quartz reactor under reactive gas mixture
containing 1500 ppm Ci;Hg + 4.2% O, (He as
balance) at weight hourly space velocity (WHSV) of
60000 ml.h™'.g”'. The reactants and products were
examined by IR analysers (ABB Uras 14) for CO
and CO, species, while oxygen concentration in the
feed was measured by ABB paramagnetic analyser.
Propene conversion was evaluated taking into
account the CO, formed during the reaction.

RESULTS AND DISCUSSION
Catalytic activity measurements

The catalytic results of CPO over the studied
catalysts as a function of reaction temperature are
compared in figure 1. In all cases, detected CO was
negligible and no intermediate products of partial
propene oxidation were registered. The effect of
monometallic (Au and Pd) and bimetallic Pd-Au
deposition on combustion activity is clearly seen in
the figure. In general, the Pd-based catalysts exhi-
bited a higher catalytic activity than the matching

Au-containing samples. A higher activity of Pd as
compared to Au catalysts in total oxidation of
propene and methyl ethyl ketone has been shown in
a comparative study of Au and Pd deposited on
titanium oxide nanotubes [17]. In a recent investi-
gation of toluene catalytic oxidation over Au and Pd
supported on macro-mesoporous metal-doped titania,
it has been reported that Pd-containing systems also
exhibited a better performance [18]. Formation of
highly dispersed Pd** species on different oxides as
supports was considered responsible for the propene
oxidation at lower temperatures by Gil et al. [19].
The present results indicated the same catalytic
behaviour in CPO over Pd and Pd-Au catalysts on
bare ceria. The effect of Y was negligible for the
monometallic gold and palladium catalysts and
slightly positive with the bimetallic samples. How-
ever, a definitive positive effect of the palladium
deposition after gold loading was observed for Y-
doped ceria supports. The reason for higher catalytic
activity over bimetallic Pd-Au catalysts as reviewed
above is still not exactly clarified. Enache et al. [20]
supposed that gold influenced electronically the
catalytic properties of Pd. Hosseini et al. [7] have
proposed a Langmuir-Hinshelwood mechanism for
toluene and propene oxidation over Pd-Au/TiO, cata-
lysts, suggesting that a VOC molecule and oxygen
from a [Pd—O] complex compete for adsorption. The
authors explained the higher activity of the
Pd(shell)-Au(core) as compared to the Au(shell)-
Pd(core) system by easier [Pd-O] formation and
low adsorption of oxygen on gold due to its lower
ability to polarize the O=0 bond as compared to Pd.
In the present study, the lowest temperature of
total propene conversion was achieved at 180 °C
over both Pd-AuYCelM and Pd-AuYCeCP cata-
lysts. Bimetallic Pd-Au entity on IM support demon-
strated better activity at a lower temperature (150
°C) as compared to Pd-Au on CP support (see Fig. 1).
Long lasting tests (72 h) in CPO at 180 °C per-
formed over Pd-AuYCelM sample showed that the
catalyst was stable with no loss of oxidation activity.

~e 100 e - 100 G ~e 100 e e
= % I Al =X 9 7 / B| % % / c
s 80 S o £ S so
» 70 ‘®» 70 f ® 70
g S o0 g e ’
50 > 50
S 40 s 5 4 .
8 30 AuCe 3 S 30
© 29 poEOnEE o 2 b J—a—AuvCeCP © 20 | /—w—AuYCelM
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Fig. 1. Effect of monometallic (Au and Pd) and bimetallic Pd-Au loading on ceria (A) and Y-doped ceria supports (B
and C) on propene conversion degree.
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Sample characterization

Specific surface area (Sger) values are given in
table 1. All Sger values are ranging around 100 + 10
m?.g". No substantial differences between mono-
and bimetallic catalysts were observed; slightly
lower values were found in the case of CP supports.

Table 1. Specific surface area (Sger), and hydrogen
consumption of the studied catalysts

Catalvst s - HC (mmol.g™")
alas oer (M07) —0950°C  10800°C

AuCe 102.4 05 05
PdCe 101.9 06 1.0
Pd-AuCe 1085 0.6 1.2
AUYCeCP 90.0 07 0.7
PdYCeCP 99.6 07 1.4
Pd-AuYCeCP 90.0 07 11
AuYCelM 107.2 06 06
PdYCelM 105.0 07 1.2
Pd-AuYCelM 1055 05 11

X-ray diffractograms of all the studied catalysts
showed typical reflections of face-centred cubic
fluorite-type structure of CeO, (Fig. 2). A separate
Y03 phase was not visible. Pd was not detectable in
the Pd containing samples. For the gold containing
samples a weak Au(111) peak was registered at 20 =
38.2° suggesting absence of alloying between Au
and Pd. As expected ceria and gold average particle
sizes were in accord with those obtained previously
using the same synthesis procedure [4].

30000
Pd-AuYCeIM

Pd-AuYCeCP

20000

Intensity, counts

PdYCeIM

10000
PdYCeCP

ITTRTINT FTTRTRTE] NTRTRTRI Y RTRTNT| AOTAT TS Prrva T ey er o reafirres ervvetva FASRTAT NN revevs il Py
20 30 40 50 60 70 80 90 100 110 120 130
Scattering angle, deg.

m
140

Fig. 2. XRD patterns of the studied Pd and Pd-Au
catalysts.

The average particle size of bare ceria, Y-doped
ceria prepared by IM, and Y-doped ceria prepared
by CP was 5.7, 7.1, and 8.1 nm, respectively, where-
as the average particle size of gold in Au and Pd-Au
entities on bare ceria, Y-doped ceria prepared by
IM, and Y-doped ceria prepared by CP was 4.1, 4.0,
and 5.8 nm, correspondingly.

As reported before, based on HRTEM/HAADF
analyses evaluated gold average particle size in
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AuCe, AuYCelM, and AuYCeCP (valid for the Pd-
Au samples as well) was 2.1, 2.6, and 3.2 nm, res-
pectively [21]. Measurements of interplanar distances
in selected HRTEM images of AuYCelM catalyst
evidenced the presence of Y,0; crystals (not detect-
able by XRD) even in the case of 1 wt.% dopant
content [21]. HRTEM measurements of Pd-con-
taining samples are not reported. Due to similarity
in lattice distances of PdO and CeO, it was difficult
to distinguish unambiguously between ceria and
PdO crystals by HRTEM [9].

Sample reducibility was evaluated by means of
TPR measurements. The reduction of ceria proceeds
in two steps: surface layer reduction at around 500
°C and bulk reduction above 800 °C [22]. It is known
that the presence of noble metals is beneficial for the
ceria reduction. Such effect has also been observed
for gold when supported as nanoparticles. Many
studies have confirmed the first observations of the
research groups of Stephanopoulos [23] and Andre-
eva [24] that the role of nanogold is to lower sub-
stantially the temperature of the ceria surface layer
reduction. Doping ceria with low concentration of
Y** ions leads to random oxygen vacancies forma-
tion accompanied by enhanced reduction of Au/Y-
doped ceria catalysts [4 and references therein].

TPR profiles of Au, Pd, and Pd-Au on ceria and
Y-doped ceria supports are illustrated in figure 3.
The TPR profiles of bare ceria supported mono- and
bimetallic catalysts are compared in figure 3A. The
Tmax Of the peak assigned to surface ceria reduction
of AuCe (contribution of positively charged gold
particles can be neglected) was 120 °C and the
reduction process was finished up to 200 °C. Dif-
ferently from samples with nanosized gold favour-
ing ceria surface layer reduction [24], low intense
broad peaks at higher temperatures could be seen in
the presence of Pd. They were related to enhanced
reduction of deeper ceria layers caused by palla-
dium. The first TPR peaks in the profiles of Pd and
Pd-Au catalysts should be assigned to the reduction
of both ceria surface layers and oxidized palladium
(revealed by XPS data on fresh catalysts). Com-
pared with the TPR peak of AuCe, the peaks of Pd
containing samples were narrower and located at
lower temperatures, especially in the case of Pd-
AuCe (Tnax at 43 and 23 °C, respectively). The same
tendency was observed on comparing the TPR pro-
files of Au, Pd, and Pd-Au on Y-doped ceria pre-
pared by CP and IM (Figs. 3B and C). The lowest
Tmax at 20 °C was registered for Pd-AuY CelM, how-
ever, a lower intensity of this peak was noticeable.

Sample reduction behaviour was also evaluated
based on calculated hydrogen consumption (HC).
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Fig. 3. TPR profiles of the studied ceria- (A) and Y-doped ceria-supported (B and C) monometallic (Au and Pd) and
bimetallic Pd-Au catalysts.

Table 1 presents experimental HC values during
TPR up to 250 and 800 °C. In agreement with litera-
ture data, theoretical HC values for ceria surface
layer reduction without changes in ceria bulk struc-
ture are limited to 17% [25] or 20% [26]. This
means stoichiometric HC values of 0.49-0.58 and
0.49-0.57 mmol.g™* for bare ceria and ceria doped
with 1 wt.% Y,0s, respectively. Hydrogen consump-
tion of AuCe was in the frame of the theoretical
values for ceria surface layer reduction; a relatively
higher HC in the case of CP method as compared to
the IM mode was observed (even HC of the
AuYCeCP catalysts exceeded 20% reduction).

For palladium containing catalysts, bearing in
mind that the calculated HC value needed for the
process PdO + H, — Pd° is 0.08 mmol.g*, the HC
for ceria surface layers reduction up to 250 °C was
almost the same as for the matching gold catalysts.
These close results justify the similarity of the CPO
activities regardless of support nature. However,
there existed differences in the oxidation activities
determined by the type of loaded metal. The bime-
tallic catalysts exhibited the best performance irres-
pective of support composition. Sample activities fol-
lowed an inverse trend of the reduction T the
Cs3Hg conversion varied with the supported metal
catalysts as Pd-Au > Pd > Au. The TPR T, of the
catalysts followed the order T« of Pd-Au catalysts
< Tmax OF Pd catalysts < T« of Au catalysts. Such
an inverse relationship confirmed the important role
of the oxygen being supplied by the support. Indeed
the Tax Of the TPR peak is indicative of the easiness
with which the oxygen from ceria can be extracted.

A lower HC value obtained for Pd-AuYCelM
catalyst, which was mentioned above in relation to
TPR peak intensity, is not in agreement with its
highest CPO activity up to 180 °C, the latter being
the temperature at which complete oxidation was
also achieved over Pd-AuYCeCP. Tabakova et al.
have observed a similar discrepancy for bimetallic
catalyst of best catalytic performance in a study of
Pd-Au deposited on Fe-modified ceria for complete

benzene oxidation [9]. Based on XPS evidence for
metallic Pd particles at the onset of the low tempera-
ture TPR peak, the authors explained unexpectedly
decreased reducibility by the formation of inactive
Au,Pd, alloy species in the hydrogen flow [9].

XPS data on fresh and used samples in CPO are
summarized in table 2. All samples contained Ce*
and a minor percentage of Ce*" ions. A certain
amount of Ce®" in the fresh samples could be related
to X-ray beam induced reduction during XPS ana-
lysis. For a fresh AuCe catalyst, the Au 4f;;, binding
energy (BE) was typical of metallic Au® [27].
Yttrium presence induced a slight increase of the BE
especially for AuYCeCP catalyst sample, thus indi-
cating occurrence of partly positively charged Au®".
Charged Au®" particles were also registered in Pd-
Au catalysts. Calculated atomic ratios showed that
the Au catalysts exposed a gold-enriched surface of
nominal Au/Ce of 0.03. After palladium deposition
over gold, the Au/Ce ratio in the Pd-Au catalysts
became closer to the nominal value. The monome-
tallic palladium catalysts were characterized by Pd
3ds, BE of 337.1 eV that is typical of Pd** [28]. The
bimetallic samples exhibited somewhat higher Pd 3d
binding energy as compared to the monometallic
ones, which may be attributed to a charge transfer
from palladium to the more electronegative gold
species. The Pd/Ce atomic ratio was always much
higher than the nominal one (0.016) showing a
strong surface segregation of palladium.

The binding energy of Y 3ds; at 157.6 = 0.2 eV
is typical of Y*. In the palladium containing
samples, another Y 3ds, component at a lower
energy (about 153.3 + 0.3 eV) was registered. Such
a component assigned to partially reduced yttrium
(Y®¥) has been related to alloying effect in the
presence of the noble metal [29]. Enrichment of the
ceria surface by yttrium was evidenced by the Y/Ce
atomic ratio values, which were larger than the
analytical one (0.016).

XPS analysis of samples after reaction was
carried out for the best performing bimetallic cata-
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lysts. As shown in table 2, gold in the used samples Pd 3d and Y 3d spectra of the bimetallic fresh
was slightly more reduced as compared to the fresh  and spent catalysts are displayed in figures 4 and 5.
catalysts. Palladium exhibited two components, one It was interesting to observe that the largest amount
at high energy typical of oxidized palladium and the  of reduced palladium was found in the Pd-
other due to reduced palladium. AuYCelM catalyst as compared to the other two ca-

Pd-AuCe Pd-AuYCelM Pd-AuYCeCP
Pd 3dg) Pd 3dg/;

Pd3dy

a)

Intensity, a.u.
Intensity, a.u.
Intensity, a.u.

b) b)

332 334 3% 338 340 g 3;2 - 344 ‘ 3;5 ) 348 150 152 154 156 158 160 1&2 164

332 N4 N6 8 340 M2 W4 6 2

Binding Energy, eV Binding Energy, eV Binding Energy, eV
Fig. 4. Pd 3d XP spectra of Pd-Au catalysts: a) fresh,
b) after CPO.
Pd-AuYCelM Pd-AuYCeCP

Intensity, a.u.
Intensity, a.u.

150 152 154 156 158 160 162 164 150 152 154 156 158 160 162 164

Binding Energy, eV Binding Energy, eV
Fig. 5. Y 3d XP spectra of Pd-Au catalyst: a) fresh,
b) after CPO.
Table 2. XPS data in terms of binding energy and atomic ratio
sample Au 4fy), Pd 3ds)» Y 3ds)» O1s Pd/Ce Au/Ce Y/Ce
eV eV eV eV (0.016) (0.03) (0.016)
AuCe 84.3 529.3 (57%) 0.06
531.6 (43%)
AuYCeCP 85.1 157.7 (66%) 529.5 (79%) 0.06 0.09
153.8 (34%) 532.0 (21%)
AuYCelM 84.5 157.4 529.4 (77%) 0.06 0.15
532.0 (23%)
PdCe* 337.1 529.6 (80%) 0.14
531.4 (20%)
PdYCeCP* 337.2 157.5 (57%) 529.6 (73%) 0.49 0.25
153.4 (43%) 532.2 (27%)
PdYCelM* 337.1 157.7 (81%) 529.4 (78%) 0.36 0.21
153.2 (19%) 531.7 (22%)
Pd-AuCe 84.5 337.6 529.5 (76%) 0.25 0.03
531.8 (24%)
Pd-AuCe spent in 84.2 337.7 (76%) 529.3 (69%) 0.20 0.02
CPO 335.3 (24%) 531.5 (20%)
533.2 (11%)
Pd-AuYCeCP 84.8 3375 157.4 (70%) 529.4 (82%) 0.32 0.04 0.04
153.2 (30%) 531.5 (18%)
Pd-AuYCeCP 84.2 337.8 (70%) 157.6 (33%) 529.5 (60%) 0.27 0.02 0.15
153.1 (30%) 533.5 (16%)
Pd-AuYCelM 84.8 337.2 157.6 (63%) 529.3 (64%) 0.33 0.04 0.07
153.7 (37%) 531.4 (36%)
Pd-AuYCelM 84.2 337.9 (44%) 157.8 (45%) 529.3 (60%) 0.19 0.04 0.17
spent in CPO 335.6 (56%) 155.9 (33%) 531.7 (24%)

153.2 (22%) 533.2 (16%)
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talysts. On the contrary, in the bimetallic catalysts
the Y 3d appeared more reduced for the CP Y-doped
ceria with respect to the IM Y-doped ceria.

A Langmuir-Hinshelwood mechanism is gene-
rally claimed to operate in the catalytic oxidation of
hydrocarbons over Pd-containing catalysts, although
a redox Mars-van Krevelen mechanism cannot be
excluded [30]. As it was already mentioned, Hos-
seini et al. [7] proposed Langmuir-Hinshelwood
mechanism for the propene oxidation over bimetal-
lic gold and palladium catalysts on titania. The
present XPS observation of increased reduction after
CPO over palladium, particularly with Pd-AuYCelM
sample, would further support the formation of a
complex between the organic molecule and Pd-O
species followed by reduction of palladium and oxi-
dation of organic molecule. Enhanced reduction of
palladium in this particular catalyst is attributed to
the presence of gold and yttrium acting in synergy.

CONCLUSIONS

Mono- (Au, Pd) and bimetallic Pd-Au particles
(Pd loaded over already deposited Au) in Y-modi-
fied (1 wt.% Y,05) ceria supports exhibited a high
catalytic activity in the reaction of CPO. Y dopant
presence in the cerium oxide and synthesis method
of mixed oxide support (impregnation or copreci-
pitation) did not significantly affect the catalytic
performance.

These results are in agreement with catalyst
reducibility evaluated from hydrogen consumption
data during TPR. Moreover, CPO activity was af-
fected by Au, Pd, or Pd-Au presence. Generally, the
Pd catalysts were more active than matching Au
catalysts. The bimetallic catalysts exhibited the best
CPO activity. This function of activities correlated
well with oxygen mobility through ceria surface
layers. Modification of the oxidation state of gold,
palladium, and yttrium after catalysis revealed a
redox character of propene oxidation over the studied
catalysts. A relatively low temperature of total pro-
pene oxidation of 180 °C, reached over Pd-Au cata-
lysts on Y-doped ceria, and manifested good stabi-
lity during longstanding catalytic performance make
the bimetallic catalysts promising for reducing the
energy requirements for VOCs abatement.
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MOHOMETAJIHU (Au, Pd) U BUMETAJIHU Pd-Au YACTULIU, HAHECEHU BBPXY
Y-AJOTUPAHN IEPUEBOOKCHUJHU HOCUTEJIN 3A ITbJIHO OKMCJIEHUE HA ITPOITEH

I1. L(B. [etposa® *, JI. [ManTaneo’, A. M. Benerws®, JI. ®. JInora®, 3. Kamkyp®, T. T. Tabaxopa’,
JI. U. Vinuesa

1
HUnemumym no kamanus, bvreapcka akademus na naykume, 1113 Cogus, bvireapus
2
Hucmumym no nanocmpyxkmypuu mamepuanu, CNR, Ianepmo, Umanus
3
Huemumym no gusuxoxumus, Iloncka akademus na naykume, Kacnowcax 44/52, 01-224 Bapwasa, [lonwa

Mocrenuna Ha: 29 suyapu 2018 r.; Tlpepaborena Ha: 19 mapt 2018 r.
(Pestome)

Monomeranuu (Au, Pd) u 6umerannu Pd-Au yactuny, HaHeceHW Ha Y-JOTUPAHH LEPHEBOOKCHIHH HOCHUTEIH, ca
M3CIIeIBaHM B MOJIEJIHATA PEaKiMs Ha ITBJIHO OKHCJIEHHE Ha IPOIEH 3a IMPEYHCTBaHE Ha BB3AYX OT alu(aTHH
BBIVIEBOZIOPOSIU. Y-Moauduiupanute nepueBookcuaan Hocutenu (1 Tern.% Y,03) ca CHHTE3MpaHW 4Ype3 UMIIper-
HHUpaHe WM chyTasBaHe. 3nmato- (3 rern.% Au) u nanaanii-csabpxamure (1 tern.% Pd) katanuzaropu ca nomydeHu o
METo/la Ha OTJiaraHe upe3 yrasBaHe. bumeramunrte Pd-Au kaTanuzaTtopu ca CHHTE3MpaHHU 4pe3 100aBsHE Ha MaAni
KbM IIPEBAPUTEIIHO HAHECEHO 311aTo. [loydeHWTe KaTaau3aToph ca OXapaKTepH3WPaHH C IIOMOINTa Ha HHCKO-
TemrepaTypHa ajgcop6uuns Ha a3or (BET), peHTreHoBa mudpaxums, TeMIepaTypHO-IpOrpaMUpaHa peayKIus U peHT-
reHoBa (OTOENICKTPOHHA CHEKTpOoCcKomus. KaTranuThuyHata akTHBHOCT HE 3aBHCH CBHIIECTBEHO OT HAJIMYHETO Ha Y -
JIOTIAHT ¥ METOZa Ha CHHTE3 HAa CMECEHOOKCHIEH HOCHUTEIN. [TbIHOTO OKHMCIIeHNe Ha TPOIICH B IIPUCHCTBHE Ha 3JIaTHUTE
katanuzaropu e npu 220 °C. Pd-chappxaiire KaTann3aTopy MPOSIBSIBAT MO-BUCOKA OKHCIIUTEIHA aKTHBHOCT B CPaB-
HEHUE ChC 37aTHHTE, Moka3Baiiku 100% oxucnenue Ha mpomeH npu 200 °C. Hali-HuckaTa TemmepaTypa 3a IIbIHOTO
okucienne Ha nporel, 180 °C, e mocTurHara B npuchcTBUE Ha OuMmeranHute Pd-Au karain3aTopu U NPOBEACHHAT
MPOABDKUTEIICH KaTAIMTHUCH TECT MTOKa3Ba cTabmMiIHa paboTta Oe3 3aryda Ha KaTaJluTHYHA aKTHBHOCT.
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Silver samples were prepared by impregnation of different supports (SiO,, CeO,, and MnO,) with aqueous solution
of AgNOs. The catalysts were characterized by X-ray diffraction, X-ray photoelectron spectroscopy, temperature-
programmed reduction, temperature-programmed desorption of oxygen, high resolution SEM, in situ diffuse reflectance
infrared Fourier transform spectroscopy of adsorbed CO, and tested in the reaction of preferential CO oxidation in H,-
rich gases. A 15%Ag/SiO, sample pretreated in pure oxygen showed the best catalytic performance. It is suggested that
oxidative pretreatment leads to the formation of surface and subsurface oxygen species, which rearrange the silver
surface thus increasing significantly silver catalyst activity for CO oxidation in hydrogen-rich gases.

Key words: Ag/SiO, catalyst, Ag/CeO, catalyst, Ag/MnO, catalyst, CO oxidation, PROX.

INTRODUCTION

CO preferential oxidation in hydrogen-rich gases
(PROX process) has been studied for application to
polymer electrolyte membrane fuel cells (PEMFCs)
to reduce CO in the fuel gases below 10 ppm. The
catalysts, proposed so far for the PROX process, are
based mainly on noble metals such as Pt, Rh, and
Ru, deposited on different supports with or without
promoters [1-9]. The working temperature of these
catalysts is within the range of 130-200 °C [10-12].
It seems to be too high to match subsequent reaction
in a PEMFC, which is usually carried out at 50-125
°C [13]. Decreasing the reaction temperature and
search for more economic catalysts for PROX are
challenging objectives for the near future. IB-group
metals, supported on suitable metal oxides, are very
promising as PROX catalysts. Highly dispersed gold
exhibits an extraordinarily high activity in low-tem-
perature CO oxidation [14-19], however, it deacti-
vates rapidly during long-term operation [20-22]. A
very promising catalytic system that has received a
great attention during the last years is the copper-
cerium mixed oxide composites [23-24]. These
oxides show a practically constant and high selecti-
vity towards CO oxidation within a wide tempera-
ture interval. However, satisfactory CO conversion
(about 90%) is obtained at a temperature above 150
°C [25-28]. Silver, another member of group IB,
has been scarcely investigated as a PROX catalyst in
spite of its high activity in low temperature CO
oxidation in absence of hydrogen [29-31]. Reports

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

concerning utilization of Ag as catalyst for selective
CO oxidation are few and they examine only mono-
metallic silver supported on SiO, or carbon [32-34]
and composites like Ag/Co and Ag/Mn oxides [35,
36]. Qu and co-workers [31-33] have observed that
SiO, and siliceous mesoporous materials, such as
MCM-41 and SBA-15, are suitable supports for
active PROX catalysts. An increase in Si/Al ratio of
H-ZSM-5-supported catalysts results in a decrease
in activity due to strong interaction between Ag
atoms and Al ions in the zeolite framework. The
authors communicate a maximal conversion of about
40% at 45 °C. Zhang et al. [37] have found that the
Si/Al ratio of the support has an important effect on
the structure of Ag catalysts and as a consequence
on the catalytic activity and selectivity in preferen-
tial CO oxidation. Derekaya and co-authors found
that a 50/50 (mol.%) Ag-Co mixed oxide sample
calcined at 200 °C was the most active catalyst and
a 50/50 (mol.%) Co-Ce mixed oxide sample cal-
cined at 200 °C was the most selective catalyst for
PROX process [35]. Very active and stable Ag/OMS-
2 catalysts were obtained by Hu et al. [38] through a
simple reflux method. It was found that addition of a
small amount of Al is beneficial to the formation of
small sized highly dispersed Ag metal particles.

This paper is a first part of our research targeting
at the influence of metal oxides of high oxygen
capacity as CeO, and MnO, on the properties of
silver catalysts in the reaction of selective CO oxi-
dation in hydrogen-rich gases. Preliminary catalytic
tests showed that silica is the most suitable support.
The main objective of the present study is to inves-
tigate the effect of silver loading on the activity and
selectivity of Ag/SiO, in PROX process.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 17
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EXPERIMENTAL
Catalysts preparation

Silver catalysts were prepared by addition of
respective support (SiO,, CeO, or MnQO;) to an
aqueous solution of AgNO; to obtain 5, 10, and 15
wt.% Ag on SiO, (Aerosil, Sger = 147 m%g), and
5 wt.% Ag on CeO, (Sger = 130 m?/g) and MnO,
(Fluka, Sger = 58 m?/g). Reference data [32] and
preliminary catalytic measurements showed that pre-
treatment in oxygen at high temperatures increased
the catalytic activity. For this reason, all samples
were calcined and pretreated in pure O, for 2 h at
450 °C before the catalytic tests.

Catalyst characterization

Powder XRD patterns were collected at room
temperature in a step-scan regime (step = 0.05°,
count time = 2 s) on a Siemens D-501 diffracto-
meter using CuK, radiation (A = 1.5718 A). XRD
data processing was performed by using X'Pert
HighScore program. SEM images were recorded by
a field emission scanning electron microscope (FE-
SEM) model S5200. Temperature-programmed re-
duction (TPR) was carried out by an equipment
described elsewhere [38] using a flow mixture of
5% H, in Ar at a flow rate of 10 ml/min, and a
temperature ramp of 10 °C /min up to 900 °C. Prior
to TPR experimental run the samples were treated in
He for 30 min at 150 °C. Temperature-programmed
desorption of oxygen (TPD-0,) experiments were
performed on the same experimental setup. Oxygen
desorbed from the samples was determined by
means of a mass spectrometer (QMS-422 Baltzers)
and a thermal conductivity detector. Before TPD-O,
experiment each sample was pretreated in oxygen
flow for 2 h at 450 °C, cooled down to room tem-
perature in oxygen followed by 30 min in He.
Desorption of O, was carried out in He flow until
reaching 900 °C at a ramp rate of 20 °C/min.

X-ray photoelectron measurements were con-
ducted on an ESCALAB MkIl (VG Scientific) elec-
tron spectrometer at a base pressure in the analysis
chamber of 5.10™ mbar using a twin anode
MgKo/AlKa X-ray source with excitation energies
of 1253.6 and 1486.6 eV, respectively. Passing
through a 6-mm slit (entrance/exit) of a hemisphe-
rical analyser, electrons of 20 eV energy were
detected by a channeltron. Because of small con-
centration and natural width of the AGMNN peak,
50 eV pass energy was used. The spectra were
recorded with a total instrumental resolution (as
measured with the FWHM of Ag3ds, photo-
electron line) of 1.06 and 1.18 eV for MgKa and
AlKa excitation sources, respectively. The energy
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scale was calibrated by normalizing the Si2p line to
103.3 eV. Spectra processing included subtraction
of X-ray satellites and Shirley-type background
[39]. Peak positions and areas were evaluated by a
symmetrical Gaussian-Lorentzian curve fitting.
Relative concentrations of the different chemical
species were determined by normalization of the
peak areas to their photoionization cross-sections
calculated by Scofield’s approach [40].

Carbon monoxide adsorption on 15% Ag/SiO,
catalyst was studied by in situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS)
using a Nicolet 6700 spectrometer equipped with a
high temperature/vacuum chamber installed in
Collector Il accessory (Thermo Spectra-Tech). The
CO was adsorbed from CO + Ar mixture flow at
room temperature. Experiments were carried out on
oxidized or calcined samples, being pretreated in
O, + Ar for 2 h at 450 °C or in air for 2 h at 450 °C,
respectively.

Catalytic activity measurements

The catalytic activity tests were carried out in a
continuous flow type glass reactor at atmospheric
pressure with a catalyst bed loading of about 0.8
cm® (fraction 0.25-0.31 mm). The gas mixture
consisted of 1 vol.% CO, 1 vol.% O,, 40 vol.% H,,
and He as balance to 100 vol.%. External mass
transfer limitations were minimized by working at
high GHSV (18750 h™'). The reaction temperature
was measured by an internal thermocouple. Con-
verted gas mixture analysis at the outlet was per-
formed by a HP5890 series Il gas chromatograph
equipped with a thermal conductivity detector and
Carboxen-1000 column. Helium was used as a car-
rier gas. Aalborg mass flow controllers were used to
regulate gas flow rates. Before catalytic test each
sample was calcined and pretreated in oxygen for 2
h at 450 °C.

Carbon monoxide conversion was calculated
based on changes in CO concentration:

Coconversion = ([Co]m - [Co]out)*lool[co]im %

Oxygen conversion degree was based on O,
consumption:

OZconversion = ([Oz]in - [02]0ut)*100/[02]im %

Finally, the selectivity for CO oxidation (Sco)
was calculated based on the oxygen mass balance as
follows:

Sco = 0.5*([CONn— [COJow) *L00/([O1in— [Oclow) %

RESULTS AND DISCUSSION

Preliminary tests with 5% Ag on a different
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support, SiO,, CeO,, and MnO,, indicated that 5%
Ag/SiO, and 5% Ag/CeO, samples reached a maxi-

mal activity in the temperature range of 60-100 °C
(Fig. 1A). A maximum of catalytic activity (20%

CO conversion) with Ag/MnO, was observed at a
higher temperature — 130 °C. Since the catalyst of

better performance was Ag/SiO,, silica was the
selected support for future preparation of samples of
different Ag loading (5, 10, 15 wt.%). As it was
mentioned in the Experimental section, all samples

20 —A—5% Ag/CeO,
—e—5% Ag/MnO,

—8—5% Ag/SiO,

Conversion, %
=

20 40 60 80 100 120 140 160

Temperature, 'C

were pretreated in oxygen before catalytic tests.
Figure 1B presents CO and O, conversions, and
selectivity to CO, with temperature on silica-
supported catalysts of different Ag loading. The
conversion curves are ‘volcano-shaped’ and a maxi-
mum was reached within the temperature interval of
70-100 °C. The activity increased with the increase
in Ag loading. For all samples, the selectivity to
CO, decreased with temperature rise.
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Fig. 1. A. CO conversion degree with catalyst bed temperature on Ag supported on different oxides; B. CO (a) and O,
(b) conversion degrees with temperature on silica-supported catalysts of different Ag loading; (c) selectivity to CO,.

A drop in CO, selectivity observed with all
samples and compatible with results reported in the
literature is attributed to the fact that the activation
energy of H, oxidation was found to be considerably
higher than that of CO oxidation [41,42]. A sample
of the most active catalyst, 15% Ag/SiO,, reached a
maximum activity of 60% within 70-90 °C, i.e. it
dropped down. This catalyst was further examined
by different physicochemical methods.

According to XRD data, silver was in the form of
Ag® (01-087-0719) in all silver samples after pre-
treatment in oxygen. Calculated silver particles size
by using Scherrer equation showed increasing values
with increasing loading from 5 nm for 5% Ag up to
23 and 47 nm for 10% Ag and 15% Ag, respectively
(Fig. 2).

15% Ag
Lot

Lk

MWW% 10% Ag
L VSTRT T TR opY 1 .
VAN N o o

P

5% Ag

‘h'um R VIR OO TR L
L W L)
k T T iy y y

i

10 20 30 40 50

20

60

70 80 90

Fig. 2. XRD patterns of monometallic silver samples after
treatment in oxygen flow at 450 °C.
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Figure 3 displays SEM images obtained from
backscattered electrons for 15% Ag. As is known,
these images depend on the atomic number contrast
among the different constituents of the sample.
Bright zones represent heavy elements, while dark
ones correspond to light elements. Thus, the bright
zones can be assumed to be silver, while the dark
counterparts correspond to the support. Spherical
silver particles with mean diameter of 20-40 nm are
visible in the micrograph of 15% Ag/SiO, sample
and this manifests good coincidence with XRD data.

S5200 5,00V O Yowm WI00K YAGBSE OW122008 1298

Fig. 3. SEM images of 15% Ag/SiO, after calcination.

O,-TPD was used to study oxygen interaction
with the silver surface. Four desorption peaks are
visible in the spectrum (Fig. 4A): a very low inten-
sity peak at 130 °C, and peaks at 410, 493, and 750
°C. Desorption temperatures of molecular, atomic,
and lattice oxygen have been reported to be 150-
470, 550-650, and over 750 °C, respectively [43—
44]. Qu et al. observed two desorption peaks of
oxygen in the TPD spectrum of Ag/SiO, catalyst
pretreated with oxygen at 500 °C [32]. A peak at
about 500 °C is assigned to desorption of bulk oxy-
gen species (Og), which diffuses via an interstitial
diffusion mechanism.
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The desorption peak at higher temperatures
(=700 °C) is attributed to subsurface oxygen (O,)
[45-46]. Based on the results cited above, we
suppose that the low temperature peaks at 120 and
401 °C arise from desorption of adsorbed molecular
oxygen, the peak at 493 °C originates from atomic
oxygen desorption, and the peak at 750 °C comes
from desorption of subsurface oxygen species. Two
reduction peaks at 92 and 113 °C are observed in the
TPR profile of 15% Ag/SiO, catalyst (Fig. 4B). Ac-
cording to some authors [47], a peak at 108 °C can
be ascribed to reduction of oxygen species on finely
dispersed silver. Taking into account that XRD data
are pointing to the presence of metallic silver only,
hydrogen consumption at 92 and 113 °C is ascribed
to the reduction of surface oxygen species.

113
15% Ag

750
493

410
130

15% Ag

TCD signal, a.u.
H, consumption

200 400 600 800 100 200 300 400

Temperature °C A Temperature, ‘C B

Fig. 4. O,-TPD (A) and TPR (B) patterns of 15% Ag/SiO,
catalyst pretreated with oxygen at 450 °C.

XPS experiments were carried out on calcined
and oxidized 15% Ag/SiO, samples in order to
estimate silver oxidation state on the surface (Fig.
5). As the characteristic 3d states of oxidized and
metallic silver are closely positioned together
(within 0.5 eV) [46], the binding energy values of
Ag3d do not identify unambiguously silver particle
oxidation state.

Auger parameter (& = EK(AgMNN) + EB(Ag3ds,)
was used for precise determination of the chemical
state of Ag, thus eliminating surface effects of
electrostatic charging [49,50]. Two Auger peaks are
visible in the XPS spectrum of 15% Ag sample
oxidized for 2 h at 450 °C and the & parameters are
724.0 eV (356.1 + 367.9 eV) and 726.1 eV (358.2 +
367.9 eV), respectively. Since the Auger parameters of
Ag® and Ag® are 726.0 eV and 7245 eV [50], it is
clear that part of the surface silver species in the
15% Ag sample after pretreatment in oxygen are in the
form of Ag" and some occur as Ag’, i.e. both Ag* and
Ag’ species are present on the surface of the
monometallic silver sample after oxidative pretreat-
ment.
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15% Ag AT oy
AgMNN 356.1eV |
—— : 358.2eV

340 345 350 355 360 365
Kinetic energy (eV)

Fig. 5. XP spectra of Ag MNN registered on oxidized
(2 h, 450 °C in oxygen) and calcined silver samples.

Qu et al. [32] claim that oxygen pretreatment
leads to the formation of subsurface oxygen, which
induces rearrangement of the silver surface, facili-
tates the formation of active sites for CO oxidation,
and enhances the ability of the catalyst to adsorb CO
and activate oxygen. Carbon monoxide was found to
interact directly with subsurface oxygen species at
room temperature, which might be one of the
reasons for high activity of the catalyst for CO
oxidation. In view of this, DRIFT spectroscopy of
adsorbed CO was applied to shed some additional
light on the state of the catalyst surface.

It is well known that in situ DRIFT spectroscopy
is one of the most powerful techniques to obtain
information about the type of the active sites, their
stability and reactivity, chemical state of the surface
under static and dynamic conditions within a wide
temperature range and after different kinds of pre-
treatment. The most frequently used probe mole-
cule to study supported catalysts is carbon mon-
oxide due to v(C—O) sensitivity to the chemical state
of the metal atom(s) to which it is being coordi-
nated.

We made an attempt to gain further information
on the state of the catalyst surface by adsorption of
CO after various pretreatments. The IR spectra of
CO adsorbed on calcined and oxidized 15% Ag/SiO,
samples are shown in figure 6. Only gas-phase spec-
tra are visible after CO adsorption from CO + N,
mixture on the calcined sample. After 20 h exposure
at room temperature a band for gaseous CO, ap-
peared (2300-2400 cm™) indicating that the CO
oxidation occurred at room temperature.

Absorbance, a. u.

L T T T T
1600 1800 2000 2200 2400 2600

-1
Wavenumbers, cm

Fig. 6. Diffuse-reflectance infrared spectra of CO
adsorbed at room temperature on 15% Ag/SiO, after
different pretreatments: a - 20 h exposure to CO after

calcination; b - 1 h exposure to CO after oxidation;
¢ - 20 h exposure to CO after oxidation.

Most probably, CO reacted with surface or sub-
surface oxygen formed during calcination in air. No
O,-TPD was carried out after calcination, however,
it can be assumed that some oxygen surface and
subsurface species were formed after this pretreat-
ment. The picture was completely different after
adsorption of CO on oxidized surface: the band at
2030 cm ' is visible in the IR spectra. There are few
FTIR studies dedicated to the adsorption of CO on
supported Ag°® particles as summarized by Miisle-
hiddinolu and Vannice [51]. Before their study,
literature data mainly concluded about the absence
of IR bands after adsorption of CO at 300 K. [52—
54]. According to Miislehiddinolu and Vannice
about 10% of the total amount of Ag® sites are able
to adsorb CO and they are either on very specific
planes or on steps [51]. Gravejat et al. [55] have
established by volumetric measurements that the
total amount of adsorbed CO species count for a
small fraction of the superficial sites of reduced Ag
particles implying that they are adsorbed on defect
sites. According to the above-mentioned data [51-
55] a band in the frequency range of 2020-2055
cm ' is due to formation of monocarbonyl CO-Ag’
species depending on pretreatment or CO partial
pressure. Surface faceting has been observed in the
case of thin films, single crystals, and supported
catalysts after oxygen treatment [56,57]. Morpholo-
gical changes of silver following a high-temperature
treatment in oxygen have been directly observed in
SEM micrographs by Nagy et al. [58].

Based on the assumption given above we can
state that pretreatment in oxygen at 450 °C gave rise
to silver surface rearrangement leading to the forma-
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tion of sites suitably exposed to linear CO bonding.
After 20 h exposure at room temperature in CO + N,
mixture, the band for CO—AgO decreased its inten-
sity along with the appearance of a band due to
gaseous CO, to demonstrate interaction between ad-
sorbed CO and subsurface oxygen. The band of li-
nearly adsorbed carbon monoxide disappeared com-
pletely after a purge thus revealing its low stability.

CONCLUSIONS

According to the results presented above, we can
conclude that supported silver catalysts are pro-
mising systems for selective oxidation of CO at low
temperatures. Among all studied supports, silica was
the most suitable. Oxidation pretreatment led to the
formation of surface and subsurface oxygen species
that rearranged the silver surface and signifycantly
affected silver catalyst activity for CO oxidation in
hydrogen-rich gases.
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KATAJIM3ATOPU HA OCHOBATA HA CPEBPO 3A CEJIEKTHMBHO OKHCJIEHUE HA CO
B BOI'ATU HA BOAOPO/I CMECH
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(Pesrome)

[omy4yenn ca cpeOBPHU KaTATH3aTOPH IIOCPEACTBOM UMIIPETHUpaHe Ha padnunaan Hocuten (Si0,, CeO, n MnO,) ¢

Bonen pa3tBop Ha AgNOQOj;. Te ca oxapakTepu3upaHu C MOMOINTA HA PAa3IMYHU METOJW: PEHTIeHOBa Iudpaxius,
peHTreHoBa GOTOCNEKTPOHHA CHIEKTPOCKOIHS, TEMIEPATYPHO MPOrpaMUpaHa peyKIusl, TEMIIEPATYPHO MPOrpaMHupaHa
JecopOLus Ha KHCIOPO/I, CKaHUpAIla eISKTPOHHA CIEKTPOCKOIHS ¢ BUCOKa pe3oittouus, in Situ nudy3Ho-oTpaxaTeaHa
nHppayepBeHa cnekrpockonust Ha agcopoupan CO. OOpazuuTe ca TECTBAaHHM B PEAKIMs Ha CEJIEKTHBHO OKUCIICHHE Ha
CO B Gorati Ha BOAOPOJ CMECH. YCTaHOBEHO €, ye Ipoba ¢ Hai-noOpa KaTaIUTHYHA aKTUBHOCT € ITPEABAPHUTEITHO
00paboTeH B uucT kuciopos oopazer; Ag/SiO,. IIpennonoxkeHo e, 4e M3MOI3BaHETO HAa OKWCIIMTETHA MpeABApUTEITHA
0b6paboTka BoaH A0 0Opa3yBaHe Ha MOBBPXHOCTHH M MOIIIOBBPXHOCTHH KHCIOPOAHHA (GOPMH M MPECTPYKTYpPHUPAHE HA
MOBBPXHOCTTA HA CPEOBPHUTE YACTHUIIM, KOETO 3HAYMTEIIHO YBEeJMUaBa aKTHBHOCTTA HAa KaTajlu3aTopa B M3ClieBaHATa
peakiusi.
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The effect of divalent metal (Ni or Co) on the structure, phase composition, thermal stability, and reducibility of co-
precipitated Al-containing layered double hydroxides (LDHSs) as catalyst precursors for CO, removal by methanation
reaction was examined. The catalytic activity was estimated by varying reduction and reaction temperature and space
velocity as well. It was observed that the divalent metal in Al-containing LDHSs affects the crystallisation degree of the
formed layered compounds, their specific surface area, and temperature of LDH decomposition with parallel phase
transformation to resultant mixed metal oxides. It was found that Co?* ions stabilised in CoAl,O, spinel structure
hampered their reduction to metal state, thus leading to deficiency of Co® active metal surface phase. This phenomenon
determined a low activity of Co/Al,O; catalyst, especially at low reduction temperatures. In contrast, the interaction
between Ni?* and AI** ions resulted in generation of readily reducible Ni**-O species, which favoured a higher activity
of Ni/Al,Oj3 catalyst after reduction at the same temperatures. Spinel-type phases were formed at different temperatures
as a function of the divalent metal and determined catalyst activity in the purification of H,-rich streams from traces of
CO, by methanation reaction.

Key words: CoAl and Ni-Al layered double hydroxides, structure, mixed metal oxides, reducibility; CO, methanation.

INTRODUCTION

Carbon dioxide (CO,) is a major greenhouse gas
and makes a significant contribution to global
warming and climate change. The pressing necessity
for greenhouse gas emissions control concentrates
scientists’ attention to decrease CO, accumulation in
the atmosphere. On this occasion, mitigation and
effective utilisation of the CO, emissions have
become major areas of research worldwide [1,2]

Among catalysed reactions, the catalytic hydro-
genation of CO, over transition metal catalysts to
form methane, simply called methanation (CO, +
4H, = CH, + 2H,0), is one of the most appropriate
and efficient techniques for CO, removal. Direct
synthesis of methane from CO, is favourable not
only for reduction of greenhouse gas emissions, but
also for fuel and chemicals production [2,3]. More-
over, CO, methanation is used as a promising
technique for purification of H,-rich streams from
traces of CO, to prevent catalyst poisoning espe-
cially in the ammonia synthesis industry [4] and in
the fuel cell anode technology [5].

Although many different metals supported on
various oxide carriers have been used, nickel and

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

ruthenium are two of the most effective. Despite the
highest activity observed of Ru metal, it is not of
practical interest due to its high cost [6]. Nickel
catalysts at a large scale of concentrations (25-77
wt.%) are a choice of the industrial methanation
because of their high activity, effectivity, selectivity
toward methane formation in preference to other
hydrocarbons, and relatively low cost [7-9].
Layered double hydroxides are lamellar mate-
rials belonging to a great group of natural or syn-
thetic inorganic layered compounds, named anionic
clays or hydrotalcite-like materials, because of the
similarity existing between their structures and that
of mineral hydrotalcite, (MgsAl,(OH);CO3-4H,0).
The structure of LDHs can be expressed by the
general formula [M?*; , M* (OH),]** [A" n mH,0]",
where bivalent M** (Mg, Ni**, Co**, Zn**, etc.) and
trivalent M** (AI**, Cr®*', In*", etc.) metal cations are
located in the brucite-like hydroxide layers. Due to
charge disequilibrium, a substituted trivalent M**
cation for a M?* ion gives rise to infinite repetition
of positively charged sheets alternating with A"
ions which are required to balance the net positive
charges of the hydroxide layers. The charge com-
pensating exchangeable anions A", such as CO3%,
NOs~, SO,%, CI, etc., as well as water molecules,

24 © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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are situated in the interlayer gallery of the layered
structure. Herewith, x represents the fraction of the
M?** cation, more precisely x = M*/(M** + M?), the
most reliable composition range being approxi-
mately 0.2 < x < 0.4, and m is the number of co-
intercalated water molecules which prevent inter-
anion repulsion. The LDH compounds are character-
ised by uniform homogeneous distribution of the
M?* and M** metal cations at the octahedral sites of
the brucitelike layer on an atomic level. The cations
are crosslinked through hydroxyl groups to form a
bimetal hydroxide sheet similar to that of brucite
[10-13].

Our research efforts have been directed to assess
the potential use of Ni-Al layered systems as cata-
lysts for CO, removal in place of conventional Ni-
based catalysts. It has been established that depend-
ing on the Ni**/AI** molar ratio and temperature of
treatment in hydrogen ambience, Ni-Al LDHs are
promising precursors for catalysts for fine CO,
removal from hydrogen-rich gas streams through the
CO, methanation reaction both as-synthesised [14]
and after thermal treatment to cause formation of
finely dispersed Ni-Al mixed oxides [15].

While numerous studies have been focused on
CO, methanation over Ni catalysts, there are only
scarce attempts to elucidate the role of Co catalysts
in the same reaction [16,17].

In this regard, the object of the present investiga-
tion is to elucidate the effect of divalent cation, Ni?*
and Co®*, in co-precipitated Al-containing LDHs on
phase composition, structure, thermal stability, redu-
cibility, and activity estimation in CO, methanation
by varying reduction and reaction temperature and
space velocity as well.

Until now, an extensive comparative study of
CO, methanation on non-calcined co-precipitated
Co-Al and Ni-Al LDH has not been reported in the
literature.

EXPERIMENTAL
Sample preparation

Carbonate forms of LDH precursors of identical
composition (M*/AIF* molar ratio of 3.0, M*" =
Co* or Ni?*) were obtained by co-precipitation of
mixed Co-Al or Ni-Al aqueous nitrate solution with
Na,CO; as precipitating agent at constant pH = 8
and temperature of 80 °C under vigorous stirring.
The initial salts of analytical grade, provided by
Alfa Aesar (USA), were used as received without
further purification. Detailed description of the
preparation procedure is presented in Ref. 14. The
obtained precipitate was further dried at 80 °C for
20 h, named as-synthesised precursor, and designated

as CoAl or NiAl (Table 1). After reaction run, the
spent catalysts were labelled as CoAl-s or NiAl-s.

Dried layered systems were step-wise treated in
air for 2 h in the temperature range 200—1000 °C at
a heating rate of 3 °C/min in order to understand
phase composition changes.

Sample characterisation

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

Specific surface areas were measured employing
the single point BET method using a FlowSorb 11
2300 Micromeritics apparatus with a N,/He mixture
(30/70) at the boiling temperature of liquid nitrogen.

Thermal analysis (DTA-TG) was carried out
simultaneously on a Stanton Redcroft conventional
TG-DTA system. Measurements were carried out
under airflow (ca. 3 ml/h) at a heating rate of 10
deg/min.

The phase composition of as-synthesised, cal-
cined, and spent samples was established by powder
X-ray diffraction (PXRD) analysis. Data were col-
lected on a Bruker D8 Advance powder diffracto-
meter employing CuKa radiation. Crystalline phases
were identified by means of International Centre for
Diffraction Data (ICDD) powder diffraction files.

The temperature-programmed reduction (TPR)
behaviour of the investigated samples (~0.025 @)
was evaluated by means of a laboratory setup using
a thermal conductivity detector. The temperature
was linearly raised from 25 to 850 °C at a heating
rate of 10 deg/min. The TPR experiments were
accomplished by a gaseous mixture of 10% H, in Ar
at a flow rate of 25 cm*min. The samples were
heated in nitrogen to 80 °C at a rate of 30 deg/min to
remove adsorbed water. Then the nitrogen was
replaced by a gaseous mixture of 10% H, in Ar and
the temperature was raised again at a rate of 10
deg/min up to 850 °C. The selected conditions were
compatible with the criteria proposed by Monti and
Baiker [18] that avoid mass transfer and temperature
control limitations.

Gas-phase hydrogenation of CO, to CH, was
carried out in a fixed-bed flow reactor setup under
atmospheric pressure. For each catalytic measure-
ment, 0.8 g of as-synthesised precursor of 0.4-0.8
mm particle size were loaded into a quartz reactor.
Quartz glass pellets of 1.0-1.25 mm size were used
to fill up reactor to eliminate mass transfer effects.
Catalyst activation was successively performed by
in situ reduction at 400, 450, 530, and 600 °C for 3 h
with pure hydrogen (Messer MG, Chimco Gas) at a
constant gas hourly space velocity (GHSV) of 2000
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h™* and a heating rate of 1.7 deg/min. The catalytic
activity measurements were accomplished by
CO,/H,/Ar gaseous mixture (0.65/34.35/65 vol.%,
Messer MG, Chimco Gas) in the temperature
interval 220—-400 °C and GHSV from 3000 to 22000
h™ after each reduction temperature. Residual CO,
was determined using an online-connected Uras 3G
gas analyser (Hartmann-Braun AG) in the range
0-0.0050 vol.% CO, (0-50 ppm). During reaction
water was removed by a cooling trap (40 °C)
between the reactor and the gas analyser. The
catalytic activity was evaluated by the GHSV value
at which CO, residual concentration at the reactor
outlet was 10 ppm, the latter being an admissible
limit in the feedstock of industrial ammonia
production. In addition, it satisfies the requirements
for safety work of the fuel cell anodes.

Mass-gas analysis of the outlet gas mixture was
performed on a MS-10 spectrometer with precision
of 1x107* vol.%.

RESULTS AND DISCUSSIONS

Chemical analysis data of the samples listed in
Table 1 reveal that the M*/AI** molar ratio of the
dried precipitates is consistent with that of the initial
mixed Co-Al and Ni-Al nitrate solutions.

16
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For better understanding of the effect of divalent
cation (Ni** or Co?") on phase composition, struc-
ture, thermal stability, and reducibility of the
corresponding co-precipitated Al-containing LDHs,
a number of physicochemical characterisations were
performed.

Table 1. Sample notation, chemical composition, and
colour of the as-synthesised hydrotalcite-like samples

Chemical composition as M*"/AI**

Notation (molar ratio) Colour
theoretical experimental

CoAl 3.0 2.87 green

NiAl 3.0 2.98 beige

PXRD patterns of the as-synthesised precursors
(Fig. 1a) exhibit common features with reflections
located at the angles typical of a hydrotalcite-like
phase that contains carbonate anions in the inter-
layer space (ICDD-PDF file 00-014-0191): sharp and
symmetrical for (003), (006), (110), and (113), and
broad and asymmetrical for (009), (015), and (018),
respectively. Applying PXRD data processing, the
average crystallite sizes (L) from full-width at half-
maximum values of the most intensive diffraction
line (003) and the lattice parameters of the precur-
sors were estimated (Table 2).
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Fig. 1. PXRD patterns of the precursors thermally treated at 80 °C (a), 200 °C (b), 250 °C (c), and 350 °C (d).

26



M. V. Gabrovska et al.: M-Al layered double hydroxides in CO, methanation

Table 2. Lattice parameters, specific surface area, and average particle size of the as-synthesized samples

a c \Y SSA L
Sample (003)
P (nm) (nm) (nm°) (m?/g) (nm)
CoAl 0.3076 + 0.0019 2311 + 0,002 0.189 + 0,041 60 157
NiAl 0.3044 + 0.0002 2.310 +0.001 0.186 + 0.001 71 11.0
hydrotalcite* 0.3070 2.3230 0.190

*JCPDS file 01-014-0191

Collected data in Table 2 indicate that the CoAl
sample demonstrates larger LDH crystallites than
NiAl that are in conformity with narrower dif-
fraction lines and lower specific surface area (SSA)
values. The NiAl sample has smaller unit cell a and
¢ parameters than the CoAl one. Differences in the
a-parameter can be attributed to a smaller octahedral
ionic radius of the Ni** ions (0.069 nm) compared to
Co? (0.074 nm) [19].

Furthermore, different values of c-parameter can
be ascribed to carbonate and water molecule amount
in the interlayer space, which is apparently affected
by the divalent ion present in the octahedral brucite-
like hydroxide layers of the HT structure [11].
Variations of the lattice parameters were in good
agreement with octahedral ionic radii of the metal
ions present in the layered network. A double effect
of Co®* partial oxidation to Co®" ions in the brucite-
like layer during synthesis of the CoAl material
should also be noticed. On the one hand, the Co*
ions, having a greater ionic radius (0.063 nm) with
respect to AI** (0.050 nm), cause an increase in the
a-parameter value by comparison with standard
hydrotalcite (Table 2). On the other hand, Co*"
higher oxidation state enhances positive charge
density of the brucite-like layer to require an excess
of carbonate anions for charge compensation and
water molecules to prevent interanionic repulsion in
the interlayer gallery (c-parameters). As previously
reported [20], Co®" ion presence is supported by the
beige colour of the CoAl sample (Table 1). It should
also be considered that the samples under study
were prepared at 80 °C followed by aging in the
mother liquor at the same temperature for 60 min.
Obviously, the preparation temperature is a pre-
condition to realise partial oxidation. Partial oxida-
tion of Co™ to Co®* ions during preparation of the
Co-Al layered materials has also been reported [21].

Carbonate-containing CoAl and NiAl samples
were thermally decomposed (Fig. 2) by two tran-
sitions routes each of them being realised in two
stages accompanied by weight losses, which is in
agreement with that reported for stable layered com-
pounds with molar ratio of M*/M*" = 2-3 [21,22].
During low-temperature transition at 182 °C (CoAl)
and 195 °C (NiAl) a reversible dehydration of the
interlayer space occurred that is attributed to re-

moval of adsorbed water (<100 °C), and elimina-
tion of interlayer structural water (100-200 °C). The
second decomposition step is irreversible and takes
place at higher temperatures, namely 230 and 336
°C for CoAl and NiAl, respectively, due to simul-
taneous dehydroxylation (removal of water from the
brucite sheet) and decarbonation (CO, loss from the
interlayer carbonate anion) of the HT framework.
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Fig. 2. DTA-TG profiles of the as-synthesised precursors.

Dehydroxylation results in destruction of the HT
layer structure accompanied by formation of CoAl
and NiAl mixed metal oxides.

In brief, the layered structure collapses at a lower
temperature with CoAl (250 °C) than NiAl (350 °C).
Thermal analysis data reveal that the total weight
loss over the entire temperature range was higher
with NiAl (34.0%) than CoAl (29.0%). This finding
shows specifically the effect of divalent metal type
on the thermal behaviour of the layered solids: the
presence of Ni** ions in the NiAl layered system
increases the temperature of sample decomposition
in comparison with CoAl. The result indicates a
relatively low stability of the CoAl solid and attri-
butes it to oxidation of Co®" ions.
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In accordance with PXRD data, the characteristic
diffraction lines of HT layered structure disappear
completely after treatment of the CoAl sample at
200 °C (Fig. 1b) suggesting dehydroxylation of the
brucite-type layers and decarbonation of the
interlayer space because of destroyed layered
structure. New reflections were registered that can
be related to a spinel-like Co;O, phase (ICDD-PDF
file 00-043-1003) and/or a spinel-like mixed oxide
Co?(Co* AI*"),0,, attributable to facile oxidisabi-
lity of the Co®* ion, and thermodynamic stability of
Co030, in air [23]. An isomorphous replacement of
some of the larger Co* ions, located at Oh sites of
the Cos0, phase, by the smaller AI** ions causes the
formation of a non-stoichiometric very stable spinel-
like mixed oxide Co*(Co* AI**),0, [24,25]. Both
spinel-like phases demonstrate similar reflections
and intensities, thus it is not possible to distinguish
between them. In contrast, PXRD patterns of NiAl
sample calcined at 200 °C (Fig. 1b) display reflec-
tions similar to that of the as-synthesised counter-
part signifying stability of the layered structure up to
200 °C. A decrease in peak intensity with conco-
mitant shifting of the reflections to higher angles
was observed that might be attributed to interlayer
water molecule losses [26]. While the thermal
treatment of CoAl sample at 250 °C only enhances
the crystallinity of spinel-like mixed oxide
Co?*(Co*" AI*"),0,, (Fig. 1c), the same temperature
induces creation of an intermediate meta-stable
dehydrated HT layered phase and appearance of
additional broad diffraction lines of cubic NiO
phase (ICDD-PDF file 00-047-1049) for NiAl solid.
A further increase of the decomposition temperature
to 350 °C (Fig. 1d) and especially to 800 °C (Fig.
3a) provokes better resolution of the diffraction
peaks of Co*(Co* AI*),0, phase for CoAl,
indicating that AI** cations are no more statistically
distributed as they are located mainly at Oh
positions of the mixed oxide spinel-like structure.
Characteristics reflections of the HT layered
structure disappeared completely after treatment of
NiAl solid at 350 °C (Fig. 1d). Rather amorphous
calcination products such as NiO phase were formed
showing collapse of the layered structure [26,27].
PXRD patterns of NiAl sample calcined at 800 °C
(Fig. 3a) exhibited reflections of a single oxide
cubic NiO phase. The AI** ions can be incorporated
either in an amorphous nickel aluminate phase, or in
a separate amorphous alumina phase [27].

A further increase of the annealing temperature
to 1000 °C (Fig. 3b) promoted crystallisation as
seen by the sharper diffraction lines of a mixed
spinel-like Co?(Co* AI*"),0, oxide phase, while
the pattern of the NiAl solid treated at the same
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temperature shows the co-existence of two phases: a
dominating NiO entity and a NiAl,O,4 one.

12
Z ta) ——CoAl
3 9+ —— NiAl
§ L Co(Co,Al).0,
B
w
§ 3t Mo
E PG RO Pl isd ey s SIS RECrutiim ERriived REne

10 20 30 40 50 60 70 80 90I100

12
Fb) A CoAl
9+ n NiAl
6 I + NiAI204

Intensity (count)
I 2
g
E
o

10 20 30 40

n Pt BT PR iy N
50 60 70 80 90 100

2 :
E o [C)#con0o, [ eCoeNi CoAl-s
o | NiAl-s
L1151
3‘ L
210
S 51
e[ A
10 20 30 40 50 60 70 80 90 100
20 (degree)

Fig. 3. PXRD of the precursors calcined at 800 °C (a) and
1000 °C (b), and of the spent catalysts preliminary
reduced at 600 °C (c).

Briefly, while thermal decomposition of the
CoAl precursor gave rise to CoAl,O, spinel forma-
tion, NiO and NiAl,O, spinel phases were the final
products upon destruction of the NiAl sample.

A TPR technique was applied to investigate
reducibility of the as-synthesised precursors. Experi-
ments were carried out to elucidate reducible metal—
O species present in the samples and to reveal the
effect of divalent metals on the reduction of layered
materials.

Since the reduction process was carried out
dynamically at increasing temperatures by starting
from the as-prepared state of the precursor, it is
obvious that two parallel processes such as thermal
decomposition and reduction of the obtained oxides
take place during the TPR experiments. It has been
reported that the thermal decomposition of the
carbonate containing LDHSs occurs in a similar range
of temperatures either in air or hydrogen ambience
[28].

The TPR profile of CoAl sample (Fig. 4) is
characterised by low and high temperature regions
between 180 and 400 °C and above 650 °C. Reduc-
tion in the former region is typically attributed to
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transformation of Co3O,4 or spinel-like mixed oxide
Co?(Co* AI*"),0, to CoO phase (Co** — Co%),
followed by reduction of Co?* ions to metal Co°
state (Co®* — Co°). Reduction of Co-Al spinels,
Co,Al0; — CoAl,Q,, is typical of the latter region
[29—-31]. Higher temperatures imply a stronger
interaction between the Co and Al species, as in the
reduction of cobalt aluminate [32,33]. It has been
suggested that the AI** ions polarise the more or less
covalent Co—0O bonds in the spinel-like mixed oxide
thus increasing the effective charge of the Co ions
[34] and, consequently, the lattice energy and the
reduction temperature are increased as stated in
Ref. 29.
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Fig. 4. TPR profiles of the as-synthesizsed precursors.

Contrary to CoAl, a broad asymmetric TPR
profile spreading throughout a wide temperature
range from 200 to 750 °C was registered with the
NiAl sample. Low-temperature shoulders at =250,
400, and 430 °C, a well-resolved temperature maxi-
mum (Tmax) at =520 °C as well as a high-tempera-
ture shoulder at ~630 °C could be distinguished. A
common explanation of the TPR results is searched
in models proposed for decomposition and reduction
of Ni-Al LDH compounds [35,36]. It was suggested
that Ni-Al LDH give rise to mixed oxides that
contain: (i) a NiO phase, which has a small amount
of AI* ions; (ii) a quasi-amorphous non-stoichio-
metric Ni-Al spinel-like phase, which hypothetically

is located at the interface between NiO and the
alumina-type phase, and (iii) an alumina-type phase
doped with small amounts of Ni?* ions, probably
‘grafted’ on the spinel-like phase. Based on this the
low-temperature shoulders and T.x can be ascribed
to reduction of NiO intimately mixed with a small
quantity of AI** ions (i). The high-temperature
shoulder is attributed to reduction of a poorly
organised Ni-Al spinel-like phase (ii). A small
amount of alumina-type phase doped with Ni** ions
(iif) may also be present.

In general, TPR profiles of the studied solids
suggest two types of species, namely readily and
hardly reducible entities. It is anticipated that their
amounts and ratio may have impact on catalytic
performance. In this connection, the layered com-
pounds were reduced at 400, 450, 530, and 600 °C
and then the methanation activity was evaluated.
The measurements disclosed that both catalysts
hydrogenate CO, successfully to 0-10 ppm at
reaction temperatures between 400 and 320 °C and
GHSV within 3000-22000 h™* (not shown). Bearing
in mind that lower temperatures are thermo-
dynamically favourable for the reaction, the activity
of the catalysts is presented for reaction tempera-
tures from 300 to 220 °C (Fig. 5 and 6).

Figures 5a-d show that the NiAl catalyst
hydrogenated CO, to levels below 4 ppm at 300 °C
and GHSV up to 22000 h™* irrespective of reduction
temperature. In contrast to this, the Co-Al catalyst
demonstrated a very low activity after reduction at
400 °C (Fig. 5a). Reduction at 600 °C, however,
gave comparable levels of purification with both
catalysts (Fig. 5d).

A similar activity was observed at 280 °C after
reduction at each selected temperature if the activity
was estimated by GHSV at which the concentration
of CO, at reactor outlet is 10 ppm (Fig. 6a). Unlike
CoAl, the NiAl catalyst remained active at a higher
GHSV (20500 h™) after reduction at 400 °C,
whereas the former showed some activity at a lower
GHSV (6.500 h™). Reduction at 600 °C gave
priority to NiAl because of 0-ppm CO, levels.
Gradually the activity of the CoAl catalyst increased
reaching a GHSV of 15500 h™* after reduction at
600 °C (Fig. 6a). A reaction temperature as low as
260 °C (Fig. 6b) caused a decrease in overall
activity of both catalysts. The NiAl catalyst
manifested a higher activity after reduction in the
range 400-530 °C, however, at a lower GHSV.
Almost equal CO, hydrogenation levels with both
catalysts were achieved upon raising the reduction
temperature up to 600 °C.
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Further decrease of the reaction temperature to
240 °C (Fig. 6c) enabled another drop of puri-
fication activity at the same degree. Experiments
revealed that at the lowest reaction temperature of
220 °C (Fig. 6d) both catalysts exhibited a poor
methanation activity independent of reduction tem-
perature. CO, purification reached similar levels for
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both catalysts at higher temperatures of reduction
(530 and 600 °C). Obviously, kinetic limitations
play a decisive role.

PXRD patterns of the spent CoAl catalyst
(CoAl-s) (Fig. 3c) display reflections of low crystal-
linity mostly of CoAl,O, phase and metal Co’
phase. In contrast to them, PXRD patterns of the
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NiAl-s catalyst exhibit diffraction lines character-
istic mainly of metallic nickel phase Ni° (ICDD-
PDF file 00-004-850) as well as low intensity reflec-
tions of NiO phase (ICDD-PDF file 00-047-1049).

Differences in the catalytic performance of both
catalysts are explained by different divalent metal
presence and different redox properties of the metal
species. A possible understanding of the methana-
tion activity may be found in the TPR and PXRD
data. Reduction of the Ni or Co ions in the precursor
samples proceeds at different temperatures. This is
attributed to different strength of interaction bet-
ween Ni/Co and the AI** moieties. The TPR profile
of the NiAl sample displays significantly higher
hydrogen consumption than the CoAl solid sug-
gesting a facilitated reduction of Ni**-O species. The
NiAl catalyst showed a higher activity after reduc-
tion at lower temperatures (400 and 450 °C), which
is ascribed to readily reducible Ni**-O species. The
occurrence of the latter in the solid was expected,
because the formation of a hardly reducible NiAl,O,4
spinel-like phase was accomplished at temperatures
over 800 °C (PXRD, Fig. 3a,b). This phenomenon
determines the existence of non-spinel Ni** ions that
are reduced at lower temperatures to favour a higher
activity of the NiAl catalyst in comparison with
CoAl at the same reduction temperatures. Further
reduction treatment of NiAl at high temperatures
(530 and 600 °C) induced aggregation or sintering
of the reduced metal Ni° thus leading to diminished
CO, removal. Oppositely, the PXRD and TPR
techniques indi-cated that Co®* and AI** ions form a
CoAl,O,4 normal spinel at 350 °C. A lower activity
of CoAl catalyst could be discussed as a probability
that a small fraction of Co** ions would be reduced
to the metal state. The remainder Co®* ions would be
included in stable and hardly reducible cobalt alu-
minate phases prevailing in thermally treated or
reduced samples at temperatures over 300 °C.

On the other hand, it is known that the catalytic
activity is directly related to the number of available
metal sites on the surface [37,38]. Consequently, a
forming Co-Al spinel phase would hamper the
reduction of Co” ions and reduce the number of
metal active Co° sites that are obtained during
reduction-activation. Moreover, SSA data on spent
catalysts reveal that NiAl-s possesses an almost
twofold higher surface area (94 m’/g) than that of
CoAl-s catalyst (50 m?/g). Overall characteristics of
the catalysts point out a smaller number of active
sites on the surface of the CoAl catalyst in compa-
rison with NiAl, which determine a low methanation
activity of the CoAl solid. This assumption was
confirmed by the results of the activity tests at each

applied reaction temperatures especially after reduc-
tion of CoAl at lower temperatures.

Mass-gas analysis

The NiAl catalyst manifested a high level of CO,
removal, which causes some doubt that this activity
includes some partial hydrogenation of CO, to CO.
For this purpose, the outlet gas mixture after the
catalytic tests was collected and analysed. Data
indicated that methane was the single reaction
product thus confirming that CO, hydrogenation
was the only reaction that proceeded on the catalysts
at great excess of hydrogen.

CONCLUSIONS

Results from the study of Co-Al and Ni-Al
layered double hydroxides discovered a strong
dependence of structure, phase composition, thermal
stability, and reducibility on the nature of divalent
metal in the Al-containing samples Divalent metal
ions affect the crystallisation degree of the formed
layered compounds, their specific surface area, and
the thermal decomposition process of the layered
structure accompanied by concomitant phase trans-
formation to mixed metal oxides.

Formation of the spinel-type phases proceeded at
different temperatures as a function of the type of
divalent metal thus defining catalyst properties in
the reaction of CO, methanation. Co®" ions stabi-
lised in spinel structures hamper their reduction to
metal state, leading to deficiency of active Co’
phase on the surface. This phenomenon determined
a low activity of Co/Al,O; catalyst, especially at low
reduction temperatures. In contrast, interaction bet-
ween Ni** and AI** ions generated readily reducible
Ni®*-O species, which favoured a higher activity of
Ni/Al,O; catalyst at the same reduction tempera-
tures. The overall hydrogenation activity of Ni/Al,O3
makes the catalyst appropriate for low temperature
CO, methanation.

Note: This study was realised within the frame of
interacademic collaboration between Institute of
Catalysis of the Bulgarian Academy of Sciences and
Ilie Murgulescu Institute of Physical Chemistry,
Romanian Academy, by the project “Nanosized
layered double hydroxides: synthesis, modification
and application”.
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CTPYKTYPA U AKTUBHOCT HA M-Al CJIOECTH JBOMHU XUJIPOOKUCU B PEAKIIUATA HA
METAHUPAHE HA CO, KATO ®YHKIIMA HA JIBYBAJIEHTHUA METAIJI

M. B. I'a6poscka*, JI. Kpumar®, JI. A. Hukomnosa®, 1. ). Illepesa’, JI. I1. Buisipcka®, M. Kpuman?,
P. M. Expesa-Kepmxuena

lHHcmumym no kamanus, bvreapcka akademus na naykume, yn. Axao. I'. bonues, oa. 11, 1113 Cogus, Bvreapus

2H}Ltcmumym no gusurxoxumus ,, Unue Mopeynecky “, Pymvucka axademus, 202 6yn. ,, Unoenenoenyet
060021 bykypew-12, Pymorus

Tloctenmna Ha: 04 mapt 2018 r.; Ilpepaborena Ha 26 mapt 2018 .
(Pe3tome)

Uscnenpan e epekrbT Ha Buaa Ha apyBaneHTHHs Metan (Ni wnm CO) BbpXy CTpyKTyparta, (a3oBUS CHCTaB,
TepMHUYHATA CTAOMIIHOCT M pelylHpyeMOCTTa Ha cbyTaeHH Al-chappikamm crnoectd aoitHn xuapokcenan (CAX) karo
MIPEKypCcOpH Ha Katanu3aTopu 3a ¢uHOo oumctBane or CO, upe3 peaknusaTa Ha MeTaHupaHe. HampaBeHa e omeHka Ha
KaTaJUTUYHATa aKTHBHOCT Ype3 NMPOMsHA Ha TeMIlepaTypaTa Ha PEAyKIMs, PeaKIMOHHATa TeMIepaTrypa M oOeMHaTa
ckopoct. Paskpuro e, ue npuponara Ha aByBaieHTHHS MeTad B Al-cpappikamure CAX Biuse BEPXY KPHCTAIHOCTTA Ha
obpasysanute CJIX, crnenn¢puyHata WM HOBBPXHOCT M TEMIlepaTypaTa Ha pasjlaraHe Ha cJoecTa CTPYKTypa 0
CHOTBETHHTE CMECEHH METaJIHH OKCHIH. Y CTAHOBEHO €, ue cTabummsupaneto Ha CO°* ionnte B mmuuenHata CoAl,0,
CTPYKTYpa BB3NPEISITCTBA PEIYKLUUATa UM JI0 METAJHO CHCTOSHHE, KOETO BOJIU O HEAOCTATHYHO KOJUYECTBO OT
akTuBHa MetanHa CO  ¢asa Ha moBbpxHOCTTA. To3M (hakT ompesens HUcCKaTa Meranupaina aktuBHOCT Ha CO/Al,Oj
KATAJIH3aTOP, 0COGEHO MPH T0-HUCKH TEMIIepaTypH Ha peayKuus. B KoHTpacT Ha ToBa, B3amMozeiicTBieTo Mexay Ni*
u Al** jionnre npenusBuKBa GopMupane Ha necHo peayrupyemu Nic—O cTpyKTypu, KOeTo 61aronpusTCTBa No-BUCOKA
aktuBHOCT Ha Ni/Al,O; kaTanuzaTtop MpH ChIIKTE TeMIeparypu Ha peaykims. OOpa3yBaHETO HA INMTHHEIO-I0100HN
¢da3u e QpyHKUMS Ha BUIA Ha JBYBAJICHTHUSI METaJ W € ONpPENEIAII0 33 aKTUBHOCTTA Ha KaTaJU3aTOPUTE NPHU (HHHO
ouncrBare oT CO, Ha OOraTi Ha BOJIOPOJ T'a30BH CMECH UPE3 PEAKIMATa HA METaHUPaHE.
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Catalytic behaviour of nanostructured Ce-Mn oxide catalysts in ethyl acetate
oxidation
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Ce-Mn mixed oxide catalysts were prepared by co-precipitation method and used as catalysts for complete oxidation
of ethyl acetate. The influence of Ce/Mn ratio was in the focus of the discussion in close relation with their catalytic
activity. The obtained materials were characterised by different techniques, such as nitrogen physisorption, XRD, UV -
Vis, and temperature-programmed reduction with hydrogen. A higher specific surface area favouring a higher catalytic
activity as compared with pure CeO, and MnOx was established for all binary oxides. A strong effect of sample
composition on dispersion and redox behaviour of the binary oxides was also found.

Key words: catalytic combustion, ethyl acetate, manganese oxide, ceria.

INTRODUCTION

Volatile organic compounds (VOCs) are one
type of toxic pollutants to environment that are
produced in variety of small and medium size indust-
ries. Among VOCs, ethyl acetate is a commonly
used solvent, which can cause several environmental
hazards. It can be completely oxidized to CO, by Pd,
Pt supported catalyst at about 220-320 °C [1]. Some
other papers [2-4] also reported attempts to elimi-
nate low concentration of the ethyl acetate existing
in gas steams. Recently, transition metal/metal oxides
have been extensively studied for VOCs elimination
as an alternative of the expensive noble based
catalysts [5], but here the problem with the forma-
tion of products of partial oxidation, which are often
very harmful for the human health, still exists.
Among them, CeO,-Mn,O, mixed oxides have been
developed as environmentally friendly catalysts for
the abatement of contaminants in both liquid and
gas phases, such as oxidation of ammonia [6],
pyridine [7], phenol [8], and acrylic acid [9]. Incor-
poration of manganese ions into ceria lattice greatly
improved the oxygen storage capacity of cerium
oxide as well as the oxygen mobility on the surface
of the mixed oxides [10].

The present study deals with the effect of Ce/Mn
ratio in CeO,-Mn,O, mixed oxides on the catalytic
behaviour of the latter in total oxidation of ethyl
acetate. For this purpose, the catalysts were char-
acterised by nitrogen physisorption, XRD, UV-Vis,
and temperature-programmed reduction with hydro-

* To whom all correspondence should be sent
E-mail: radostinaiv@abv.bg

gen. A complicated relationship among sample
structure, texture, redox properties, and catalytic
activity was discussed.

EXPERIMENTAL
Materials

Manganese-cerium mono- and bi-component
oxides of different composition were prepared by
co-precipitation method. 1M NH; was added to an
aqueous solution containing known amounts of
Mn(NOs),.4H,O and/or Ce(NOs),.6H,O at room
temperature until the pH of the solution was about
pH=9.02. After 1 hour, the resulting precipitate was
filtered, washed with distilled water, and dried at
373 K for 24 h. Metal oxide samples were obtained
after calcination in air at 773 K for 5 h. The
obtained catalysts were denoted as xCeyMn where
xly represents the Ce/Mn mol ratio.

Methods of characterisation

Powder X-ray diffraction patterns were collected
on a Bruker D8 Advance diffractometer equipped
with Cu Ko radiation and LynxEye detector. Nitro-
gen sorption measurements were recorded on a
Quantachrome NOVA 1200e instrument at 77 K.
Before physisorption measurements, the samples
were outgassed overnight at 423 K under vacuum.
UV-Vis spectra were recorded on a Jasco V-650
UV-Vis spectrophotometer equipped with a diffuse
reflectance unit. TPR/TG (temperature-programmed
reduction/thermogravimetric) analyses were per-
formed on a Setaram TG92 instrument. Typically,
40 mg of the sample were placed in a microbalance
crucible and heated in a flow of 50 vol.% H, in Ar
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(100 cm®min™) up to 773 K at 5 Kmin™ and a final
hold-up of 1-h tests. The catalytic oxidation of ethyl
acetate was carried out in a flow type reactor (0.030
g of catalyst) with a mixture of ethyl acetate and air
(1.21 mol%) at WHSV of 100 h™*. Before the cata-
Iytic experiments the samples were treated in argon
at 373 K for 1 h. Experimental data were acquired
under temperature-programmed regime in the range
of 473-773 K. Gas chromatographic analyses were
made on a HP 5890 apparatus using carbon-based
calibration. Products distribution was calculated as
CO, (Scoz), acetaldehyde (San), ethanol (Sg), and
acetic acid (Sacac) selectivity by the equation: S; =
Yi/X*100, where S; and Y; were selectivity and
yield of (i) product, respectively, and X was conver-
sion. For a precise comparison, the conversion was
normalised to unit surface area (SA = X/A, where X
was the conversion at 650 K and A was the specific
surface area of the sample).

RESULTS AND DISCUSSION

Nitrogen physisorption measurements were con-
ducted in order to elucidate sample textural pro-
perties (Fig. 1, Table 1). All isotherms were of type
IV according to IUPAC classification that is typical
of mesoporous materials. They were characterised
by well-pronounced step at about 0.6-0.8 relative
pressure due to capillary condensation of nitrogen
into the pores. The shape of the hysteresis loop indi-
cated presence of uniform cage-like pores for
2CelMn with average pore diameter about 5 nm.
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Slit-like pores of very wide size distribution was
detected for all other metal oxide materials. The
obtained binary oxides possessed a higher specific
surface area as compared to the individual oxides
and it increased almost linearly upon decrease of the
manganese content in the samples. This could indi-
cate formation of homogeneous metal oxide phase
and further information about this was provided by
XRD measurements of the samples (Fig. 2). The
XRD pattern of pure manganese oxide contained
intensive diffraction reflections at 20 = 23.1°, 33.1°,
38.2°,55.2°, and 65.9° due to well crystallised Mn,05
phase (JCDS 41-1442) with relatively large crys-
tallites. The latter provoked low surface area and pore
volume for this material (Table 1). Additional weak
reflections indicated presence of other crystalline
phases, probably MnO,, Mn3;O,4, which is in accord-
ance with literature data [11,12]. Characteristic re-
flections at 20 = 28.5°, 33.1°, 47.5°, and 56.4° in the
XRD pattern of pure ceria matched crystal planes of
(111), (200), (220), and (311) in cubic fluorite struc-
ture of CeO, (JCPDS 43-1002). Similar but broader
reflections were also observed in the patterns of all
bi-component samples. Here, no reflections of any
manganese oxide phase could be detected. Thus,
formation of ceria-manganese mixed oxide phase
could be assumed [13]. Obviously, the incorporation
of manganese in ceria rendered difficult the agglo-
meration of individual metal oxide phases, which
provided an increase in dispersion (Fig. 2) and BET
surface area (Table 1) of the composites.
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Fig. 1. Nitrogen physisorption isotherms (left) and pore size distribution (right) for pure and mixed metal oxide
samples.
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Fig. 2. XRD patterns of the studied samples.

Table 1. Texture parameters of the obtained oxides deter-
mined by low temperature nitrogen physisorption (spe-
cific surface area Sger; total pore volume Vt, and specific
activity SA)

Sample SgeT, Vi, Conversion, SA,
m’gt  cmig’ 610 K 610 K

CeO, 475 0.12 60 1.26
2CelMn 82.2 0.10 81 0.98
1CelMn 66.9 0.21 90 1.35
1Ce2Mn 57.6 0.26 84 1.46
Mn,O, 7.4 0.025 88 11.89

UV-Vis spectra were recorded to characterise
precisely the oxidation state of metal oxide species
(Fig. 3). The spectrum of manganese oxide repre-
sented a continuous absorption feature, which is due
to variations in manganese oxidation state (Mn2+,
Mn*, and Mn*"). The absorption band at about 250
nm was attributed to a charge transfer between O*
and Mn?*. Absorption at approximately 300 nm was
related to Mn** and the continuous absorption above
300 nm is assigned to 0> — Mn*" charge transfer
and d-d transition for d4 electronic configuration in
octahedral field [14]. Simultaneous presence of
MnO, and Mn,O; after precursor decom-position in
air at a temperature above 623 K was also reported
by Milella et al. [15]. The spectrum of pure ceria
represented two maxima at about 250 and 305 nm
that could be attributed to Ce**«—0O* charge transfer
(CT) and interband transitions, respectively [16].
The latter peak was also assigned to lattice defects.
The former band was broad and it may be super-
posed together with the band of Ce*«0O® charge
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transfer transition. The observed features in the
spectra of bi-component materials could not be
simply assigned to superposition of the spectra of
single oxides. These results confirmed changes in
the environment and/or oxidation state of metal ions
probably due to formation of solid solution.
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2Ce1Mn
=
mﬁ 1Ce1Mn
3
- 1Ce2Mn
3
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n
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<
200 I 4(|)0 I B(IJO I 860

Wavelength, nm

Fig. 3. UV-Vis spectra of the studied samples.

Further information for about the redox proper-
ties of the studied materials was obtained by tem-
perature-programmed reduction (TPR) with hydro-
gen (Fig. 4). The reduction effects over 570 K for
pure CeO, were generally assigned to surface Ce**
to Ce** transition [17]. The reduction degree was
about 4% (Table 2).

The DTG-TPR profiles of Mn,O, sample (Fig. 4,
right) consisted of two reduction effects for low and
high temperature regions. They are generally
assigned to step-wise reduction of MnO, (or Mn,053)
to Mn;O, and further reduction of Mn;O, to MnO,
respectively [18, 19]. A decrease in the overall reduc-
tion degree upon ceria increase in the binary
materials (Table 2) indicated stabilised Mn-O bonds
near Ce*" ions. However, here the reduction trans-
formations were broader and shifted to lower initial
temperatures. This observation, combined with an
increase in the ratio of the low temperature to high
temperature reduction effects could be an indication
for the increased Mn*" content at the expense of
manganese ions of lower oxidation state in the
samples. In accordance with the XRD and UV-Vis
data, this could be provoked by stabilisation of Mn**
ions via incorporation in the ceria lattice. Changes
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in the reduction degree (Table 2) showed that the
portion of Mn* ions shared with Ce*" could be
controlled by the Ce/Mn ratio and it seemed to be
the highest for 1Ce2Mn (Table 2).

Fig. 5 gives temperature dependencies of cata-
Iytic activity in ethyl acetate (EA) oxidation for all
studied samples. CO,, ethanol (Et), acetaldehyde
(AA), and acetic acid (AcAc) in different proportion
with temperature rise were registered. For all
samples, ethyl acetate oxidation was initiated over
500 K and an 80-100% conversion was achieved

CeO

2

2Ce1Mn
1Ce1Mn

1Ce2Mn

Tg, a.u.

500 600 700 800

Temperature, K

400

above 650 K combined with high CO, selectivity.
Between the pure oxides, manganese oxide exhi-
bited a higher catalytic activity. According to their
catalytic activity, the bi-component mixed oxide
materials are arranged in the following order:
1CelMn > 2CelMn = 1Ce2Mn. All of them
provided a higher catalytic activity than the mono-
component samples, which could be due to the
existence of a synergistic effect between the ceria
and manganese oxide species and/or owing to
higher dispersion and specific surface area.
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Fig. 4. TG (left) and DTG (right) data on the samples.

Table 2. TPR data for all samples (T;,-initial reduction temperature, T - maximum of the reduction peak

Mn¥* —Mn*: M n4+—>Mn2+)

sample Tini- Tmax Weight loss, theoretical, Weight loss, experimental,  Reduction degree,
K K mg mg %

Mn,O, 482 565, 662 4.05 (Mn,05) 4.73 116
2.79 (Mnz0,) 169
9.01 (MnO,) 52

(to Mn?")

1Ce2Mn 458 515, 596 0.94 (Mn,05) 1.12 119
0.68 (Mn30,4) 164
1.62 (MnO,) 69

1CelMn 445 497, 592 0.91 (Mn,05) 0.86 95
0.8 (MngOy) 107
2.08 (MnO,) 41

2CelMn 460 503, 620 0.90 (Mn,05) 0.58 64
0.46 (Mn30,4) 126
1.58 (MnO;) 37

CeO, 577 660, 738 3.72 0.14 4
(Ce™ to Ce*")
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Fig. 5. Temperature dependence of ethyl acetate total oxidation (left) and selectivity to CO, (right) for the studied
samples.

Over 80% selectivity to CO, for all samples was
detected (Table 3). A slight tendency to form by-
products (acetaldehyde and ethanol) with the the
binary oxides was observed. Specific catalytic
activity (SA) per unit BET surface area was cal-
culated as a measure of conversion to elucidate the
impact of textural parameters on sample catalytic
behaviour (Table 1). Note an extremely high SA
value for pure Mn,Oy, which clearly indicates the
decisive role of the oxidation state of the manganese
ions in the samples. The SA values for all binary
materials were much lower than expected if the
samples were simple mechanical mixtures of
individual oxides.

Table 3. Results from the catalytic tests: selectivity to acet-
aldehyde (San), ethanol (Sgy), acetic acid (Sacac), and CO,
(Scop) at 50% conversion of ethyl acetate.

Sample Conversion, Saa Set Sacac Scoz
% % % % %
Mn,O, 50 12 2 86
1Ce2Mn 50 13 5 1 81
1CelMn 50 17 1 82
2CelMn 50 11 6 1 82
CeO, 50 7 6 1 86

Thus, the enhanced catalytic activity of the
binary materials could mainly be related to both
increased dispersion and specific surface area. In
accordance with the TPR data, the decrease in SA
for the binary materials could be due to stabilisation
of the lattice oxygen ions via formation of shared
Mn-O-Ce bonds, which renders difficult the EA
oxidation via Mars-van-Krevelen mechanism [20].
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The TPR data also revealed that the increase in SA
with the increase of Mn content in the binary oxides
could be due to stabilised Mn** ions via their incor-
poration in the ceria lattice.

CONCLUSIONS

Binary manganese-cerium oxides exhibited
higher dispersion and higher specific surface area,
but suppressed reduction ability as compared to the
individual oxides. Catalytic activity and selectivity
in ethyl acetate combustion could be regulated by
variation of the Ce/Mn ratio in the samples. For-
mation of shared Ce-O-Mn bonds and an increase of
the Mn content facilitated the formation of more
active Mn** -Mn®" pairs in ethyl acetate oxidation.
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KATAJIMTUYHN CBOMCTBA HA HAHOCTPYKTYPUPAHMU Ce-Mn OKCHJIHU KATAJIU3ATOPU
3A OKUCJIEHUE HA ETUJIALIETAT

P. H. UBanoBa*, I'. C. Ucca, M. I. Aumutpos, T. C. Lloruera
Hnemumym no opeanuuna xumusi ¢ Llenmwvp no pumoxumus, bAH, 1113 Cogpus, bvacapus

IMoctermna Ha 31 suyapu 2018 r.; Ilpepabotena Ha 6 mapt 2018 .
(Pe3tome)

3a HacTOAMOTO M3cienBane Osxa moimydeHn Ce-Mn cMeceHM OKCHIHH KaTalH3aTOpPH 3a M3rapsHe Ha eTHialeTraT
4ype3 MeTo]] Ha chyTasiBaHe. CrienuaiHo BHUMaHKie Oe 00bpHATO HA BIMSHHETO HAa chOTHOIIEHHeTo Ha Ce/Mn, koero e
B TsACHA BpPB3Ka C KaTalUTHYHATA UM aKTUBHOCT. [lonydeHuTe MaTepuann 0sxa XapaKTepHU3UpaHU C IMOMOINTa Ha
Pa3IHMIHA METOJH, Cped KOUTO a30THA (U3UCOPOIH, MpaxoBa peHTTeHOBA qudpakius, YB-BuauMa CIeKTpOCKOIHS 1
TEeMIepaTypHO-IIPOrpaMHupaHa PeAyKIus ¢ BOAOpoa. Pesynrarute oT (U3MKOXUMHUYHUTE H3CIICABAHUS MMOKA3axa, ue
OMHApHUTE MaTepualyd NPUTEKABAT MO-BUCOKA crenuuIHa TMOBBPXHOCT, KOETO OJIarompHsITCTBAa IO-BHUCOKAaTa
KaTaJIMTHYHA aKTHUBHOCT B CPABHEHHUE C JHOKOMITOHEHTHHUTE OKCHIH. bellie ycTaHOBEH 3Ha4YnMTENeH e(heKT Ha ChCTaBa
Ha 00pa3IuUTe BbPXY TSIXHATA AUCTIEPCHOCT U PEIOKCH CBOMCTBA.
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Biogenic iron-containing materials synthesised in modified Lieske medium:
composition, porous structure, and catalytic activity in n-hexane oxidation
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Leptothrix genus bacteria were cultivated in Lieske medium modified by the presence of inorganic material. Two
modifiers were used: a fibrous 0.3% Pd/mesoporous silica-alumina catalyst and a one-side anodic oxidised aluminium
foil. Obtained biomasses (hamed LieskeV and LieskeA, respectively) were studied by the methods of infrared and
Massbauer spectroscopy, X-ray diffraction, nitrogen adsorption, and chemical analysis. Examination of fresh samples
revealed that LieskeA contained y-FeOOH, a-FeOOH, and Fe;O,, whereas LieskeV comprised y-FeOOH, a-FeOOH,
and y-Fe,0; of various ratios. Elemental analysis indicated 0.003% Pd and proved that some amount of the modifier is
incorporated in the LieskeV material. Registered transformations in original (biogenic or chemical) iron oxide/hy-
droxide phases after catalytic activity tests confirmed that LieskeV samples contained a larger amount of y-Fe,O;
obtained from biogenic precursor, and some y-FeOOH. LieskeV biomass was found to be more active in the reaction of
n-hexane oxidation. This material also impeded incomplete oxidation to carbon monoxide. Despite very small amounts
of palladium present in LieskeV samples, the latter process is probably assisted since palladium is an active catalyst for
CO oxidation. Carbon monoxide oxidation in the case of LieskeV samples was stimulated by two components, which
exhibit a certain activity in the studied process. Biogenic y-Fe,05 showed some intrinsic activity in CO oxidation and its
dominance is a second reason for control of the incomplete hexane oxidation. A third feature of the Pd-modified
samples, determining their relatively higher activity, is the presence of slightly larger pores that allow enhanced mass
transfer of the reagents inside the catalytic particles.

Key words: Leptothrix sp., biogenic iron-containing material, hexane oxidation.

One way to decrease and/or eliminate hexane
emissions is their catalytic oxidation to carbon
dioxide and water. The catalysts applied in this
process should exhibit high activity in a wide range
of reaction temperature even in the presence of
various contaminants, stable performance over a
large variety space velocities and substance concen-
trations, resistance to deactivation, and ability for
regeneration [2]. There are three groups of oxidation
catalysts: i) supported noble metals; ii) metal oxides
and supported metal oxides; iii) mixtures of noble
metal and metal oxide. The most explored catalysts
for complete oxidation contain mono- and bimetallic
Pt, Pd, and Rh [3,4]. They satisfy to high extent
above-mentioned requirements, however, high cost
and easy particle agglomeration encourage search
for other active materials. Single and mixed metal
oxides of Cu, Mn, Cr, Fe, and Ni can be applied as
catalytic materials to this process [5,6]. Transition

INTRODUCTION

Volatile organic compounds (VOCs) as low
molecular weight hydrocarbons and oxygen con-
taining compounds are main air pollutants. They are
precursors of ozone formation in the air ground
layer and have influence on processes of greenhouse
gas oxidation and formation in troposphere. Volatile
organic compounds together with fine dust particles
cause photochemical smog formation. The smog has
a harmful effect on the human health and plants.
Hexane is a representative of the volatile hydro-
carbons group and is widely used in a number of
chemical productions as solvent or reagent, e.g. glue
production, leather treatment, and pharmaceutical
industry. It participates in radical reactions in the air
and the formed products become involved in a
photochemical smog. Hexane is included in Direc-
tive 2008/50/EC list about air quality as a compound

referred to be strictly monitored and measured
because it is a precursor for ozone formation [1].

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

metal oxide catalysts are moderately resistant to
sulphur poisoning and are less active at low tem-
peratures than noble metals but a combination of
several oxides could result in highly thermally
stable catalysts of satisfactory activity. Transition

40 © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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metal oxides of Mn, Fe, and Co are most active in
the oxidation of volatile organic compounds [7].
Single metal oxides, amongst them Fe,O,, have also
been used for this purpose [8]. It has been found that
nanosized iron oxides show high activity in CO,
CH,, C3Hg, and CsHg oxidation, selective oxidation
of alcohols and olefins, and ethylbenzene dehydro-
genation [9]. They are also active in soot removal.
However, published investigations on hexane oxida-
tion in the presence of iron oxide catalysts are few.

Mixed valence oxides containing divalent and
trivalent cations of transition metals form stable
spinel structures of the AB,O, type, in particular
Fe;O,. Cations with multiple oxidation states having
close values of the crystal field stabilisation energy
of octahedral and tetrahedral sites are the main
reason for existing abundant defective spinel struc-
tures and non-stoichiometry [10]. Me,O; oxides (e.g.
v-Fe,0;) crystallise in metastable spinel structures.
Corundum is an exception because it is thermodyna-
mically stable. Non-stoichiometric cation-deficient
spinel structures are known for different transition
metal oxides. These materials have been applied as
oxidation catalysts and electrode materials [11-14].

Metal oxide bulk and surface oxygen mobility is
significant to enhance catalyst performance in oxi-
dation reactions. A fast electron exchange in the
Fe?*/Fe*" couple in magnetite (Fe;0,) is directly
related to oxygen mobility that facilitates redox
reactions. lron oxide nanoparticles have largely a
defect crystal structure, which is energy uncomp-
ensated. Particle sizes, smaller than about 15 nm,
induce a unigue magnetic property of superpara-
magnetism. The latter has attracted much attention
because of useful applications in different fields of
science and practice.

Iron oxide compounds can be synthesised by
different abiotic and biotic methods. Conventional
techniques (chemical, mechanical) use toxic and
expensive chemicals and devices, and require high-
energy consumption and detoxification of waste
flows that raise catalyst costs [15-19]. However,
obtained products are of good purity and have well-
defined properties. Bio-inspired technologies imitate
natural processes of iron mineralisation by inclusion
of different mediators. One trend is to exploit dif-
ferent bacteria. These microorganisms are wide-
spread in nature and their possibilities are not fully
investigated and used [15,20]. Iron biomineralisa-
tion through bacteria is clean, simple, nontoxic, low-
cost, and needs ambient conditions. Produced iron
oxide materials are cheap. This kind of synthesis
does not use dangerous reagents. Cultivation of iron
bacteria for biogenic iron (oxy)(hydr)oxides syn-
thesis takes part in diluted feeding solutions till their

nutrition components are running low or their con-
centration decreases under critical values related to
microorganism life support. Because of that, there is
no evolution of toxic products and this approach
enables material preparation without evolving haz-
ardous waste. Thus, biomineralisation methods are
definitely environmentally friendly [15,18,21-30].
Ferric ion deposition by bacteria is relatively a slow
process in comparison with other methods but it is
not associated with energy supply because the bac-
teria are natural cell metabolites and no, or at least
very low, energy consumption is necessary for syn-
thesis [21-27].

Biogenic iron-containing materials are applicable
to heterogeneous catalysis as catalyst precursors,
active components, catalyst supports, and immobi-
lising carriers. Studies are concentrated on different
reactions and one of them is oxidation [18,19,22,28—
37]. Own previously published results have shown
that biogenic iron-containing materials obtained by
cultivation of Leptothrix sp. in different feeding
media exhibit a certain activity in the reaction of CO
oxidation and it was found that maghemite obtained
from lepidocrocite bioprecursor was more active
than other bioproducts (goethite and lepidocrocite)
[35]. In view of aforementioned, it is reasonable to
study hexane complete oxidation in presence of bio-
genic iron-containing materials as a model reaction
and the present work is focused on this problem.

EXPERIMENTAL

Biogenic materials were prepared by Leptothrix
genus bacteria cultivation in Lieske medium, which
contained different inorganic materials. The medium
was modified by introduction of 0.3% Pd/Al-Si-O
fibrous material or anodised Al foil (anodic
Al,O4/Al). 0.3% Pd/Al-Si-O was obtained by sol-gel
method [38], reduced at 400 °C, and then kept in air.
The fibrous material was sterilised for 15 min by
autoclaving at 1 atm and 120 °C. The aluminium
foil was one-side covered with alumina by anodic
oxidation in 0.3M H,C,Q, electrolyte [39]. Lamellae
of this material were cold sterilised by UV light.
After immersing the modifiers into the feeding
solutions, the latter were infected with 10% inocu-
lum from Leptothrix genus bacteria. Cultivation was
realised under static conditions at 20 °C for a period
of 36(40) days. The produced precipitates were
separated by decantation, washed with distilled
water and filtered, and then dried at 40 (105) °C.
The materials thus prepared are denoted as LieskeV
(obtained in presence of 0.3% Pd/Al-Si-O) and
LieskeA (in presence of anodic Al,O4/Al).

Powder X-ray diffraction patterns of the biogenic
materials were collected within the range from 5.3
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to 80° 20 with a constant step of 0.02° 280 on a
Bruker D8 Advance diffractometer with Cu Ka
radiation and LynxEye detector. Phase identification
was performed by Diffracplus EVA using ICDD-
PDF2 Database.

Mossbauer spectra were recorded at room tem-
perature by means of Wissenschaftliche Elektronik
GmbH electromechanical apparatus (Germany),
operating at a constant acceleration mode. An a-Fe
standard and a °’Co/Rh source were used. Parame-
ters of hyperfine interactions of the obtained spectral
components: isomer shift (I1S), quadrupole splitting
(QS), hyperfine effective field (He), line width
(FW), and component relative weight (G) were
determined by CONFIT program. Computer fitting
was based on the least squares method.

FTIR spectra of the materials were recorded on a
Nicolet 6700 FTIR spectrometer (Thermo Electron
Corporation, USA) in the far and middle IR regions.
The method of dilution of studied material in a KBr
pellet (0.5% of studied substance) was used. Spectra
were collected using 100 scans and resolution of 4
(data spacing 1.928 cm™).

Specific surface area of both biogenic 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 measurements, each
sample was evacuated at 100 °C. Pore size distribu-
tion was also estimated using the BJH method based
on the isotherm desorption branch.

Catalytic measurements were carried out in an
isothermal continuous flow type quartz-glass reactor
(6.0 mm inner diameter) at atmospheric pressure.
The catalyst was fixed in the reactor between plugs
of quartz wool. Applied test conditions were:
0.63-0.8 mm catalyst fraction, 0.5 cm® catalyst
volume, and gas hourly space velocity (GHSV) of
60.000 h™'. The GHSV value was selected in order
to minimise external mass transfer limitations.
Reactant gases were supplied through electronic
mass flow controllers. Reactant inlet concentrations
were 334 ppm n-hexane and 20 vol.% oxygen. The
gas mixture was balanced to 100% with nitrogen of
99.99% purity. Analysis of the gaseous flows was
performed using a mass-spectrometer CATLAB
system (Hiden Analytical, UK) by on-line gas-ana-
lysers of CO/CO,/O, (Maihak), and a flame ionisa-
tion detector (Horiba) of the total hydrocarbon con-
tent. The studied materials were preliminary treated
in the reaction flow for 30 min at 400 °C in order to
obtain constant composition, which would not
change during the catalytic examinations.

LieskeV biogenic material elemental composi-
tion was determined on Li-tetraborate pellets using
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laser ablation inductively coupled plasma-mass spec-
trometry. Spot analysis was done using an UP-193FX
excimer laser (system) (New Wave Research Inc.,
USA) attached to a ELAN DRC-e quadrupole induct-
ively coupled plasma-mass spectrometer (Perkin-
Elmer Inc.). A standard reference material NIST
SRM 610, a ‘squid’ smoothing device, He carrier gas,
energy density on sample ca. 7.3-7.6 J.cm?, repeti-
tion rate of 10 and ablation craters 75 um were used.
The analysis was carried out in one block starting
and ending with two NIST SRM 610 measurements
and two measurements of the sample, which were
then averaged. Two separate measurement experi-
ments were performed in order to obtain a precise
result. NIST SRM 612 was used for internal control
of a possible systematic error.

RESULTS AND DISCUSSION

Elemental analysis was used to determine the
amount of modifying additive, which is included in
LieskeV final biogenic material. Results showed the
following composition: 79.41 wt.% Fe, 8.32 wt.%
Al, 9.69 wt.% Si, 0.003 wt.% Pd.

Fresh samples were studied by means of the BET
method (Fig. 1). Analysis of isotherm hysteresis
showed that it is of D type (or 2) [40]. This kind of
hysteresis is due to heterogeneous capillaries that
have large main body radii and many size-varying
short necks. Pore size distribution results indicate
mesoporous materials with predominant size of 4
nm. Diameters of 5-24 nm are also widely repre-
sented. Larger pores within 14-7-nm diameter are
less in the case of LieskeA sample (Fig. 1B). A uni-
form decrease in number of pores of increasing size
was found with LieskeV sample (Fig. 1B). The mea-
sured total pore volume was 0.21 cm®/g for LieskeA
and 0.25 cm®/g for LieskeV samples. The average
pore size was 11 and 10.5 nm for LieskeA and
LieskeV samples, respectively. However, LieskeV
biomass exposed a higher specific surface area of 95
m?/g compared to 76 m?/g of LieskeA counterpart.

Transmission infrared spectra of as-prepared bio-
genic materials (‘fresh’ samples) are shown in Fig. 2.
Characteristic bands of lepidocrocite, goethite, and
maghemite were recorded [25,41,42]. They are
denoted vy, a, and m, respectively. Band intensity
and band intensity ratios vary for the materials.
Bands characteristic of feeding medium residues
were also registered [43].

X-ray diffraction patterns of as-prepared samples
(Fig. 3) disclose lines of the following phases:
lepidocrocite (PDF01-070-8045), goethite (PDFOO0-
029-0713), maghemite (PDF00-039-1346), and
magnetite (PDF01-071-6336). Quantitative analysis
results are given in Table 1.
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Table 1. Quantitative X-ray analysis data (XRD) and
Mossbauer component relative weight (Gys)

XRD/GMS, %

Component LieskeV LieskeA
fresh tested fresh tested
Fe30, 17/38
y-Fe,0, 717 39/55 23/53
a-Fe,03 36/21 44 127
a-FeOOH 60/17 18/- 76/39 25/-
y-FeOOH 32/39 7/11 7123 8/10
SPM 37 13 10

Mossbauer spectra of fresh samples were com-
posed of doublet and sextet components and the
mathematical model for calculation includes such
elements. A spectrum of LieskeV sample is shown
in Fig. 4A to illustrate experimental results. Isomer
shift values for LieskeV samples are characteristic
of octahedrally coordinated ferric ions, while in the
case of LieskeA samples, Fe** ions are tetrahedrally
coordinated and Fe?** ions are positioned at octa-
hedral sites (Table 2). Calculated parameters allow
allocation of iron ions between several phases with
particle sizes above 10 nm: oxyhydroxides (a-FeOOH
and y-FeOOH) and oxides (y-Fe,Ozand Fe;0,4). Some

LieskeA = +FeQOH
o FeO,
a-FeQOH
~ aFe,0,
Fe,0,

60004

tested

Intensity, imp/s

10 20 30 40 50 60 70 80
Cu @, degrees

Fe** ions in LieskeV samples are involved in oxide
compounds of small particle size, below 10 nm, thus
being superparamagnetic. A critical size of iron
(oxy)(hydr)oxide particles that exhibit superpara-
magnetic properties is about 10-12 nm. In this case,
the spectral components and their parameters cor-
respond to a mixture of iron oxide compounds of two
types of particles: superparamagnetic particles with
sizes below 10 nm (doublets) and larger particles
subjected to the model of collective magnetic excite-
ment (CME) (sextuplets).

The biogenic materials were examined in the
reaction of n-hexane oxidation (Fig. 5). Analyses of
the reaction products showed that the process runs
to CO; and partially to CO without any other inter-
mediates. Analysis of the catalytic curves showed the
same behaviour which is assigned to a similar reac-
tion mechanism. The results demonstrate that LieskeV
biomass is the more active material. In addition, on
this type of samples, the incomplete oxidation of n-
hexane to CO occurs to a lower extent. Despite
small amount of palladium (0.003%), this modifier
probably assists both processes. Palladium is well
known as active catalyst for CO oxidation [44] as
well for hydrocarbons oxidation [3,4].

LieskeV = 1-FeQOH
= rFe0,
4 ¢-FeOOH
o a-Fe O,

50004

tested

70004

Intensity, imp/s

Cu®, degrees

Fig. 3. X-ray diffraction patterns of fresh and tested samples.
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Fig. 4. Mossbauer spectra of fresh and tested samples: A — LieskeV (fresh), B — LieskeA (tested).
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Table 2. Mossbauer parameters of hyperfine interaction

Sample Components IS, Qs, Heff, FW, G,
mm/s mm/s T mm/s %

Sx1 - Fe** oa 7-F€204 0.32 0.00 49.6 0.80 7

LieskeV SX2 - Fe** s, 0-FEOOH 0.33 -0.12 235 1.50 17
fresh Db1 - Fe** oy, y-FeOOH 0.36 0.53 - 0.30 39
Db2 - Fe** 4., SPM - oxides and hydroxides 0.36 0.81 - 0.49 37

Sx1 - Fe¥* i, 0-Fe,0; 0.36 -0.11 49.9 0.52 21

LieskeV SX2 - Fe** o 7-FE204 0.32 0.01 45.1 1.75 55
tested Db1 - Fe** oy, y-FeOOH 0.36 0.56 - 0.31 11
Db2 - Fe** o, SPM - iron oxides and hydroxides 0.34 0.97 - 0.64 13

Sx1 - Fe** e Fe30,4 0.29 0.00 49.6 0.46 17

. SX2 - Fe?¥ i, Fe30, 0.64 0.00 46.4 0.90 21
LieskeA SX3 - Fe¥*,,, a-FeOOH 033  -012 255 1.00 14
fresh Dbl - Fe¥,, v -FeOOH 0.37 0.50 i 0.28 23
Db2 - Fe** 4, o -FeOOH 0.37 0.74 - 0.46 25

SX1 - Fe** o 0-Fe,04 0.36 -0.11 50.0 0.53 27

LieskeA SX2 - Fe** oa 7-FE205 0.34 0.01 46.3 1.61 53
tested Db1 - Fe**octa, y-FeOOH 0.36 0.53 - 0.30 10
Db2 - Fe* ., SPM - iron oxides and hydroxides 0.35 0.81 - 0.54 10

Samples subjected to catalytic tests (‘tested’)
were studied by XRD, infrared and Mdssbauer spec-
troscopy. XRD results showed that the tested samples
contain lepidocrocite (PDF01-070-8045), goethite
(PDF00-029-0713), maghemite (PDF00-039-1346),
and hematite (PDF01-089-0596). Quota of com-
pounds is displayed in Table 1. Bands characteristic
of lepidocrocite, goethite, maghemite, and hematite
(denoted as ‘h’) were recorded in the infrared spectra
[25,37,45]. Band intensity and band intensity ratios
vary with both samples (Fig. 2, ‘tested’). The Moss-
bauer spectra of tested and fresh samples are com-
posed of doublet and sextet components, the second
element being dominant. Spectral computation was
performed following the same model. A spectrum of
LieskeA sample after catalytic experiment is dis-
played as illustration in Fig. 4B. IS parameter values
are typical of octahedrally coordinated ferric ions
(Table 2). Sets of hyperfine interaction parameters
are related to iron ions in a-FeOOH, y-FeOOH, and
v-Fe,0; with particle sizes above 10 nm. Fe** ions,
which are included in oxide compounds with part-
icles below 10 nm, exhibit superparamagnetic pro-
perties and amount to 10-13%. Discussion on the
results obtained by the three methods revealed that
most probably the superparamagnetic phase found
through Mossbauer spectra analysis of tested samples
is goethite. Infrared characteristic bands displayed in
Fig. 2 (‘tested’) and diffraction lines denoted in Fig.
3 as ‘tested’ identify this compound. Hematite pre-
sence in the tested samples implies a transformation
that has been realised during pretreatment and/or
during reaction. This result is not surprising since
thermal transitions of iron compounds are well-
known to follow the order oxyhydroxides — oxides

— hematite [25,45,46].

Oxidation of n-hexane
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Fig. 5. Results of catalytic tests.

It is known that biomass obtained during culti-
vation of neutrophillic bacteria contains various iron
compounds (a-FeOOH, y-FeOOH, and B-FeOOH,
and Fe,Oy) at different ratios [41]. In addition, under
selected conditions (liquid phase composition, neu-
tral pH, and room temperature) the process of Fe®*
transformation to Fe*" is of biogenic as well chemi-
cal nature. lron oxides are formed in the feeding
medium because of chemical reactions [47-53],
however, Leptothrix genus participates mostly in the
formation of iron oxyhydroxides [41]. Thermal
conversion of goethite and lepidocrocite determines
formation of biogenic maghemite.
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Tested catalysts have almost the same composi-
tion, the differences being negligibly small. Bearing
in  mind possible transformations of iron
(oxy)(hydr)oxide phases and whether they have
biogenic or chemical origin [25,41,45,46], it can be
affirmed that the LieskeV biomass contains a larger
amount of maghemite originating from a biogenic
precursor. The amount of this precursor (lepido-
crocite) in fresh LieskeA biomass is less. Biogenic
maghemite manifests some intrinsic activity in CO
oxidation [35]. Together with available traces of
palladium in LieskeV, it is reasonable to expect im-
peded n-hexane incomplete oxidation to CO. Carbon
monoxide oxidation in the case of LieskeV samples
is stimulated to a higher extent depending on two
components that are active in this process. These
special features of LieskeV biomass composition
determine its higher activity at lower temperatures.

Pore structure of the studied systems has some
influence on the catalytic behaviour. Although the
textural features were determined for fresh samples,
they could be used to explain the catalytic behaviour
already discussed above. It has been found that
biogenic iron is a hybrid product structured com-
posed of iron oxide units and organic residues of
bacterial origin [54-60]. It has been suggested that
bacterially formed mineral deposits have wall struc-
ture, which contains iron (oxy)hydroxide spheres
stabilized by organic carbon inclusions [54-57].
This structure is sterically stable to different impacts
[15,28,32,34,61-63]. The LieskeV samples are char-
acterised by relatively larger pores. This facilitates
hexane molecules contact with the catalyst surface
for long residence time. As a result, n-hexane trans-
formation to CO, proceeds to a much higher extent
in comparison with conversion to carbon monoxide.

CONCLUSIONS

Biogenic material, synthesised in Lieske culti-
vation medium in the presence of 0.3% Pd/Al-Si-O
fibrous catalyst, was more active in the reaction of
n-hexane oxidation than a counterpart material syn-
thesised in the same medium in the presence of
anodic oxidised aluminium foil. Incomplete oxida-
tion to CO was also registered, however, to a lower
extent if compared with the latter biomass. Bene-
ficial catalytic properties were determined by two
basic factors: (i) presence of traces of the 0.3%
Pd/AI-Si-O fibrous material, which actually cor-
responds to 0.0003% Pd in the biomass and (ii)
larger amount of maghemite obtained from a bio-
genic precursor in comparison with the material
formed in presence of alumina/Al lamellae. Con-
tribution by relatively larger pores and higher spe-
cific surface area is also suggested.
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bakrepun ot pox Leptothrix ca xynruBupanum B cpena Ha Jlucke MomupuuMpaHa ¢ HEOPraHHYEH MaTepHall.
Wsnon3Banu ca asa Buaa mogudukaropu: 0.3% Pd/mezomopect Al-Si-O BrakHecT KaTanu3aTop U eIHOCTPAHHO aHOTHO
OKHCIIeHO amyMuHHEBO (oinno. [Tomyuernte 6nomacu (o3HaueHH cpoTBeTHO JlnckeB m JluckeA) ca u3cienBanu 4pes
MeronuTe HH(ppauepBeHa W MpocbayepoBa creKTpockonusi, PeHTreHoBa andpakiys, aacopOLus Ha a30T M KaTa-
JUTHYHUA W3nuTaHug. OxapakTepH3HUpaHEeTO Ha CBEXH oOpasiu mokasa, ye JluckeA cwaspika y-FeOOH, a-FeOOH u
Fe;0,, nokato JluckeB ce cweron ot y-FeOOH, a-FeOOH wu y-Fe,O3 B pasnuyau choTHOIICHUS. Upe3 eleMeHTeH
aHanu3 Oe J0Ka3aHO, Y€ MaJKO KOJMYECTBO OT MOAM(HIMpanius Matepuai € BkIoueHo B JluckeB u oOpazeusT
ceabpxka 0.003% Pd. Peructpupanu npeBpbliaHus Ha U3XOJHUTE (OMOTCHHH U aOHOTHYHH) KEII300KCUIHU/XUIPOK-
cunHH (asu ciiel] y4acTHETO Ha MaTepHaINTe B KaTAIUTUYHUTE U3IMTAHUS TOTBBPAKXa, 4e oOpasel JiuckeB cbabpika
Mo-roJIsIMO  KoimdecTBo y-Fe,03, monydeH or OHOreHeH NpeKkypcop, KakTo W Maiko koiudecTBo y-FEOOH. Bemre
YCTaHOBEHO, Y€ MaTepHanbT JInckeB e o-akTUBEeH B peakuuaTa Ha OKHUCIICHHE Ha N-xekcaH. OCBEH TOBa, B IIPUCHCTBHE
Ha TO3u oOpaser] HemBbJIHOTO okucieHue no CO mpoTnya B MO-MajKa CTENEH. BbIpekw, ye manmagusT NMpHCHCTBA B
MHOTO MajKO KOJIM4ecTBO B oOpasen JluckeB, Toii Hali-BepoATHO moarmoMara KaTaJUTHYHHS TIPOIEC, ThH KaTo €
akTUBeH KaTtamm3atop 3a okucieHumero Ha CO. [lpu ymorpebata Ha oOpasern JluckeB oxucnenmero ma CO ce
CTHUMYJIHMpa OT J[Ba KOMIIOHEHTa, KOUTO Ca aKTUBHM B W3CJIEABAHMA Iponec. AKTHBHOCT B okucieHuero Ha CO e
npuchia U Ha OuoreHHus y-Fe,0z, a MO-BUCOKOTO My ChAbpXKaHWE B o0Opas3ena € BTopara MpUYMHA 3a MO-HUCKATa
cTerieH Ha HembJIHO okucieHue Ha CgHiy. Tpera ocobeHocT Ha oOpaser JluckeB, KosTO onpenens HeroBara OTHOCH-
TEJIHO 1MO0-100pa aKTUBHOCT, € MPHUCHCTBUETO Ha MAJIKO TO-IIMPOKH MOPH, KOETO MO3BOJISIBA MOA0OPEH MacolpeHoc Ha
peareHTHTE B KaTaJIM3aTOPHUTE YACTHUIIH.
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The present study is focused on the preparation of modified iron-containing biogenic materials and testing them as
catalysts for the reaction of CO oxidation. Modification was performed by impregnation of biogenic material obtained
in Lieske cultivation medium. Impregnation was done using solutions of palladium chloride, cobalt nitrate, and manganese
nitrate. Samples were characterized by X-ray diffraction, infrared spectroscopy, and Mdssbauer spectroscopy. XRD
results revealed that the starting biogenic material was X-ray amorphous, however, the presence of mixtures of low-
crystalline iron oxyhydroxides, goethite and lepidocrocite, could not be excluded. Heating of Pd- and Co-modified
materials led to the formation of oxide phases of Co030,, y-Fe,0Os, and o-Fe,O;. Infrared spectra confirmed metal
oxyhydroxide complete transformation to metal oxides in thermally treated samples. Mdssbauer spectra of samples
preheated at 300 °C indicated that the formed materials had a low degree of crystallinity, which is a specific feature of
highly dispersed oxide materials. Doublet components in the Mdssbauer spectra are indicative of nanosized highly
dispersed particles demonstrating superparamagnetic behaviour. A ferrite MnFe,O, phase was formed during synthesis
of Mn-modified sample. Méssbauer spectra recorded at the temperature of liquid nitrogen showed a decrease of doublet
part, which is typical of iron oxide particles of sizes below 4-10 nm. All the prepared samples were active in the
reaction of CO oxidation, most active being manganese-modified catalyst. A synergistic effect was proposed between iron
and manganese oxide components. Sample analysis after catalytic tests by means of Mossbauer spectroscopy revealed
no changes in phase composition and dispersion.

Key words: biogenic iron-containing materials, chemical modification, X-ray diffraction, Infrared spectroscopy,

Maéssbauer spectroscopy, CO oxidation.

INTRODUCTION

Biogenic iron-containing materials are products
of iron-transforming bacteria lifecycle [1-3]. Iron-
containing bacteria of the Sphaerotilus-Leptothrix
group are typical water representatives. In presence
of these bacteria, Fe*" ions are transformed into Fe®*
containing compounds [2,4-6]. These compounds
are insoluble and the iron is deposited in the form of
oxides, hydroxides, and salts [2,7-10], which have
different phase composition, and different shape and
size (globules, tubes, etc.). These materials demon-
strate high specific surface area and high reactivity,
which facilitate adsorption and decomposition of
various contaminants [7-9,11-18]. Specific physical,
chemical, and biological features of nanomaterials
have motivated researchers for intensive studies.
Iron oxides/hydroxides are a particular class of bio-
compatible compounds having natural biogenic ana-
logues. Such materials being developed by various
methods of synthesis are widely applied as catalysts.
Many synthetic techniques for the production of

* To whom all correspondence should be sent
E-mail: silberbarren@abv.hg

various types of iron oxide nanoparticle materials
(hematite, magnetite, goethite, etc.) are well estab-
lished. However, most of these methods are costly
and involve the use of hazardous chemicals [19].
Therefore, there is growing necessity to develop
ecological and sustainable methods, such as bio-
synthesis [20]. Various studies have found that bio-
genic iron oxides, especially those of bacterial origin,
are low crystalline aggregates composed of smaller
species [7-10,17,21-23]. Biogenic iron specific pro-
perties are crucial for its application as an active
component in catalysis in gaseous and liquid media
[13,19,23-31], catalyst precursors [19,32], and cata-
lysts [33]. In the course of the catalytic process, the
stability of the biogenic materials is a very import-
ant property. In previous studies, it was found that
their catalytic activity was preserved or slightly
decreased after repeated use [26,32-35]. Actually,
chemical modification of the biogenic materials is
focused on improving some chemical properties.

This work is aimed at modifying iron containing
biogenic materials by Pd, Co, and Mn and studying
their catalytic behaviour in the reaction of CO
oxidation.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 49
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EXPERIMENTAL
Synthesis

Pd, Co, or Mn were deposited separately or in
combination (Pd+Co) on biogenic iron-containing
material by impregnation with solutions of PdClI,,
Co(NOs),.6H,0, and Mn(NQOs),.4H,0, respectively.
Basic biogenic material (BM) was prepared by
Leptothrix genus bacteria cultivation in Lieske
medium, which contained 0.3% Pd/Al-Si-O fibrous
material. Proper concentrations of the selected salts
were used so that chemical modifier content was 1
mass% Pd, 20 mass% Co, and 20 mass% Mn.
Selected salts were dissolved in distilled water at
room temperature under constant stirring. Three
drops of 1N hydrochloric acid were added to the
PdCI, solution to complete dissolution. Evaporation
of the water was carried out at 60 °C and continuous
stirring. The samples were further heated at the same
temperature for 24 hours for complete drying. The
same technique was applied for Co deposition on a
sample containing 1% Pd. The samples are denoted
as Pd/BM, Pd+Co/BM, Co/BM, and Mn/BM.

Before catalytic tests, the samples were calcined
in air at 300 °C for 2 hours at a heating rate of 10
deg/min.

Characterization

Powder X-ray diffraction (XRD) patterns were
collected by a TUR M62 diffractometer with Co Ka
radiation. Phase identification was performed using
ICDD-PDF2 database. Experimental XRD profiles
of the studied ferrites were processed by using
PowderCell-2.4 software and appropriate corrections
for instrumental broadening.

Infrared (IR) spectra of the samples were recorded
on a Nicolet 6700 FTIR spectrometer (Thermo
Electron Corporation, USA) using the method of
dilution in KBr pellets (0.5% of studied substance).
The spectra were collected in the middle IR region
using 100 scans at a resolution of 4 (data spacing
1.928 cm™).

Mossbauer spectra (MS) were registered in air at
room temperature (RT) by means of Wissel (Wissen-
schaftliche Elektronik GmbH, Germany) electro-
mechanical spectrometer working in a constant
acceleration mode. A *’Co/Rh (activity = 20 mCi)
source and a-Fe standard were used. Experimentally
obtained spectra were fitted using special software.
The parameters of hyperfine interaction, such as
isomer shift (IS), quadruple splitting (QS), effective
internal magnetic field (Heff), line widths (FWHM),
and relative weight (G) of the partial components in
the spectra were determined.
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Catalytic measurements

The catalytic measurements were carried out in
an isothermal continuous flow type quartz-glass
reactor (6.0 mm inner diameter) at atmospheric
pressure. The catalysts were fixed in the reactor bet-
ween plugs of quartz wool. The following condi-
tions were applied: catalyst fraction 0.63-0.8 mm,
catalyst volume 0.3 cm®, and gas flow mixture of
108 ml/min at CO:0,:He ratio of 4:5:91 vol.%. The
reactant gases were supplied through Aalborg elec-
tronic mass flow controllers. Analysis of inlet and
outlet gas flows was performed online on a HP 5890
gas chromatograph equipped with a thermal con-
ductivity detector and a Carboxen-1000 column.
Helium was used as a carrier gas.

RESULTS AND DISCUSSION

Sample XRD patterns are presented in figure 1,
which reveal that the starting biogenic material was
X-ray amorphous. This is evidence that the biogenic
material contained low-crystalline iron oxyhydro-
xides (probably goethite and lepidocrocite). No
characteristic lines of the modifying medium com-
ponent 0.3% Pd/AI-Si-O in the spectra were regist-
ered. This result implies that no significant amount
of the modifier was mixed with the biomaterial
during cultivation.
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Fig. 1. X-ray diffraction patterns of modified samples
thermally treated at 300 °C.

An overall pattern of all measured spectra of the
modified biogenic material after calcination at 300
°C indicated chemical phases of low degree of crys-
tallinity, which are characteristic of ultra- and highly
dispersed oxide materials. Only iron-containing
phases of hematite and maghemite were present in
the spectrum of Pd-modified sample, the lines of
hematite (a-Fe,O3) slightly higher intensity.

XRD patterns for Co;04 (PDF 01-076-1802), v-
Fe,O; (PDF 00-039-1346) and a-Fe,O; (PDF 01-
084-0310) are detectable in a Pd+Co/BM sample.
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No diffraction peaks for Pd and PdO were visible in
the XRD spectrum revealing fine dispersion of the
noble metal. The main characteristic lines of the two
iron oxide modifications are approximately of the
same intensity. The diffraction lines are broad and
low intense owing to high dispersion of the iron
oxides. The linewidths indicate that the formed mate-
rials are ultra- or highly dispersed.

IR results are displayed in figure 2a. A spectrum
of Pd/BM sample shows bands characteristic of goe-
thite (3182, 886, 792, 668, 470 cm ™) and lepidocro-
cite (3182, 1112, 1023, 976, 745 cm ™) as well as sur-
face carbonates (1482 plateau, 1639, 1656, 718 cm ™).

The spectra of Pd+Co/BM, Co/BM, and Mn/BM
show bands characteristic of lepidocrocite (3203,
1115, 745, 1021 cm ™), nitrates (825, 1382 cm™'), and
surface carbonates (1657, 1640, 1474, 1454, 719
cm ). Although not all characteristic goethite bands
were observed, its presence in the studied systems
should be assumed. The materials treated at 300°C
were also investigated. The IR spectra are presented
in figure 2b. Bands characteristic of Fe-O vibration
(under 500 cm™?) prove the presence of iron oxides
and Co30;.
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Fig. 2. Infrared spectra of modified samples before (a)
and after (b) thermal treatment at 300 °C.

Mossbauer spectra of samples before and after
catalytic test are shown in figure 3. Calculated para-

meters of the spectra are given in Table 1. Results of
XRD and Méssbauer spectroscopy studies confirmed
the presence of hematite and maghemite in the
samples before catalysis. Most spectra except those
of Mn/BM and Pd+Co/BM-LNT fit well with a
model of two sextets and two doublets. The para-
meters of both sextets correspond to the two modi-
fications of iron oxide - hematite (a-Fe,Os) and
maghemite (y-Fe,O3), that of maghemite being more
intensive. Both sextets have reduced H¢s values of
about 10-20 T, which indicated that the particles
were highly dispersed. Doublet components in the
Mossbauer spectra are indicative of nanosized highly
dispersed particles, which demonstrate superpara-
magnetic behaviour. Polymorph phases ratio of iron
oxides before heating to those obtained after heating
at 300 °C can be related to thermal decomposition
dynamics of the various iron hydroxides.
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Fig. 3. Room temperature Mdssbauer spectra of modified
samples thermally treated at 300 °C (a)
and after catalytic test (b).
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Table 1. Mossbauer parameters of modified samples thermally treated at 300 °C and after CO oxidation reaction

T. M. Petrova et al.: Iron-containing biogenic materials as catalysts

IS, Qs, Hest, FWHM, G,

Sample Components mm/s mm/s T mm/s %

BM Sx1 — a-Fe,03 0.37 -0.10 47.3 0.90 18
TS300 Sx2 —y-Fe,04 0.33 0.00 41.8 1.98 70
Dbl - SPM 0.36 0.90 - 0.73 6

Db2 — SPM 0.32 2.13 - 0.56 6

Pd/BM Sx1 — a-Fe,0s 0.36 -0.11 494 0.60 22
TS300 Sx2 —y-Fe,04 0.33 0.03 43.3 2.00 58
Dbl - SPM 0.34 0.61 - 0.40 9

Db2 - SPM 0.32 1.10 - 0.76 11

Pd+Co/BM Sx1 — a-Fe,03 0.36 -0.11 49.6 0.52 25
TS300 Sx2 — y-Fe,04 0.33 0.00 44.7 171 51
Dbl - SPM 0.33 0.66 - 0.41 11

Db2 — SPM 0.30 1.15 - 0.80 13

Pd+Co/BM Sx1 — a-Fe,03 0.47 -0.11 52.3 0.39 33
TS300, LNT Sx2 — y-Fe,04 0.41 0.03 49.7 0.90 61
Dbl - SPM 0.42 0.84 - 0.75 7

Co/BM Sx1 — a-Fe,03 0.36 -0.10 49.6 0.54 26
TS300 Sx2 — y-Fe,04 0.33 0.01 44.6 1.67 51
Dbl - SPM 0.33 0.66 - 0.42 10

Db2 — SPM 0.30 1.15 - 0.79 13

Mn/BM Sx1 — a-Fe,03 0.33 -0.11 49.8 0.40 5
TS300 Sx2 — MnFe,0, 0.38 0.00 44.8 1.39 31
Sx3 — MnFe,0, 0.31 0.00 39.3 2.00 45

Dbl - SPM 0.33 0.70 - 0.46 10

Db2 — SPM 0.32 1.32 - 0.69 9

BM Sx1 — a-Fe,03 0.37 -0.10 47.0 1.07 22
TS300, after CO oxidation Sx2 — y-Fe,03 0.31 0.00 40.8 2.00 66
Dbl - SPM 0.34 0.95 - 0.75 6

Db2 — SPM 0.33 2.12 - 0.59 6

Pd/BM Sx1 — a-Fe,03 0.36 0.10 49.2 0.56 21
TS300, after CO oxidation Sx2 — y-Fe,03 0.34 0.00 43.1 2.00 59
Dbl - SPM 0.33 0.63 - 0.40 8

Db2 — SPM 0.33 1.07 - 0.79 12

Pd+Co/BM Sx1 — a-Fe,03 0.36 -0.11 49.8 0.52 24
TS300, after CO oxidation Sx2 —y-Fe,04 0.33 0.01 45.0 1.76 53
Dbl - SPM 0.33 0.67 - 0.43 10

Db2 — SPM 0.30 1.18 - 0.89 13

Co/BM Sx1 — o-Fe,03 0.36 -0.10 49.6 0.54 26
TS300, after CO oxidation Sx2 — y-Fe,04 0.33 0.01 44.6 1.67 51
Dbl - SPM 0.33 0.66 - 0.42 10

Db2 — SPM 0.30 1.15 - 0.79 13

Mn/BM Sx1 — a-Fe,03 0.33 -0.11 49.8 0.40 5
TS300, after CO oxidation Sx2 — MnFe,0, 0.38 0.00 45.0 1.41 30
Sx3 — MnFe,0, 0.31 0.00 39.4 2.00 47

Dbl - SPM 0.35 0.71 - 0.48 10

Db2 - SPM 0.32 1.33 - 0.73 8

IS - isomer shift, QS - quadrupole splitting, Hes - effective internal magnetic field, FWHM - line widths, G - relative weight of the partial components

in the spectra, LNT- spectra measured at liquid nitrogen temperature

Mossbauer spectrum recorded at the temperature
of liquid nitrogen (LNT) showed a decrease of
doublet part, which is typical of iron oxide particles
of sizes below 4-10 nm (figure 4).

The spectrum of Mn-modified sample preheated
at 300 °C differs from the spectra of other samples
by lower content of iron phase, which is hematite
rhombohedral polymorph (a-Fe,03). In the synthesis
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of Mn-modified sample, a ferrite MnFe,O, phase
was formed. It is presented in the spectrum by two
sextet components with zero value of the quadruple
split, indicating that the ferrite MnFe,O, phase has a
cubic symmetry. The two components in the spectra
correspond to two types of differently coordinated
iron ions, tetrahedral and octahedral, and are char-
acteristic of inverse type spinel structure of the fer-
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rites. Ferrite phase lines are broad and asymmetri-
cal and the values of the internal magnetic field are
reduced. This is due to a size dependent magnetic
effect of the particles, which is explained by the
presence of finely dispersed structure of the Mn-
modified biogenic material.
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Fig. 4. Liquid nitrogen temperature Mdssbauer spectrum
of Pd+Co/BM sample thermally treated at 300 °C.

The spectra of all samples measured before and
after catalysis are of the same type and matched by
the values of calculated superfine parameters. The
relative ratio of sextets to doublets was preserved,
which indicated that no recrystallization and agglo-
meration processes occurred at the temperature of
catalytic tests.

Temperature dependences of the CO oxidation
over unmodified and modified biogenic catalysts are
shown in figure 5. Doping with palladium, cobalt, or
manganese increased the catalytic activity. The order
of activity was Mn/BM > Pd+Co/BM > Co/BM >
Pd/BM > BM. As is seen, unmodified biogenic
material is active in the studied reaction. The reac-
tion started at about 200 °C and a maximum of 70%
conversion was reached at 275 °C. According to
literature data, iron oxide materials have been found
to be good/proper candidates as cheap and efficient
catalysts, especially in environmental processes [36,
37]. As was shown above, the maghemite (y-Fe,Os
70%) is a predominant iron oxide in the initial
biogenic material. According to some authors [38]
v-Fe, 05 has exhibited a low activity at temperatures
lower than 300 °C. Addition of Pd resulted in dis-
placement of the conversion curve to a lower tempe-
rature indicating a better catalytic activity. Liu et al.
[39] claim that the promoting effect of iron oxide in
the case of Pd-FeO, catalysts is related to the ability
of the iron oxide species, located in close proximity
to the palladium, to provide adsorption sites for
oxygen that can subsequently react with CO mole-
cules adsorbed on adjacent Pd sites. Thus, we can

conclude that because of the high dispersion of Pd
and close interaction between Pd and Fe,O; in
Pd/BM sample, more surface oxygen species is pro-
vided to the palladium, thus improving its catalytic
activity. Modification of Pd/BM sample with cobalt
caused a further increase in activity. This is not sur-
prising because unsupported cobalt oxide is a very
active species in the field of air pollution control of
CO [40,41]. It is known that cobalt catalysts are ac-
tive for CO oxidation at low temperatures (—70 °C)
if pre-oxidised before activity measurement [42, 43].
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Fig. 5. Conversion vs. temperature in the reaction of CO
oxidation.

Mn-modified BM sample manifested the highest
catalytic activity. A synergistic effect could be pro-
posed between iron and manganese oxide compo-
nents. As was shown by Mdssbauer spectroscopy a
ferrite MnFe,O, phase was formed. Formation of
solid solutions or Fe,Mn,O, spinels has been pro-
posed by Kedesdy and Tauber [44]. It has also been
observed that transition metals such as manganese
in the spinel lattice can strongly modify the redox
properties of the ferrites and therefore activity. To
obtain adequate explanation of the synergistic effect
further in-depth study of this system is necessary.

CONCLUSIONS

Starting biogenic material is an X-ray amorphous
mixture of goethite and lepidocrocite iron oxyhydro-
xides having ultradispersed nanosized particles with
adsorbed surface nitrate and carbonate groups. Modi-
fication of the biogenic material with Pd, Pd+Co,
and Co and subsequent calcination led to the for-
mation of Co30,, y-Fe,0s, and a-Fe,Oz. A highly
dispersed MnFe,0, ferrite phase was formed in Mn-
modified sample. It has a cubic symmetry, spinel
structure, and inverse ion distribution. It was proved
by Mdssbauer spectroscopy that the iron oxides and
MnFe,O, ferrite were nanosized highly dispersed
entities. Metal ions oxidation state, phase composi-
tion, and dispersion of the test samples did not
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change during catalytic tests. Catalytic measure-
ments showed that all prepared samples were active
in the reaction of CO oxidation and the catalytic
properties depended on dopant type. A synergistic
effect was proposed between iron and manganese
oxide components.
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MOANPUINPAHE 1 OXAPAKTEPU3NPAHE HA XXEJIA30CBHABPXAILM BMOT'EHHUA
MATEPUAJIA KATO KATAJIM3ATOPHU 3A PEAKIIUATA HA OKHUCJIEHUE HA CO

T. M. Ilerpora*, JI. I'. Ilanera, C. XK. Tomoposa, 3. II. Uepke3opa-Kenesa, JI. I'. ®unkosa,
M. T. Illloncka, H. 1. Benunos, b. H. Kynes, I'. b. Kanunos, 1B. I'. MuTtos

Hnemumym no kamanus, bvreapcka akademus na naykume, yi. ,,Axao. I'. bonues™, 6. 11, 1113 Coghus, bvacapus

Tloctenmna Ha 12 ¢pespyapu 2018 r.; TIpepaborena na 14 mapt 2018 r.
(Pestome)

Hacrosmoro u3cnenBaHe € HaCOYEHO KbM TOJydaBaHe Ha MOIU(UIMPAHU KEJSI30-ChAbpKalll OUOTeHHH MaTe-
pHaIX ¥ TAXHOTO U3IHMTBAHE KaTO KaTalu3aTopH B peakiusara Ha okuciaeHue Ha CO. MoauduuupaHeTo € 0ChbLUIECTBEHO
Ype3 UMIpETHUpaHe Ha OMOTreHeH MaTepuall, Mojdy4eH B XpaHuTenHa cpeaa Lieske. ViMnperaupaHeTo e M3BBPIICHO C
M3M0JI3BaHE Ha Pa3TBOPH Ha MalaJueB XJIOpU, KOOAITOB HUTPAT U MaHTaHOB HUTpAT. [Ipobure ca oxapakTepusnpaHu
¢ peatreHoBa audpaxuus (XRD), uadpadepsena u Mpocbayeposa criekTpockonus. Pesynrature ot XRD nokasat, ue
W3XOJHUAT OMOTEHEH MaTepuall € peHTreHoaMop(deH, HO BBIPEKH TOBa HE e M3KII0YBa HAJMYUETO Ha CMEC OT HUCKO-
KPUCTAITHH JKEJIE3HU OKCHXUIPOKCUIM TBOTHUT M JICMHIOKPOKUT. Harpsisane Ha Pd- u Co-Momudunmpann mMaTepuanu
Boau N0 obOpasyBaHe Ha ¢asu ot Co30,4 y-Fe,03 u a-Fe;O;. B TepMuuHO TpeTmpanuTe mpodH, WHppadepBEHHUTE
CIIEKTPH HOTBBPKAABAT IIBJIHO TpaHCHOPMUPAHE HA OKCHXHIAPOKCHINTE A0 OKCUIU. MbocOayepoBH CIIEKTPH Ha IPOOH
obpabotenu mpu 300 °C nokaseart, ye 0Opa3yBaHUTE MaTepHaId UMAT HUCKA CTEIICH Ha KPHCTAIHOCT, KOSTO € CHeLH-
(¢ruHa XapaKTepUCTHKA 32 HAHOPAa3MEPHU BHCOKO JAMCIIEPCHH OKCHIHM Marepuayiv. JlyOneTHH KOMIIOHEHTH B
MpbocbayepoBUTE CIIEKTPH ca MOKa3aTeIHN 32 HAJMYMETO Ha HAHOPa3MEPHH BHCOKO-AMCIEPCHU YACTHLHU JEMOHCTPH-
pam cyneprnapamMarHuTHO nosejieHue. [Ipu cuHTe3a Ha oOpasen; MomuduUUpaH ¢ MaHraH ce ¢opmupa depuTHa
MnFe,O, ¢aza. MpocbayepoB CIEKTBp, PErHCTpUpaH NpPU TEMIIepaTypara Ha TedeH a30T, I0Ka3Ba HaMmajsBaHEe Ha
JyOJieTHaTa 4acT, KOETO € TUIMYHO 3a JKEeJIe3HH OKCHJHM 4acTHiy ¢ pasmep mox 4—10 nm. Bceuuku uszcnensanu
o0pa3uy Moka3BaT akKTHBHOCT B peakuusaTa Ha okucieHne Ha CO, KaTO Hai-BHCOKO aKTHBEH € KaTalu3aTopbT MOAHU-
¢unupan ¢ MaHraH. AHamu3 Ha MpocOayepoBUTE CHEKTpPU Ha NpOOMTE ciiel] KaTATUTHYHH TECTOBE HE IOKa3Ba
NPOMEHH BBB (pa30BHS CHCTAB M AUCIIEPCHOCTTA.
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Ordered mesoporous SBA-15 silica and a nanosized KIL-2 material with textural mesoporosity were synthesised
and modified with sulphonic groups. Functionalisation with SOsH groups was performed by a two-step procedure, in
which mercapto-modified mesoporous silicas were obtained first in reaction with mercaptosilane followed by treatment
in H,0, to result SOsH-modified mesoporous silicas. Initial and SOsH-containing mesoporous materials were char-
acterised by X-ray diffraction (XRD), N, physisorption, TG analysis, and TPD of ammonia. The catalytic performance
of the SO3H/SBA-15 and SO;H/KIL-2 catalysts was studied in levulinic acid esterification with ethanol. A sulphonic-
functionalised SBA-15 mesoporous material showed a higher conversion of levulinic acid to ethyl levulinate.

Key words: levulinic acid esterification, mesoporous silicas, KIL-2, SBA-15, biomass valorisation.

INTRODUCTION

The growing energy crisis and environmental
concerns have prompted the utilisation of readily
available lignocellulosic biomass materials as an
alternative to the limited fossil resources [1,2]. Levu-
linic acid and its esters are promising platform che-
micals for the production of a wide range of sources
for biofuel, polymer, and fine chemicals industry
[3-7]. Levulinic acid (LA) is generally produced by
acid-catalysed hydrolysis of cellulose, and can be
converted into levulinate esters, g-valerolactone,
1,4-pentanediol, and 5-nonanone (via pentanoic
acid) as well as diphenolic acid as an intermediate
for the synthesis of epoxy resins and polycarbo-
nates [8-12]. Levulinate esters are also valuable
compounds that can be used as fuel additives, sol-
vents, and plasticisers. In particular, up to 5 wt.%
ethyl levulinate can directly be used as a diesel mis-
cible biofuel in regular diesel engines without modi-
fication because of its physicochemical properties
similar to those of biodiesel, i.e., fatty acid methyl
esters (FAME) [8]. Therefore, it has the potential to
decrease the consumption of petroleum-derived fossil
fuels. Generally, levulinate esters are produced by
esterification of LA with several alcohols using
mineral acids like HCI, H,SO,, and H;PO, as cata-
lysts, to give a high yield of corresponding products
within a short reaction time. However, such
homogenous acid catalysts cannot be recycled and
always lead to technological problems (e.g., use of a

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

large volume of base for neutralisation and corro-
sion of equipment). Their replacement with hetero-
geneous analogues, which are easily separable and
reusable, is thus highly desirable. Various solid acids
have been used for the esterification of levulinic
acid with alcohols, e.g., zeolites and sulphated mixed
oxides (sulphated zirconia (SO,*/ZrO,), niobia
(SO, INb,0s), titania (SO, /TiO,), and stannia
(SO,*7/Sn0,) [8-12]. The number and the strength
of acid sites and the applied preparation conditions
are the key parameters for catalyst activity. One
possible strategy to increase catalyst activity is to
use a neutral, high surface area support, e.g., meso-
porous silica materials, in order to ensure fine dis-
persion of the supported active phase. This approach
may enhance the catalytic activity of the obtained
catalysts in liquid-phase reactions by accelerating
mass transport of reactant and product molecules as
well.

In the present study mesoporous SBA-15 and
KIL-2 materials were prepared and modified with
SOz;H groups and studied in liquid phase esterifi-
cation of levulinic acid with ethanol. The effect of
the structural, textural, and acid properties of the
obtained materials on their catalytic activity and
stability was discussed.

EXPERIMENTAL

Synthesis of mesoporous KIL-2 silica

In the first step, the silica source (tetraethyl
orthosilicate, 98% TEQOS, Acros) as well as the tem-
plates (triethanolamine (99% TEA, Fluka) and tetra-
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ethylammonium hydroxide (20% TEAOH, Acros))
were mixed with a molar composition of 1.0 TEOS :
0.5 TEA : 0.1 TEAOH : 11 H,O to obtain a homo-
geneous gel. The gel was aged overnight at room
temperature and then dried in an oven for 24 h at
323 K. In the second step, the gel was solvo-
thermally treated in ethanol in Teflon-lined stainless
steel autoclaves at 423 K for 48 h. Removal of the
template was performed by calcination at 773 K for
10 h using a ramp rate of 1 K/min in air flow.

Synthesis of mesoporous SBA-15 silica

In principle, Pluronic P123 (12.0 g) were dis-
solved in a solution containing 365.8 g distilled H,O
and 37.1 g 37% HCI under vigorous stirring at 308 K.
After the surfactant was completely dissolved, 24.0 g
TEOS were added and agitation continued for 24
hours. The obtained gel was placed into an auto-
clave and kept at 373 K for another 24 hours fol-
lowed by filtration, washing with distilled water, and
drying at room temperature. For template removal,
the obtained powder sample was calcined at a tem-
perature ramp of 1 K/min up to 823 K and dwelling
times of 2 hours at 563 K and 6 hours at 823 K.
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Scheme 1. Functionalisation of mesoporous silicas by
SOzH groups.

Functionalisation of KIL-2 and SBA-15 by SO3;H
groups

The initial SBA-15 and KIL-2 materials were
functionalised with 3-mercaptopropy! trimethoxysi-
lane by dispersing in toluene at refluxed condition
for 6 h and then filtered, washed, and dried in oven
at 328 K for 3 h. Further, the obtained mercapto-
modified mesoporous silicas were dispersed in H,O,
and stirred for 24 h at room temperature. The
oxidised materials were filtered and dried in a
vacuum oven at 323 K for 8 h and denoted as
SO;H/SBA-15 and SO;H/KIL-2, respectively.

Methods of characterization

OMe
H

X-ray powder diffraction (XRD) patterns were
recorded on a PANalytical X'Pert PRO (HTK) high-
resolution diffractometer using Cu Kal radiation
(1.5406 E) in the 2 q range from 5 to 80 (100 s per

step 0.016) for the samples and from 10 to 80 (100 s
per step 0.016) for the sample holder using a fully
opened X'Celerator detector.

Nitrogen physisorption measurements were
carried out at 77 K using a Tristar 3000 Microme-
ritics volumetric adsorption analyser. Before adsorp-
tion analysis, the samples were outgassed under
vacuum for 2 h at 473 K in the port of the adsorp-
tion analyser. BET specific surface areas were cal-
culated from adsorption data in the relative pressure
range from 0.05 to 0.21 [13]. The total pore volume
was estimated based on the amount adsorbed at a
relative pressure of 0.96 [14]. Mesopore and micro-
pore volumes were determined using the t-plot
method [15]. Pore size distributions (PSDs) were
calculated from nitrogen adsorption data using an
algorithm based on the ideas of Barrett, Joyner, and
Halenda (BJH) [16]. The mesopore diameters were
determined as the maxima on the PSD for the given
samples.

Thermogravimetric analysis (TGA) was per-
formed by a DTA-TG SETSYS2400, SETARAM
analyser under the following conditions: tempera-
ture range 293-1273 K, static air atmosphere,
heating rate of 5 K/min.

Ammonia temperature-programmed desorption
(NH3-TPD) was carried out using a Micromeritics
2920 Autochem Il chemisorption analyser. In the
NHs-TPD experiments, the catalyst was pretreated
at 773 K under a stream of helium for 60 min. After
that, the temperature was decreased to 353 K. A
mixture of 9.8% NH; in He as passed over the cata-
lyst at a flow rate of 25 ml/min for 60 min. Excess
ammonia was removed by purging with helium for
25 min. The temperature was then raised gradually
to 1173 K by ramping at 10 K/min under helium
flow and desorption data were collected. The TCD
signals were calibrated using various gas concen-
trations of ammonia ranging within 0—10% in He.
The quantity of desorbed ammonia was calculated
from a detailed deconvolution of NH;-TPD profile.
In the TPD profile of the prepared catalysts, weak
acidic sites were observed at 372-673 K as well as
moderate acidic sites at 673-873 K and strong
acidic sites above 873 K.

Catalytic experiments

Prior to catalytic measurements, the materials
were pretreated ex-situ for 1 h at 413 K under static
conditions in ambient air. A batch reactor with
magnetic stirrer was used to perform the esteri-
fication reaction. In a typical experiment, the reactor
was charged with 2 g LA and 0.050 g powder catalyst
(2.5 wt.% catalyst/LA), the LA/ethanol weight ratio
being 1:5. The reactor was heated to the desired
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reaction temperature (343 K) for 1 h. Analysis of the
reaction products was performed using HP-GC with
FID and a WCOT fused silica 25 m 0.25 mm
coating CP-SIL 43CB column. Mass balance was
made based on carbon-containing products.

RESULTS AND DISCUSSION
Physicochemical properties

Low-angle powder XRD patterns of KIL-2 and
SBA-15 indicate that KIL-2 had a disordered meso-
porous structure, whereas SBA-15 demonstrated an
ordered 2D hexagonal (p6mm) pore arrangement (not
shown). A somewhat decreased intensity and some
broadened reflections were observed for the SO;H-
modified silicas indicating a certain structural dis-
order. To gain information about textural char-
acteristics of the studied materials nitrogen physic-
sorption measurements were carried out (Table 1).

The isotherms of the SBA-15 samples were of
type IV with a H1 type hysteresis loop between 0.6
and 0.7 (Fig. 1) relative pressures, typical of SBA-15
structure.

10007 kL2 5+ SBAIS
900~ — = SO_H/KIL-2 (f = SO H/SBA-15
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Fig. 1. Nitrogen adsorption/desorption isotherms of
SBA-15 and KIL-2 silicas and their sulphonic analogues.

Table 1. Physicochemical properties of the studied samples.

The KIL-2 samples exhibited adsorption iso-
therms of IV type with a relatively narrow hysteresis
loop at a higher relative pressure, which is due to
textural mesoporosity. A significant decrease of the
textural parameters, such as surface area and total
pore volume of the SO;H-mesoporous samples was
registered. The surface area of SO3;H/KIL-2 was
diminished from 668 to 465 m”g, whereas more
significant surface area reduction from 878 to 463
m?/g was observed for SO;H/SBA-15 catalyst
(Table 1). These data indicate that a substantial part
of propyl sulphonic groups was located inside the
channels of mesoporous supports.

TG plots of sulphonic functionalised SBA-15
and KIL-2 samples are presented in Fig. 2. The TG
profiles show that the weight losses over 723 K
were 7.6 and 8.6 wt.% for the SO;H/SBA-15 and
SO3H/KIL-2 samples, respectively (Table 1), which
was due to decomposition of SOsH groups. A TG
peak for SO;H/SBA-15 was shifted to a higher tem-
perature in comparison with that for SO;H/KIL-2.
Despite the differences in pore structure, the amount
of the formed propyl sulphonic groups was similar.

SO H/SBA-15

-6 \

weight loss, wt.%

8- SO H/KIL-2

T=const.

T T f
473 673 873
Temperature, K

Fig. 2. TGA of SO3H/SBA-15 and SO3H/KIL-2
samples.

Sample S%ET Pore volume Pore diameter? SO;z;H amount®, SOzH amount®,  Desorbed NH3d,
m?/g cm®/g nm wt.% wt.% mmol/g
SBA-15 878 1.14 5.5
KIL-2 668 1.45 15.2 - - -
SO;H/SBA-15 463 1.00 5.1 7.6 7.3 0.60
SO;H/KIL-2 465 1.10 14.4 8.6 8.2 0.45

# Pore diameter was calculated by the BJH method (desorption branch) for SBA-15 samples and by NLDFT method for KIL-2 samples (adsorption
branch); ° determined by TG analysis of fresh catalyst; ¢ determined by TG analysis of spent catalyst; ¢ calculated by TPD of ammonia.

quantity of desorbed ammonia was calculated from
a detailed deconvolution of the NH3-TPD profile
(Table 1). The most intensive peak over 773 K in

Characterisation of the acidic properties by TPD of
adsorbed ammonia.

TPD of ammonia was performed to determine
the amount and strength of acid sites (Fig. 3). The
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partial decomposition of SO;H groups. The TPD
peak for the SO3;H/SBA-15 sample was more inten-
sive then that for SO;H/KIL-2.

SO.H/SBA-15

SO H/KIL-2

Intrensity, a.u.

1000

800 900
Temperature, K

400 500 600 700

Fig. 3. TPD-NH3 of SO3H/SBA-15 and SO3;H/KIL-2
samples.

It can be concluded that the acid sites formed on
the two supports possess the same strength regard-
less of silica. Silica texture influences mainly the
amount of acid sites formed.

Catalytic activity for LA esterification with ethanol

Samples were investigated in the esterification of
levulinic acid with ethanol. The only registered pro-
ducts were ethyl levulinate and water. (Fig. 4). After
6 hours of reaction time over both samples, a con-
version of about 22—-30% was attained and in the
next 2 hours, the catalysts kept the same catalytic
activity.

40+
35f SO, H/SBA-15
30- * * *
204

15 / /
10 /

5]
0 100 200 300 400 500

Time, min

SO_‘II/K[L—Z

LA conversion, %

Fig. 4. Catalytic activity of SOsH/SBA-15 and
SO3H/KIL-2 samples in levulinic acid esterification with
ethanol at 343 K.

The highest catalytic activity was observed for
the sulphonic-modified SBA-15 samples resulting in
a conversion of 31% after 6 h. This effect could be
attributed to the presence of SOzH groups on the
surface of the catalyst, which leads to an increase in
Bronsted acidity. Formation of a higher amount of

acid sites can be due to the presence of a higher
amount of accessible silanol groups in SBA-15
during the functionalisation process in comparison
with KIL-2, where the grafting silane can be easily
blocked in the nanoparticles aggregates of
SO;H/KIL-2. Ziarani et al. [17] also found that
SO;H/SBA-15 was a highly active green recyclable
catalyst in various acid reactions. A stable activity
for LA esterification in three reaction cycles was
determined for the SO;H/SBA-15 catalyst (Fig. 5).

40+

LA conversion, %
o (9%
S S
1 L

—_
<
1

Lcycle 2 cycle 3 cycle

Fig. 5. Catalytic activity of SO3H/SBA-15 sample.

The stable catalytic activity of the SOsH/SBA-15
samples can be explained by easier accessibility of
the reactants to the strong Bronsted acid sites in
straight 2D channels of SBA-15 structure. The
SO;H/SBA-15 sample showed (Fig. 5) a LA conver-
sion of 28.4% after three reaction cycles, whereas it
was 30.8% in the first cycle. Catalyst reusability and
stability are of key importance for practical appli-
cations as the catalyst lifetime predetermines the
cost of the overall process. No leaching of sulphonic
groups was registered on the SO3H/SBA-15 samples
after the third reaction cycle (Table 1) which could
be a possible reason for excellent reusability with
only a slight loss in catalytic activity.

Acquired catalytic data on activity and stability
of the sulphonic-modified mesoporous SBA-15
silica material indicate that this catalyst is efficient,
reusable, and stable solid acid for levulinic acid
esterification.

CONCLUSIONS

Sulphonic-modified mesoporous SBA-15 and
KIL-2 silicas were prepared by post synthesis
method and investigated in levulinic acid esteri-
fication with ethanol. The obtained materials exhi-
bited a high catalytic activity due to the formation of
strong Bronsted acid sites. SO;H/SBA-15 type
mesoporous silica with its straight, easily accessible
channels and affordable amount of silanol groups
for post synthesis modification is a better choice as
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a catalyst for the studied reaction compared with
SO;H/KIL-2 structure possessing textural meso-
porosity. A good catalytic stability and resistance of
the SOsH/SBA-15 catalyst toward sulphonic groups
leaching were also demonstrated.
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ECTEPUOUKALIMA HA JIEBYJIMHOBA KUCEJIMHA BBPXY SO3H-MOANDOUIINPAHU
ME3OIIOPECTHU CUJIMKATHU
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Me3sonopectu SBA-15 un KIL-2 marepuanu 0sixa cuHTe3upaHu U MOIU(UIMPAHU ChC CYIPOHOBH (YHKIIMOHAIN
Ipyny, ¢ IeJ IOoJiydaBaHe Ha XETePOreHHHM Kuceln Karanuzaropu. DyHkiuoHanusumpaHero cbe SOsH rpymu ce
M3BBPILIBAILE Ype3 JABYCTEHNEHHA MPOLEAYpa, PH KOATO IIbPBOHAYAIHO CE I0JIydaBa MEPKaNTO-MOIU(PHUIUPAHH ME30-
MOPECTH CHJIMKAaTH U B mocieasama odopaborka B H,O, ce momydaBa moxuduuupann cbe SOzH rpynm mesomnopectn
cwiukaTu. [lonydyeHute matepuanu Osxa oxapakrepusupanu ¢ pentrenosa audpakius (XRD), N, dusucopbuus u
TeMIIEpaTypHOIIporpamMupana jaecopbius Ha amousk. Karamuruunoro nosenenne Ha SO3H/SBA-15 u SO;H/KIL-2 e
M3CIIe/IBAaHO B peaklusATa Ha ecTepuduKalys Ha JIEBYJIMHOBA KHCeJMHA ¢ eTaHosl. DyHkumoHamusupanusaT cbe SO3H
rpynu SBA-15 mMe3onopect KaTann3arop Mokasa Ho-BUCOKA KaTAJIMTUYHA AKTHBHOCT B Ta3H PEaKLMs 10 €TUIUICBYJIMHAT.
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Citrate solution method is very suitable for preparation of multielement perovskites in the form of powders and thin
layers. In this study, we demonstrate the feasibility of the method for deposition of perovskite-based materials on
conventional y-alumina and industrial metal carriers. A perovskite-based entity of La(CoqgNig1Feq1)o.e5Pdo.1503
composition manifested a high catalytic activity in the methane combustion reaction. Preliminary data on the practical
applicability of the perovskite-based material supported on monolithic VDM®Aluchrom Y Hf carrier are reported.
Taking into account the high thermal stability of the catalytically active phase it is concluded that the prepared material
can serve as a basis for further development of an effective technology for abatement of methane emissions..

Key words: palladium, cobalt perovskites, methane, complete oxidation.

INTRODUCTION

The European Union (EU) is planning reduction
in the greenhouse gas emissions by 20% in 2020 as
compared to 1990 [1]. Methane is a greenhouse gas
(GHG) that contributes to significant share of the
total amount of GHG emissions [2]. Abatement of
methane emissions can be achieved by applying the
method of complete catalytic oxidation. Catalysts
used for methane combustion are based on palla-
dium in combination with different metal oxides,
however, the main problem related to deactivation is
not solved yet.

Perovskite-type metal oxides are considered pro-
mising as catalysts for methane combustion due to
their thermal stability. There has been an increasing
interest in the perovskite catalysts due to the deve-
lopment of the so-called ‘intelligent’ three-way cata-
lysts based on Pd-containing perovskite oxides [3,4],
the catalytic behaviour of these catalysts being
defined by palladium chemical state and redox
behaviour.

Catalysts for methane combustion are usually
used in the form of monoliths coated by an active
phase of metal or ceramic films. The main advant-
ages of the metal monolithic catalysts are high
mechanical strength, high thermal conductivity and
low thermal inertia, and low weight [5].

In this study, we present new data on synthesis
and catalytic behaviour of Pd-containing Co-based

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

perovskite oxides deposited on different industrial
supports: Fe-Cr-Al — alloy wire and VDM® Alu-
chrom Y Hf. For comparison, conventional y-alu-
mina (Rhone Poulenc) was also used. The prepared
catalytic systems were investigated in the reaction of
complete oxidation of methane.

EXPERIMENTAL

Prior to deposition y-alumina support was modi-
fied by SiO,. The procedure involved impregnation
of y-alumina with silica sol (colloidal silica, 40%
aqueous solution), silica content being 2 wt.% with
respect to y-alumina. Metal ions (La, Co, Ni, Fe, and
Pd) from citrate solution were deposited via wet
impregnation on silica-modified/y-alumina support.
Details on solution preparation are given elsewhere
[6,7]. Pd content was 15%, while perovskite hominal
composition was La(CopgNig1Feg1)0s5Pdo1503. The
impregnated support was heated first in air at 400
°C for 3 h to decompose the citrate salts, and then
the obtained solid residue was annealed in air at 600
°C for 3 h. Selected thermal treatment procedure
was compatible with our own previous study on the
formation of multiple-substituted perovskites having
high specific surface area [6]. The weight amount of
the deposited perovskite was 10%.

Industrial carriers based on Al-containing Fe-Cr
alloys were used for catalyst preparation. For this
purpose, Fe-Cr-Al alloy foil (or wire) was pre-
oxidized at 950 °C for 10 hours to form a-alumina
layer on the metal surface. The prepared catalyst
carrier was coated with y-alumina layer prepared by

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 61
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sol-gel method. On the so formed washcoat the
perovskite active phase was supported by wet
impregnation method.

X-ray structural analysis was performed by a
Bruker Advance 8 diffractometer using CuKa radia-
tion. Step-scan recordings for structure refinement
by Rietveld's method were carried out using 20 steps
of 0.02° and 5 s duration. A FULLPROF computer
program was used for calculations

TEM investigations were performed on a TEM
JEOL 2100 instrument at accelerating voltage of
200 kV. Specimens were prepared by grinding and
then suspending in ethanol by ultrasonic treatment
for 6 min. The suspensions were dripped on stan-
dard holey carbon/Cu grids. TEM micrographs were
made using digital image analysis of reciprocal
space parameters. The analysis was carried out by
Digital Micrograph software.

XPS measurements were carried out in the UHV
chamber of ESCALAB MKkII (VG Scientific) elec-
tron spectrometer applying an AlKo excitation
source. Spectra calibration was performed by using
the C 1s line of adventitious carbon centred at a
binding energy (BE) of 285.0 eV.

Specific surface area of the catalyst samples was
determined by low temperature adsorption of nitro-
gen according to the BET method using Nova 1200
(Quantachrome) apparatus. Temperature-program-
med reduction (TPR) experiments were carried out
in the measurement cell of a SETARAM DSC-111
differential scanning calorimeter directly connected
to a gas chromatograph (GC), within the 300-973 K
range at a 10 K/min heating rate in Ar/H, flow of
9:1, the total flow rate being 20 ml/min. A cooling
trap between DSC and GC removed the water
obtained during the reduction. To obtain ex situ
XRD patterns of partially reduced oxides the reduc-
tion process was interrupted at selected tempera-
tures, and then the samples were cooled down to
room temperature in Ar/H, flow followed by argon
treatment for 10 min.

The catalytic experiments were carried out at
atmospheric pressure in a continuous flow type reac-
tor equipped with mass spectrometer. The monoli-
thic catalysts were tested as single channel reactors
with inner diameter of 2.5-3.5 mm and length of
90-115 mm. For this purpose, they were placed in
an isothermal tubular flow reactor. To compensate
the adiabatic effect of the reaction the catalyst bed
temperature was kept constant with deviations within
+/-1 °C. Pressure drop of the catalyst bed was
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measured to be less than 1 kPa. Reactant inlet con-
centrations were adjusted as methane feed concen-
tration 0.1 vol.%, oxygen 20.9 vol.%, and the feed
gas mixtures were balanced to 100% with nitrogen
(4.0). Gas analysis was performed using the mass
spectrometer of CATLAB (Hiden Analytical) system,
on-line CO/CO,/0, gas analysers (Maihak), and
THC-FID (total hydrocarbon content with a flame
ionization detector, Horiba).

RESULTS AND DISCUSSION

Catalyst morphology was examined by SEM/EDS
techniques. SEM images of perovskites supported
on y-alumina and monolithic VDM®Aluchrom Y Hf
carrier are compared in figure 1. Deposition on y-
alumina involved formation of plate-like aggregates
on the surface, however, small particles are also
observable. EDS analysis indicated that the smaller
particles contained mainly Pd, while the aggregates
were composed of all other elements, such as La,
Co, Ni, Fe, and Pd at a ratio which did not coincide
with that known for nominal perovskite composi-
tion. This fact implies that during impregnation
there occurs formation of a mixture of phases com-
prising, most probably, oxides of palladium and
other metals in addition to the pure perovskite phase.

Deposition on the monolithic carrier was accom-
plished in the same way as in the case of y-alumina
support: there were plate-like aggregates composed
of La, Co, Ni, Fe, and Pd at a ratio matching a
mixture of perovskite phase and oxides of palla-
dium, lanthanum, and transition metals. Comparison
between supported catalysts shows that the deposi-
tion of the active phase on the monolithic substrate
was rather inhomogeneous (Fig. 1). Needle-like
network is due to the y-alumina formed as an inter-
mediate layer, on which the active catalytic phase of
plate-like aggregates is deposited. It is important to
note that irrespective of support type Pd average
content in the catalysts was almost the same: 1.7 +
0.2 wt.% on y-alumina support and 1.2 £ 0.5 wt.%
on VDM®Aluchrom Y Hf monolithic carrier.

Results from the catalytic tests are displayed in
figure 2. The highest activity was observed when
the perovskite phase was supported on y-alumina in
the form of irregular shaped particles (fraction 0.5—
0.8 mm, Rhone Poulenc, France) followed by Fe-
Cr-Al-wire (length 2.7 m, diameter 0.15 mm), the
latter being used in this case as a model carrier of so
called ‘wire-knitted’ catalysts.
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Fig. 1. SEM images of different magnification for y-alumina (a,c) and monolithic VDM®Aluchrom Y Hf (b,d)
supported catalyst. The circles indicate small particles enriched in Pd and the square points to an intermediate layer
of monolithic support due to y-alumina.
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Fig. 2. Temperature dependence of conversion during
complete oxidation of methane on the investigated
perovskite-based catalysts.

Preliminary studies on the reaction Kinetics
showed that the reaction pathway over the prepared
catalysts occurs most probably through Mars-van
Krevelen mechanism, where water molecules com-
pete with methane molecules for oxidized adsorp-
tion sites. The rate-determining step is reduction of
the active sites except for the case of low oxygen
concentration where reoxidation is the slower pro-
cess. Despite relatively large deviation of experi-
mental data from what is expected in the case of
Eley-Rideal mechanism where the methane is im-

pinging from the gas phase this mechanism cannot
be entirely excluded since the observed reaction
order to methane is close to unity.

It should be pointed out that it was assumed for
both y-alumina and Fe-Cr-Al-wire that the operation
occurs under conditions of intensive mass transfer
due to well-mixed gas-solid conditions (turbulent gas
flow). However, for achieving methane abatement
the practice requires operation with large amounts of
waste gases, hence application of monolithic reac-
tors is required. Therefore, possible application of
Aluchrom is considered highly promising. Despite
relatively high temperature for 50% conversion (Tsp),
about 490 °C at GHSV of 30000 h™*, a combination
between high thermal stability of the Pd-containing
perovskite active phase and well improved thermal
and corrosive resistance of Aluchrom could lead to
reliable solution of the Pd-deactivation problem in
parallel with low pressure drop of the catalytic
element. Hence, the experimental data obtained by
the Aluchrom-based monolithic catalytic tests were
used for model calculations, performed by using a
two-dimensional heterogeneous model for monoli-
thic reactor, accounting for both external and inter-
nal mass transfer effects (assuming first order kine-
tics during isothermal operation). The principles of
applied reactor modelling have been published by
Belfiore [8].
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Furthermore, it is of interest to calculate the
needed catalyst amount for achieving a desirable
degree of waste gases purification. For this purpose,

the experimental results obtained by isothermal labo-
ratory reactor were used to simulate abatement of
methane containing gases under adiabatic conditions.

Experimentsl, lzothermal conditions, Methans 0.1 Vol %, T=452C

%
D=37mm | ] s
- 50 "mixing cup”
a0 conversion: 51 %
-

LK
I

GHEV = 20 000 h

L =895 mm
Model, Adisbatic condifions, Methane 0.25 Vol. %, Tinket= 452 'C %
L] 1
-2., EHSV = 3300 h
D=37mm -,
- &0 "mixing cup”
a0 conwersion: 982 %
|
L =300 mm
Model, Adiabatic conditions, Methane 0.25 Vol %, Tinket= 452 °C c

D=37mm

420 GHSV = 8300 h

512

"mixing cup”

Emperature: 588 °C

c)

Fig. 3. Experimental data on La(CoggNig1Feg.1)1.0.85Pdo.150s/Aluchrom activity under isothermal conditions (a) and
calculation of catalyst amount needed for 98.2% purification of waste gas (air) containing 0.35 vol.% methane under
adiabatic conditions, (b), (c) — conversion and temperature profiles, respectively.

Due to adiabatic effect of the exothermal reac-
tion (combustion of 0.35 vol.% methane), the tem-
perature at reactor outlet was increased from 492 to
588 °C. Numerical investigation showed that desired
conversion over 98% can be realized when the
length of the monolithic element is about threefold
longer than that used for laboratory experiments
described above.

Experimental catalytic results and model calcula-
tions demonstrated benefits of the developed method
for preparation of highly active catalysts for me-
thane combustion.

CONCLUSIONS

Perovskite-based materials were successfully
deposited on conventional y-alumina and industrial
metal carriers by impregnation using citrate solu-
tions containing La, Co, Ni, Fe, and Pd elements.
The nominal weight of deposited perovskites was 10
wt.% with respect to the support. Irrespective of
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support type, the average Pd content in the catalysts
was almost the same: 1.7 + 0.2 wt.% on y-alumina
support and 1.2 + 05 wt% on monolithic
VDM®Aluchrom Y Hf carrier. A uniform distribu-
tion of the active phase was achieved over the vy-
alumina support.

Preliminary data on the practical applicability of
La(CoggNig1Fe0.1)0ssPdo1503 material supported on
monolithic VDM®Aluchrom Y Hf carrier were
obtained. Considering the high thermal stability of
the active phase it is concluded that the prepared
catalyst composite is a basis for further development
of an effective technology for abatement of methane
emissions.

Established correlations concerned with synthe-
sis history, structure, and morphology of the cata-
lysts and their catalytic activities are of significance
in order to design more effective monolith catalysts
for the reaction of methane combustion at relatively
low temperatures.
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HAHECEHH ITAJIAJIMA ChJIBPXKAILIY IIEPOBCKUTOBU KATAJIM3ATOPH 3A ITHJIHO
OKHMCJIEHUME HA METAH

C.T. CTaH‘IOBCKal, J. H. Femeaz, I'. M. I/IBaHOBl, P. K. CTOHHOBal, E. H. }Kequal, A. . Haiinenos®
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[ocreruna va 18 sayapu 2018 r.; Ilpepaborena Ha 4 mapt 2018 1.
(Pesrome)

MeToabT Ha OCHOBAaTA Ha IMTPATHHU PA3TBOPU € MOJIXOJAI 3a MOJyYaBaHe Ha MHOTOEIEMEHTHH MEPOBCKUTH MO
(opMaTa Ha IMpaxoBe M THHKH CJIO€Be. B TOBa M3cieaBaHe MOKa3BaMe MPUIOKUMOCTTA Ha TO3W METO]] 32 OTJIaraHe Ha
MEPOBCKUT-ChABPIKALIM MaTepuaid BbPXy KOHBEHIMOHAIHHM Y-aIyMHHHEBH W TMPOMHMIIJIEHH METAIHH HOCHUTEJIH.
ITepOBCKUTOBHMAT KAaTalW3aToOp ¢ HOMUHAJEH ChcTaB Ha akTBHUS KommoHeHT La(CoggNig1Feq1)ogsPdo 1503 mokassa
BHCOKA KATaJMTHYHA aKTUBHOCT B PEAKIMATa HA W3rapsHe Ha MeTaH. IIpeicTaBeHM ca MpEABApUTENHM JaHHHU 3a
NpakTHYecKkaTa MPUIOKHMMOCT Ha KaTaau3atop ¢ MoHojuTeH Hocutenmn VDM®Aluchrom Y Hf. Bnarogapenue Ha
BHCOKaTa CH TEPMHYHA CTaOMJIHOCT, TPEIOKEHaTa aKTHBHA (pa3a MOXe JIa CIIY’KM Karo OCHOBa 3a pa3paboTBaHe Ha
eexTHBHA TEXHOJIOTHSA 32 HaMaJIIBaHE HAa EMUCHUTE HA METaH.
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Production of formaldehyde by selective oxidation of methanol is an important industrial process. The main by-
products in the waste gases are CO and dimethyl ether (DME). Currently, rational design of new catalytic materials
with improved efficiency in the removal of air pollutants is a topic of appreciable research. The aim of this study was to
combine advantages of both Cu-Mn and Cu-Co catalytic systems by obtaining a new mixed Cu-Mn-Co catalyst of high
activity and selectivity in the simultaneous oxidation of CO, methanol, and DME. XRD, TEM, EPR and TPR

techniques were used to characterise prepared samples.

Key words: Copper-manganese-cobalt catalyst, CO and VOCs oxidation.

INTRODUCTION

Catalytic oxidation is a widely applied and
effective method of removing toxic components
such as CO and volatile organic compounds (VOCs)
emitted by transport activities, and petrochemical
and chemical industries [1-4], including formalin
production by selective oxidation of methanol [5].
Many studies have shown that precious metals such
as Pt, Pd, Au, and Ag [2,3] demonstrate high
activity at a relatively low temperature, but are more
expensive and some of the problems associated with
their industrial exploitation (such as low stability,
particle agglomeration, and susceptibility to
poisoning) limit their wide application. On the other
hand, transition metal oxides (Fe,Os, C0304, NiO,
Cr,0;, CuO, and MnO,) are subject to significant
studies [2,4,6]. Advantages of these catalysts are
related to lower costs, but also to higher thermal
stability and resistance to catalytic poisons, which is
essential for their performance [4,7]. At low
temperatures, they are less active than precious
metal catalysts; however, some specific combina-
tions of metal oxides may improve their activity in
VOC elimination reactions [2]. For example, Faure
et al. [8] have investigated Cu-Co catalysts for
catalytic oxidation of model VOCs (toluene and
ethyl acetate) prepared by the precipitation method.
The results indicated the presence of synergistic

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

effect between copper and cobalt in the mixed Cu-
Co oxide catalysts, which showed a higher activity
compared to copper oxide or cobalt oxide.
According to the authors, finely divided copper
particles on a Cos0, surface especially in the Cu-Co
spinel is the most likely reason of increased specific
surface area and improved catalytic activity
regarding VOC oxidation. According to other
authors, mixed spinel-type Co-Mn oxides that have
better oxidation properties than Cos;O4 concerned
with VOC complete oxidation [9] are produced by
partial replacement of cobalt by manganese. Cu-Mn
catalysts have also been shown to be effective in the
oxidation reaction of CO [10-12], a wide range of
VOCs [13-15], water-gas shift reaction [16],
methanol steam reforming [17], etc. Own studies
[15] have revealed that alumina-supported mixed
Cu-Mn oxide catalysts manifest an increased
activity with respect to the oxidation of CO,
methanol and DME. A synergistic interaction
between copper and manganese species was
observed to increase the activity for total oxidation
of tested toxic components compared to the activity
of CuO/y-Al,0O3 and MnO,/y-Al,O; catalysts. It has
been found that carrier type, calcination tempera-
ture, and active phase composition are important
factors influencing the catalytic activity [15]. Due to
mentioned properties nanosized mixed spinel-type
oxides have been extensively studied in recent
decades [1,13]. Improved properties of mixed
oxides against individual oxides are well known
especially in environmental catalysis [1,15]. Spinel

66 © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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materials, however, are quite sensitive to synthesis
conditions, which may affect both morphological
and structural properties [1,10]. Therefore, one of
the major challenges associated with this type of
material is to find appropriate preparation methods
leading to defects in nanocrystalline particles, which
may favour catalytic performance [1].

The main idea of this study is to combine
advantages of the Cu-Mn and Cu-Co catalytic
systems by producing new mixed Cu-Mn-Co oxide
catalysts with spinel structure that exhibit high
activity and selectivity for simultaneous oxidation of
CO, methanol, and DME, which are waste products
in formaldehyde production.

EXPERIMENTAL
Catalyst preparation

A copper-rich Cu-Mn/y-Al,O; sample of Cu/Mn
molar ratio of 2:1 and a manganese-rich sample of
Cu-Mn molar ratio of 1:5 were selected for this
investigation. Manganese in these samples was
replaced by cobalt in the entire concentration range.
Catalyst preparation was carried out by
impregnation of y-alumina support (80 wt.%,
fraction 0.6-1.0) with aqueous solution of copper,
cobalt, and manganese nitrates of different
composition. The total amount of active phase was
20 wt.%. Before impregnation, the carrier was
calcined for 2 hours at 450 °C in a ceramic furnace.
After keeping at room temperature, earlier prepared
solutions of copper, manganese, and cobalt nitrates
were added. The support remained immersed in the
salt solution for 12 hours at 80 °C. After the
impregnation, the samples were dried and calcined
in the following sequence: drying for 12 h at room
temperature, heating at 120 °C for 10 h, and raising
the temperature at 10 °C/min to 450 °C where it was
held for 4 hours.

Analytical techniques for sample characterisation

X-ray powder diffraction (XRD) patterns for
phase identification were recorded on a Philips PW
1050 diffractometer equipped with Cu Ko tube and
scintillation detector. Data on cell refinements were
collected in 0-20 step-scan mode in the angle
interval from 10 to 90° (20) at steps of 0.03° (20)
and counting time of 3 s/step. The cell refinements
were obtained with PowderCell program. Size-strain
analysis was carried out using BRASS-Bremen
Rietveld Analysis and Structure Suite.

Transmission electron microscopy (TEM)
measurements were performed by a JEOL JEM
2100 instrument at accelerating voltage 200 kV.
Selected Area Electron Diffraction (SAED) was also

employed to gain information on the nature of the
crystalline phases.

Temperature-programmed reduction (TPR) of
the samples was carried out in a flow system under
the following conditions: hydrogen-argon gas
mixture (10 vol.% H,), temperature ramp of 15
°C/min, flow rate of 24 ml/min, and sample amount
of 0.05 g.

EPR spectra were recorded on a JEOL JES-FA
100 EPR spectrometer operating in X-band with
standard TEg;; cylindrical resonator under the
following conditions: modulation frequency of 100
kHz, microwave power of 1 mW, modulation ampli-
tude of 0.2 mT, sweep of 500 mT, time constant of
0.3 s, and sweeping time of 4 min.

The catalytic measurements of single compounds
oxidation were performed by continuous flow
equipment with a four-channel isothermal stainless
steel reactor containing 1.0 ml catalyst at atmo-
spheric pressure and space velocity (GHSV) of
10000 h* allowing simultaneous examination of
four samples under the same conditions. A flow of
ambient air (40-50% humidity) and CO (final
concentration of 2.0%), and mass flow controllers
(GFC Mass Controller AABORG, Germany) were
used. Liquid methanol was cooled to 0 °C in evapo-
rator through which a stream of air was passed.
Additional air was added after the evaporator to
final concentration of methanol 2.0 vol.%. DME
(final concentration 0.8-1.0 vol.%) was obtained by
dehydration of methanol in nitrogen flow on
v-Al,O3 in tubular isothermal reactor. Gas mixtures
at reactor inlet and outlet were analysed by means of
a HP 5890 Series Il gas chromatograph equipped
with FID and TCD detectors, Porapak Q column
(for methanol, CO,, and DME), and MS-5A column
(for CO, oxygen, and nitrogen).

RESULTS AND DISCUSSION
Powder X-ray diffraction

Samples of the Cu-Mn/y-Al,O; series of Cu/Mn
ratio in the active phase of 2:1 or 1:5, in which
manganese was partly or completely replaced by
cobalt, were analysed by XRD. The samples were
selected after evaluation of the catalytic behaviour
in CO, methanol, and DME oxidation.

X-ray diffraction patterns of the Cu-Mn/y-Al,O3
series samples with Cu/Mn in the active phase of
1:5 (a), in which manganese was replaced by cobalt
(40, 60, and 100%), are shown in Fig. 1 (A). For
comparison, XRD patterns of samples containing
alumina-supported MnO; (e) or Cos0, (f) as well as
of the y-Al,O; support (h) are presented. The inten-
sity of the peaks due to formation of separate phase
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of Co304 (Ref. Code 98-015-0805) at 26 = 31.2,
36.9, 44.7, 55.8, 59.5, and 65.5° increased upon
increasing its amount, however, comparison with
Co304/y-Al,O3 sample (f) revealed a higher disper-
sion of the Coz0,4 phase in the Cu-Mn-Co/y-Al,O;
samples. Replacement of Mn by Co caused a signi-
ficant decrease of the reflections of MnO, at 26 =
28.6, 37.2, 42.8, and 56.5°.

XRD patterns of the Cu-Mn/y-Al,O; samples
(Cu/Mn ratio of 2:1 or 1:5) in which manganese was
completely replaced by cobalt are compared in Fig.
1 (B). The dominating reflections for the Co304
phase are well visible in the pattern of the sample of
1:5 ratio. The most intense reflections at 26 = 35.6
and 38.8° typical of CuO, were registered in the
patterns of the Cu-Co sample of 2:1 ratio.

Transmission electron microscopy

Results of transmission electron microscopy of

Intensity (a.u.)

" " 1 " Y i
30 40 50 60 70 80
20 (degree)

Cu-Mn/y-Al,O3 sample of Cu/Mn ratio of 1:5 modi-
fied with 60 wt.% Co are presented in Fig. 2. Phase
identification of SAED patterns revealed the presence
of a new spinel CuCo,0O4 phase co-existing with
Co0504 (Table 1).

Table 1. Indexing of SAED patterns according to
PDF 01-1155 for CuCo,0, and PDF 78-1969 for Co30;,.

No D, A hk
1 2.85 (220) CuCo,0,
2 2.43 (311) CuCo,0,
3 2.02 (400) Co,0,

4 1.55 (511) CuCo,0,
5 1.42 (440) CuCo,0,

Co30, formation was in agreement with the
results of XRD analysis. However, it was suggested
that a low amount or rather high dispersion of the
CuCo,0, spinel phase was the reason for missing
signal in the XRD patterns.

0-Co0 ° B

3 4

%* - CuO i

(I) I Cu-Co=1:5
w\,"wu o . i
A ‘\W/
*
*

Cu-Co=2:1

Intensity (a.u.)

i i i i 1 i 1 i
20 30 40 50 60 70 80
20 (degree)

Fig. 1. XRD patterns of the studied samples: (section A) Cu-Mn/y-Al,O; catalysts of Cu/Mn ratio of 1:5 (a); after
replacement of Mn by 40 wt.% Co (b); after replacement of Mn by 60 wt.% Co (c); after complete replacement of Mn
by Co (d); MnOy/y-Al,0; (€); Co30,/y-Al,O5 (f), and y-Al,O3 (h); and (section B): Cu-Mn/y-Al,O3 catalysts of Cu/Mn

ratio of 1:5 and 2:1 after complete replacement of Mn by Co.

CuCoy 04 (220)
CuCoz0y4 (311)
Coz04 {400)

CuCoz04 (511)
CuCoz04 (440)

Fig. 2. TEM image and SAED pattern of Cu-Mn/y-Al,Oj3 catalysts of Cu/Mn ratio of 1:5 (60% of Mn replaced by Co) at
magnification 25000 x.
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Electron paramagnetic resonance

Figure 3 (A) shows EPR spectra of Cu-Mn/y-
Al,O5 sample of Cu/Mn ratio of 2:1 and 1:5, and of
modified samples prepared by replacing manganese
by Co in various concentration from 40 to 100%.
Due to coupling between electron spin and nuclear
spin of the Cu® ions (S = 1/2, | = 3/2) an EPR
spectrum with four parallel and four perpendicular
hyperfine components could be expected. Despite
this the signal showed a poorly resolved hyperfine
splitting for the parallel band characteristic of
isolated Cu?* ions and unresolved for the perpen-
dicular band. Parameters of the EPR spectra (g, 9.,
linewidth, and intensity) are listed in Table 2.

It was observed that the g-values remained
constant upon increase of the Co concentrations
from 40% to 60% in the Cu-Mn sample of 1:5 ratio.
Similar parameters were found in the case of Cu-Mn
(2:1) when manganese was completely replaced by
cobalt. This result suggests that interactions among
Cu and Co ions were rather weak which implied that
they were randomly distributed in the Al,O3 matrix
without clustering. A weak decrease in the g values
of Cu-Mn (1:5) catalyst with manganese completely
replaced by cobalt was related to changes in the
chemical environment of the Cu ions in the presence
of cobalt and probably due to a new phase formed
between copper and cobalt ions.

EPR signal intensity (1) and linewidth (,H)
parameters evolution of the EPR absorption for Cu-
Mn (1:5) catalysts are shown in Fig. 3 (B). As seen,
increased cobalt content in the samples leads to an
increase of |. The increased signal intensity
evidenced a higher total amount of Cu® ions. At the
same time, AH decreased with increasing the cobalt

150 200 250 300 350 400 450
Magnetic field, mT

26,0

content of the studied samples and remained
relatively constant for higher x values. This can be
related to improved distribution of isolated Cu®*
ions. Comparing Cu-Co (2:1) and Cu-Co (1:5)
intensities and linewidths it was observed that the
linewidth of cooper-rich sample was higher than
that of manganese-rich sample. This finding could
be associated with interacting Cu* ions, which
caused a decrease in the amount of isolated Cu®*
ions in Cu-Co (2:1) in agreement with decreased
intensity of the EPR spectra. In many cases, the
enhanced catalytic activity is explained by the
presence of higher total amount of Cu®* ions and
increased amount of isolated Cu** ions. However, in
this study such a relationship was not observed. It
could be suggested that chemical composition, in
particular presence of different amounts of C0304
and CuCo,0,, initiated a stronger effect on the
catalytic properties.

Table 2. Calculated EPR parameters: g-factor, linewidth
and intensity.

Samples g g. AH, mT |, au.
Cu-Co=2:1 2.3567 2.0935 29.07 2225.60
Cu-Co=1:5 2.3560 2.0896 25.39 3251.43
Cu:Mn 1:5 (Co 60%) 2.3567 2.0932 2539 1862.00
Cu:Mn 1:5 (Co 40%) 2.3565 2.0934 2547 1792.23

Temperature-programmed reduction (TPR)

Cu-Mn/y-Al,O3 samples of Cu/Mn ratio of 2:1 or
1:5, in which manganese was partly or completely
replaced by Co30,4 were studied by temperature-
programmed reduction. Fig. 4 (A) shows TPR
profiles of CuO-Co3;04/y-Al,O3 samples of Cu/Co
ratio of 2:1 and 1:5.

. B
1 ]
258 Cu-Mn=1:5 3200
] gz2.1
Bl R L 2800_
= 1 = / —_
E254 1 . . B
T -
< - 2400
25,2 4
a) Cu-Co = 2:1 ]
b) Cu-Co=1:5 ; 25.04
¢) Cu-Mn = 1:5 (Co 60%) | o ) 2000
d) Cu-Mn = 1:5 (Co 40%) V I
2484 ¢

T
40 50 60 70 80 90 100
Content of Co (%)

Fig. 3. (A) EPR spectra of Cu-Mn/y-Al,O; catalysts of Cu:Mn ratio of 2:1 and 1:5 after partial or total replacement
of Mn with Co; (B) dependence of EPR signal intensity and linewidth on cobalt amount in Cu-Mn/y-Al,0;
of Cu:Mn ratio of 1:5.
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The TPR profile of alumina-supported Coz0, is
also given for comparison. An intense peak with
Tmax at about 217 °C registered for the Cu-Co (2:1)
sample may be associated with reduction of CuO
separate phase whose presence was confirmed by
XRD analysis. A small shoulder on the higher-
temperature side of the profile could be related to
reduction of some of the available Co® ions in
CuCo0,0;. In the cobalt-rich Cu-Co (1:5) sample a
complex profile with two maxima at 255 and 284 °C
was recorded due to C030,—CoO—Co reductive
transitions. The better reducibility of this sample
was substantially facilitated by the presence of
finely divided copper particles.

Fig. 4 (B) shows the TPR profiles of Cu-
Mn/Al,O; samples of Cu/Mn ratio of 1.5 in which
Mn was completely replaced (Cu-Co) or partially
replaced by 40 and 60 wt.% cobalt. The profile of
unmodified Cu-Mn/y-Al,O3(1:5) is given for compa-
rison. There is an apparent tendency to shift the
temperature maximum to a lower temperature
because of partial replacement of Mn by Co (from
290 to 242 °C). Improved reducibility of these
samples could contribute to higher catalytic activity.

Activity measurements

Fig. 5 displays results obtained in the complete
oxidation of CO on Cu-Mn-Co/y-Al,O; samples of
Cu-Mn ratio of 2:1 (A) and 1:5 (B) where manga-
nese was replaced by cobalt over the entire
concentration range from 0 to 100%. The results
presented in Fig. 5 (A) indicate that the catalytic
reaction started at a temperature of about 80 °C, and
full oxidation was reached at 200 °C with all
samples except Cu-Co (2:1) (containing 100% of
cobalt). For samples containing cobalt within 0-60
wt.%, no clearly notable difference in catalytic acti-

A 217
=
S Cu-Co = 2:1
g
g 255284
m f
9 _ Cu-Co=1:5
[ _ -_
375 670
Co,0/ALO, 275
v T r T v T v T T T v T v T
100 200 300 400 500 600 700

Temperature, °C

vity was observed. The most significant difference
in activity was found at 160 °C for samples of 1.5
ratio (Fig. 5, B). At this temperature, the sample
modified by 60 wt.% cobalt exhibited over 80%
conversion in CO oxidation, while the latter was
only 10% over a sample in which manganese was
completely replaced by cobalt. The results clearly
show that manganese had a favourable effect on
catalytic activity and its complete replacement
played a negative role on activity. However, the
copper-rich sample demonstrated better catalytic
properties in the oxidation of CO and methanol. The
registered temperatures for 50% conversion of CO
(Tso = 170 °C) and methanol (Tsg = 175 °C) were
significantly lower than those for Cu-Co (1:5), Tso =
210 °C in the oxidation of CO and Tsy = 200 °C in
the oxidation of methanol, respectively. Comparison
between the TPR profiles of these two samples
revealed improved reducibility of the Cu-Co (2:1)
sample and enabled correct explanation of the
catalytic results.

Considering methanol oxidation, again no signi-
ficant difference in activity of the tested samples
was observed with both catalysts having a ratio of
2:1 (C) and 1:5 (D). The results demonstrated that
full oxidation was achieved at T = 220 °C with all
catalysts.

Regarding DME oxidation, there was a tendency
of decreasing activity with the increase in cobalt
content (Fig.5, E and F). In both groups of catalysts,
the highest activity was exhibited by the unmodified
samples, and this effect was more pronounced for
catalysts of 2:1 ratio. Partial replacement of
manganese by 60 wt.% cobalt in catalysts of 1:5
ratio led to a slight increase in activity probably due
to formation of spinel structures in the active phase,
which was confirmed by TEM measurements.
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“ Cu-Mn (Co 60%)
©
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100 200 300 400 500 600 700
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Fig. 4. TPR profiles of Cu-Co/y-Al,O; catalysts of Cu:Co ratio of 1:5 and 2:1 (A), and Cu-Mn/y-Al,O; catalysts of
Cu:Mn ratio of 1:5 after partial or total replacement of Mn by Co (B).
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Fig. 5. Temperature dependence: CO oxidation over Cu-Mn-Co/y-Al,0O5 catalyst of Cu:(Mn+Co) ratio of 2:1 (A) and

Cu-Mn-Co/y-Al,05 catalyst of Cu:(Mn+Co) ratio of 1:5 (B); methanol oxidation over Cu-Mn-Co/y-Al,Oj3 catalyst of

Cu:(Mn+Co) ratio of 2:1 (C) and Cu-Mn-Co/y-Al,O; catalyst of Cu:(Mn+Co) ratio of 1:5 (D); DME oxidation over
Cu-Mn-Co/y-Al,O; catalyst of Cu:(Mn+Co) ratio of 2:1 (E) and Cu-Mn-Co/y-Al,O5 catalyst of Cu:(Mn+Co) ratio of 1:5 (F).
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Results of the catalytic measurements (Fig. 6, A
and B) showed a general trend of increasing activity
toward CO and methanol oxidation and decreasing
activity toward DME oxidation with the increase of
cobalt amount up to 60% for both groups of catalyst.
This tendency, however, manifested specific features
depending on catalyst composition and nature of the
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E 40
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(&)
20 | +CO
= MeOH e
» DME
0 T T T T T

0 20 40 60 80 100
Content of Co, %

oxidised gas. The catalytic activity of samples of
Cu:(Mn+Co) ratio of 2:1 was gradually changed with
increasing cobalt content. The activity of samples of
Cu:(Mn+Co) ratio of 1:5 passed through a maxi-
mum for 60% manganese replacement by cobalt
probably owing to formation of highly dispersed
Co-based spinel structures (Co304 and CuCo0,0,).
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Fig. 6. Effect of manganese replacement by cobalt in Cu-Mn(Co)/y-Al,O; catalyst of Cu:(Mn+Co) ratio of 2:1 (A) and
Cu:(Mn+Co) ratio of 1:5 (B) on CO, CH;0H, and DME oxidation (T¢o = 160 °C, Tyeon = 180 °C, Tpme = 280 °C).

CONCLUSIONS

The present study demonstrated that chemical

composition strongly affected the catalytic proper-
ties, this effect being quite variable with regard to
different processes. Successful oxidation of CO,
CH3OH, and DME was achieved over a sample of
Cu-Mn ratio of 1:5 and partial replacement of
manganese by 60 wt.% cobalt in the active compo-
nent. Analysis of XRD and TEM data (including
SAED) indicated at least three compounds in this
sample: Co30,4, MnO,, and CoCu,0s;. Study of the
effect of modification by cobalt upon variation of its
content in Cu-Mn/y-Al,03 showed that a Cu-Mn-
Co)/y-Al,O3 composition of Cu:(Mn+Co) 1:5 ratio
with 60 wt.% Co appeared beneficial for catalytic
performance. The activity of the best-performing
sample could also be related to improved reducibi-
lity.
Acknowledgment: The authors affiliated at Agricul-
tural University in Plovdiv acknowledge the financial
support by Agricultural University Science Fund
(Project 6/16).
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KATAJIMTUYHO OYUCTBAHE HA OTITAABYHU 'A3OBE OT CO U JIETJINBU OPI"TAHUYHUA
CBEJAMHEHUS BBPXY Cu-Mn/y-Al,O3 KATAJIM3ATOPU MOJUDPULIMPAHU C KOBAJIT

E. H. Koxennosa', JI. 5. iumutpos’, I1. b. KapamaHOBaZ, n.T. KapaKI/IpOBa3, IT. IIB. HeTpOBaS,
T.T. Ta6aK0B8.3*, . B. Asnees’, K. M. Usanos®

Y Kameopa ,, O6wa xumus “, Aepapen ynusepcumem, 4000 ITnosous, Bvreapus
2HHcmumym no kamanus, bvreapcka akaoemus na naykume, 1113 Cogus, bvreapus
3HHcmumym no onmuuxu mamepuaiu u mexuonrozuu, bvacapcka akaoemus na nayxume, 1113 Coghus, bvireapus
* Unemumym no gusuxoxumus, Bvreapcka akademus na naykume, 1113 Cogus, Boneapus

IMocrenuna Ha 1 ¢epyapu 2018 r.; IIpepaborena Ha 11 mapt 2018 .
(Pestome)

IMpousBoncTBOTO Ha (opManAexua uYpe3 CENEKTHBHO OKHCICHHE Ha METAHOJ € BaKCH NPOMHMIIJICH IPOIEC.
OCHOBHHUTE CTpaHHUYHH NPOAYKTH B oTnagHuTe razose ca CO u qumernnos etep (JIME). Ilonacrosimem nusaiiHpT Ha
HOBH KaTJIMTHYHH MaTepualy ¢ moJoopeHa epeKTHUBHOCT 3a OTCTpaHsIBaHE HAa 3aMBPCHUTEIH HA BB3yXa € IPeIMET Ha
3HAUMTENIHN TpoyuBaHus. llenta Ha TOBa mM3cnenBaHe € 1a ce chueTtasT mpeguMctBara Ha Cu-Mn m Cu-Co
KaTaJIATUYHHU CHCTEMH, KaTo ce Mmoiyun HOB cMeceH CU-Mn-Co karanmsaTtop ¢ BHCOKAa aKTHBHOCT M CENIEKTHBHOCT 32
enHoBpeMeHHO okucienne Ha CO, meranon u JIME. Karanmzatopaure o0pasiy ca oxXapakTepH3HpaHH C PEHTT€HO-
CTPYKTYPEH aHalln3, TPAaHCMHCHOHHA ENEeKTPOHHAa MHKPOCKOIUS, €JIEKTPOHEH NapaMarHWTeH PE30HAaHC W TeMIlepa-
TypHO-TIPOTPaMHUpPaHa PEAYKIU.
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Hexane and toluene oxidation on LaCoO; and YCoO; perovskite catalysts
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Solution combustion technique was applied to prepare perovskite-type LaCoO; and YCoO; catalysts supported on
a-Al,05. X-ray diffraction and scanning electron microscopy were used for physicochemical and morphological char-
acterisation of fresh and worked catalysts. Sample catalytic activity was studied with respect to complete oxidation of
hydrocarbons (n-hexane and toluene). It was found that n-hexane is difficult to oxidise as compared to toluene. Reaction
kinetics tests and experiments on so-called ‘depletive’ oxidation were conducted to establish reaction mechanism.
Experimental results showed that Eley-Rideal and Mars-van Krevelen mechanisms were unlikely. The methods applied
indicated that toluene complete oxidation on both catalysts proceeded via Langmuir-Hinshelwood mechanism by
dissociative adsorption of oxygen, the reacting hydrocarbon and oxygen being adsorbed on different active sites. The
result proved that lanthanum-containing samples exhibited a higher activity than yttrium catalysts. Different A-posi-
tioned cations of perovskite catalysts are discussed about their effect on structural, morphological, and catalytic properties.

Key words: perovskite catalyst, combustion synthesis, hydrocarbon oxidation.

INTRODUCTION

Perovskite-type oxides have been extensively
studied over the last decades in terms of their appli-
cation as catalysts in reactions of hydrocarbon oxi-
dation. They possess some advantages such as low
cost, stability at high temperature, and excellent
catalytic activity [1-3]. Perovskites have been tested
as catalysts for CO oxidation, oxidation of methane
to syngas, oxidation of volatile organic compounds
and CO + NO reactions [4-6]. Perovskite type oxides
have general formula ABOs. The structure is named
after the naturally occurring mineral perovskite
(CaTiOs) and is usually described in pseudocubic
form. This type of structure offers two positions for
the cations. The cation with a large ionic radius
(usually rare-earth or alkali-earth metal) occupies A
site, while a cation with a smaller ionic radius (for
example 3-d transition metal) occupies B site. The
number of potentially interesting perovskites in the
oxidation reactions is very great owing to the
number of A and B cations that can be accomo-
dated into this structure. Lattice distortion magni-
tude depends on the kind of A cations. In all cobalt-
containing perovskites, the cobalt ion is surrounded
by weakly distorted oxygen CoOg octahedra, whereas
the rare-earth ions are situated in distorted cubo-
octahedra formed of 12 oxygen ions. The coordina-
tion of A cation comprises 12 Ln-O bonds, three of
them are long bonds, six are medium-length bonds,
and the rest three are short bonds. Cell volume

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

change follows lanthanide contraction. It is well
established that on decreasing ionic radius of A
cation the perovskite changes from higher to lower
symmetry like from cubic to orthorhombic. An
increasing rotation of the CoOg octahedra with
decreasing A ionic radius reduces the Co-O-Co
bond angles from 180° in ideal cubic perovskite to
164-146° in almost all LnCoOj3. On the other hand,
the Co-O bond remains almost constant except for
Ln = La with a broad maximum for lanthanide ionic
radius about 1.1 A. The crystal structure of LaC0O4
is different from all other members of the LnCoO;
series. At room temperature, LaCoOj3 has a rhombo-
hedrally distorted cubic perovskite structure with
unit cell belonging to the space group R-3c and two
formulas per unit cell. Replacement of La** ion of
smaller ionic radius by La** induces a chemical
pressure on the CoO; array that allows cooperative
rotations of CoOg octahedra, which relieve the com-
pressive stress on the Co-O bond. Consequently, the
Co-O bond length changes a little with ionic size
[7]. The structure of LnCoO; perovskites is very
sensitive to temperature changes. Structural distor-
tion magnitude changes significantly with changes
in temperature. Evolution of the structure of perov-
skite rare-earth cobaltites versus temperature governs
their magnetic, catalytic, and transport properties. A
neutron diffraction study of LaCoO; versus tempe-
rature [8] has shown that there is no deviation from
the R-3c symmetry, but the bond lengths exhibit
significant anomalies. Many synthesis procedures
have been developed in order to produce perovskite
mixed oxides of high specific surface area, namely
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co-precipitation [9], citrate complexation [10], spray
drying [11], freeze drying [12], flame hydrolysis
[13], etc. As an alternative to the above-mentioned
methods, solution combustion synthesis offers
several attractive advantages such as short time to
obtain final product, simplicity of laboratory pro-
cedures, high degree of homogeneity of the final
product of small crystallite size, cheapness due to
energy saving. Solution combustion synthesis has a
special advantage of simultaneous synthesis of the
desired ceramic phase and its adhesion to the sup-
port. In this work, solution combustion technique
was applied to prepare perovskite-type LaCoO; and
YCoOgcatalysts supported on o-Al,Os. Catalytic
activity measurements were performed in the reac-
tions of complete oxidation n-hexane and toluene.

EXPERIMENTAL

Sucrose-assisted solution combustion method was
applied to prepare LaCoO; and YCoO; catalysts
[14,15]. La,O3; (Fluka) or Y,03; (Merck) and
Co(NO:s),.6H,O (Merck) were used as initial com-
pounds. Stoichiometric amounts of matching oxide
and cobalt nitrate were dissolved in distilled water.
The rare-earth oxides were transformed into nitrate
form by addition of certain amount of nitric acid.
According to described method the nitrate solutions
were further mixed with aqueous solution of sucrose
at an oxidizing to reducing power ratio of corres-
ponding nitrate and organic fuel of 1:1 [14,15]. The
solutions were placed on a heating plate until evapo-
ration of the water. After that, a foamy mass was
formed, which burnt to produce an amorphous
powder oxide material. As-prepared materials were
thermally treated at 400 °C for 1 h in air. Then, the
materials were ground for homogeneity. The final
synthesis procedure included heat treatment of the
catalysts in air at 700 °C for 1 h. At this tempera-
ture, the LaCoO; sample was a single phase, while
YCo00O; showed some residual Y,0;. Single phase
YCo00O; was obtained after additional grinding and
heat treatment at 800 °C for 1 h. After the synthesis,
a ball milling in a planetary mill for 1 h in isopro-
panol was applied to both perovskite samples. Sphe-
rical pellets of a-Al,O3 (with average diameter of
0.9 mm and negligible specific surface area) were
used as support. The carrier was dipped into the
suspension of perovskite phase and isopropanol.
After dipping, the catalysts were dried at 100 °C and
heated at 700 °C for 30 min. As a result, the active
phase is regularly distributed on the external sphe-
rical surface of the support. Powder X-ray dif-
fraction was used at every stage of perovskite phase

preparation as well as after deposition on the carrier
and catalytic tests. Powder diffraction pat-terns were
taken at room temperature on a Bruker D8 Advance
diffractometer using CuK, radiation and LynxEye
detector. Measurement range was 10° to 80° 26 with
a step of 0.04° 20. XRD data were evaluated by
means of EVA and TOPAS 4.2 program packages.
SEM photographs of perovskite catalysts were made
on a JEOL-JSM-6390 scanning electron microscope.

The catalytic measurements were carried out in a
flow type reactor at atmospheric pressure. The test
conditions (catalyst volume of 1.0 cm®, a-alumina
spherical particles, fraction of 0.9 + 0.1 mm, reactor
diameter of 10.0 mm, quartz-glass, GHSV of 30000
h') were selected after preliminary experiments by
applying GHSV from 15000 h™* to 40000 h™. The
measurements were compensated for adiabatic effect
by keeping the reaction temperature measured at
inlet and outlet of the catalyst bed within £1 °C.
Pressure drop was measured to be below 0.2 m
water and was not taken into account. Therefore, the
geometrical characteristics of the catalytic reactor
permitted to consider it close to isothermal plug flow
reactor. The inlet concentrations of reactants were
varied as follows: hexane and toluene 115-715 ppm;
oxygen 2-21 vol.%; all gas mixtures were balanced
to 100% with nitrogen (4.0) and no additional water
vapour was added to the gas mixtures. Experiments
on so-called ‘depletive’ oxidation [16] were per-
formed under the same conditions as for the kinetics
tests. The nitrogen used for this experiment was of
99.99% purity. Gas analysis was carried out by on-
line analysers of CO/CO,/O, (Maihak) and THC
(total hydrocarbon content, Horiba). A possible
formation of organic by-products was monitored by
model AL7890A GC-MS apparatus.

RESULTS AND DISCUSSION

Figures 1 and 2 present XRD powder patterns of
two catalysts before and after catalytic tests. X-ray
data on synthesized perovskites show that the active
material is single phase without impurities. LaCoO;
and YCoOsperovskites crystallize in rhombohedral
R-3c space group, and orthorhombic Pnma space
groups, respectively. The unit cell parameters of
perovskite phases have values which are close to the
literature data [ICDD PDF-2 (2009) Card No:
LaCoO; — 48-0123, YC0O; — 75-7970]. Average
crystallite sizes of as deposited catalysts were deter-
mined by TOPAS 4.2 program and are 63(3) and
88(4) nm for LaCoO; and YCoOs, respectively
(Figs. 1a, 2a). The results can be explained by dif-
ferent synthesis conditions needed to produce single-
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phase perovskite materials. Powder XRD patterns of
the catalysts manifested also diffraction peaks of the
a-Al,O3 carrier. Rietveld quantification applied to
the powder diffraction patterns revealed that active
phase amount was 1.5 and 4.8 (+0.4) mass% for
LaCoO; and YCoOs, respectively (Figs. 1b, 2b).
After catalytic tests a slight narrowing of the dif-
fraction peaks was observed, which can be asso-
ciated with increased crystallite size of the working
catalysts (Figs. 1c, 2¢).
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Fig. 1. XRD patterns of: a) initial LaCoO; perovskite,
b) LaCoO; deposited on a-Al,Os, and ¢) LaCoOs/a-Al,03
catalytic tests.
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Fig. 2. XRD patterns of: a) initial YCoO; perovskite,
b) YCoO; deposited on a-Al,03, and ¢) YCoO3/a-Al,05
catalytic tests.

SEM images of different magnification of as-
prepared catalysts are shown in figure 3. It is seen
that deposition technique leads to uniform distri-
bution of perovskite phase onto the surface of the
carrier. Photographs of higher magnification revealed
catalyst microstructure. Particles of the active phase
at the surface are about 1-3 pm in size and many
pores exist in the interstice among them. The spe-
cific surface area of both samples is about 10-15
m?/g. A difference in particle morphology is also
seen. For La sample, the shape of the particles is
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predominantly plate-like, while the Y sample exposes
aggregates of small grain-like particles.

10 40 BEC

10 45 BEC

Fig. 3 SEM images of different magnification of the
Al,Os-supported perovskite catalysts.

Results from catalytic activity measurements of
complete oxidation of toluene and n-hexane are
displayed in figures 4-6. Obviously, the activities of
the two catalyst samples are very different, LaCoOs
being more active than YFeOs;. An explanation for
the significant difference in catalytic activity bet-
ween LaCoO; and YCoOj; should be found in struc-
tural peculiarities due to the presence of different A
cations and their influence on perovskite phase
stability and catalytic activity. In the present study
difference between the two perovskite structures
originates mainly from difference in A cation size,
being 1.36 A for La®" and 1.075 A for Y*" of the
same coordination. For comparison, the ionic radius
of O% is 1.35 A. Several factors have been proposed
to evaluate the stability of the perovskite structures
[17,18]. Based on crystal structure data on LaCoO;
and YCoQg, calculated tolerance factor, being equal
to 1 for ideal perovskite structure, is 1.0112 for
LaCoO; and 0.9049 for YCo00Os. As it can be seen
the Y-containing perovskite has more deformed
structure and smaller tolerance factor than the La-
containing counterpart has. This means that the Y-
containing structure is more unstable towards ex-
ternal mechanical, thermal, or chemical influence
[19]. LaCoOs; structure stability indicates that this
oxide can easily accommodate certain amount of
cation and anion defects without structural changes.
It is well known that this compound can be syn-
thesized with some deviation from stoichiometry
[20]. Previous studies [21] revealed a clear distinc-
tion in thermal expansion between LaCoO; and
YCo00O;. The Co-O-Co bond angles in YCo00;
decrease with temperature above the onset of spin
transition in contrast to LaCoOs, where the Co-O-Co
angles constantly increase with temperature. A more
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active catalytic behaviour of LaCoO; can be ex-
plained with less deformed (and less deformable)
crystal structure compared to that of YCoO3;. The
Co-O-Co bond angle of YCo00; is very small (about
148°) and practically remains stable up to 600 K,
followed by a decrease with temperature above the
onset of spin transition. This leads to a slightly
larger expansion of the CoOg octahedra compared to
lattice expansion. On the other hand, at room tem-
perature the Co-O-Co bond angle in LaCoO; is
about 164° and monotonically increases with tem-
perature, which results in a slightly smaller expan-
sion of the CoOg octahedra with respect to lattice
expansion [21]. Such a different behaviour has been
attributed to a higher symmetry of the LaCoO;
structure compared to YCoO; (Pbnm) [19]. Cata-
Iytic tests showed that sample activity towards tolu-
ene was significantly higher than that with hexane
(Fig. 4) and further investigation was concentrated
on toluene combustion.
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Fig. 4. Complete oxidation of toluene and hexane in air
on alumina-supported YCoOj3; and LaCoOs: effect of
reaction temperature on hydrocarbon conversion degree.

For calculation of kinetics parameters, inlet con-
centrations of both hydrocarbon and oxygen react-
ants were varied. Concentration dependence on con-
version leads to the conclusion that first order kine-
tics should be excluded. An Eley-Rideal mechanism
should not be considered since the reaction is not
first order in oxygen. Regarding Mars-van Krevelen
mechanism (oxi-redox) bulk oxygen from the active
phase must take part in the reaction. In order to find
out which mechanism is more probable, experi-
ments on so-called ‘depletive’ oxidation were per-
formed [16]. The latter involve measurements of the
formation of oxidation products (CO and CO,) when
oxygen supply to the gas mixture is stopped after
achieving stationary conditions at a temperature for
33% conversion. The reason for these experiments
is to find out whether oxygen from the catalyst
participates in the oxidation process. Results from
the ‘depletive’ oxidation are presented in figure 5.
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Fig. 5. ‘Depletive’ oxidation at temperatures for 33%
conversion of toluene.

Following termination of the oxygen supply to
the gas feed, formed amount of CO+CO, in each
test was calculated from the area under the transient
curves. The surface or lattice oxygen, which takes
part in the reaction, was estimated based on formed
CO+CO, quantities during ‘depletive’ oxidation,
experiment duration being 20 min. Very small
amounts of surface or lattice oxygen (0.3-0.5 mg,
below 1.5% of active phase) and the absence of
phase transformations after the catalytic tests reveal
that bulk oxygen from the active phase is not
involved in the reaction, i.e. the Mars-van Krevelen
mechanism should not be considered likely. Finally,
power law kinetics (PWL) and four mechanistic
models (Langmuir-Hinshelwood, bimolecular reac-
tion, surface reaction being the rate-determining step)
were fitted with the experimental data. Fitting of the
kinetics parameters was performed applying of an
integrated computer program for simultaneous solu-
tion of the material balance in isothermal plug flow
reactor and numerical nonlinear optimization pro-
cedure based on iterative gradient reduction. For
finding a global minimum, residuals squared sum
(RSS) between experimental data and model pre-
dictions was minimized upon starting from several
different initial values of the varying parameters. As
an additional measure, the absence of trends in the
RSS distribution was controlled and the square of
correlation coefficient (R%) was calculated.

Two Langmuir-Hinshelwood models assume that
the hydrocarbon and the oxygen are adsorbed on
different sites and oxygen adsorption is non-disso-
ciative (LH-DS-ND) or dissociative (LH-DS-D).
Other two LH models suppose competitive adsorp-
tion of hydrocarbon and oxygen on one-type sites
and non-dissociative (LH-OS-ND) or dissociative
(LH-0S-D) adsorption of oxygen. Kinetics parame-
ters are given in Table 1.
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Table 1. Reaction rate expressions and kinetics parameters for applied power law and Langmuir-Hinshelwood models

PWL Catalyst k, E. m n RSS R’
y — P P YCoO: | 135E+06 | 75656 0.29 0.33 205 | 099
voc ox
LaCoO; | 236E+06 | 78 260 031 0.19 1.79 | 099
LH-DS-ND Catalyst ko E. Ka.vec AH o Ko.ox AHu RSS R’
e kK K P P YCoO; | S41E+06 | 93720 | 271E-03 | -60644 | 240E+01 | -1269 | 3.77 | 0975
“ 1 + K\C(P\GC.}(I + KO.\'P;\’ ’
LaCoO; | 2.74E+07 | 101219 | 7.95E-05 | -77677 | 280E+02 | +7396 | 1.12 | 0992
LH-DS-D Catalyst k, E, Kovec AH o Ko.ox AHg RSS R’
L A2 pli2 YCoO; | 380E+07 | 99839 | 421E-04 | -70751 | 103E-01 | -15724 | 222 | 0985
r — AL“OCROC'AG.\ })OI
’a 1/2pl/2
(1+K_ P, )I+K P ") [LaCoO, | 646E+07 | 104294 | 472E05 | -80584 | 1.12E+00 | -16995 | 0.75 | 0995
LH-0S-ND Catalyst k E. Kover AH,o Koos AH. RSS| R
-~ - Y, g -03 -5 _45 57
L kK K P, P, YCoO; | 5.06E+07 | 97888 | 9.44E-03 51410 | 187E-03 | -45118 | 652 | 0.960
(1+K, B, . +K F.) [LaCoO, | 756E+06 | 87572 | 408E-02 | 45523 | 171E-05 | -73715 | 465 | 0.967
LH-0S-D K E. Kover AH,o Koos AH. RSS| R
- 12 12 YCoO: | 227E+08 | 101208 | 3.87E-03 | -52372 | 630E-04 | -37006 | 241 | 0.984
r - kﬂ\ﬂfko'\' RG(})GI
- 112 /242
(1+K, P, + K, B.")" [ LaCoO; | 949E+07 | 99285 | 437E-04 | -65667 | 197E-01 | -20287 | 1.01 | 0.993

E.. J/mol: AH;. J/mol: k. atm ™ k= ko. exp(-E./RT): K = K; voc.ox)- €XP(=AH; voc0x/RT): AH; = Eqq = Eges)

Figure 6 displays model consistency as a dif-
ference between standard measurement error of con-
version and RSS.
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Fig. 6. Consistency of model prediction with catalytic test
errors.

Evidently, four of the models (PWL, LH-DS-ND,
LH-DS-D, LH-OS-D) are consistent with measure-
ment confidence interval, while LH-OS-ND should
be considered non-satisfactory. In addition, the latter
model suggests non-dissociative adsorption of the
oxygen. With one of the models (LH-DS-ND and
LaCoOs) the obtained value for AH of the oxygen
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adsorption is positive, which has no physical sense
and is a reason to reject this model. It is obvious that
a fit that is more adequate was obtained with the
models which predict dissociative adsorption of
oxygen. Among considered Langmuir-Hinshelwood
models, the values for RSS with LH-DS-D are the
lowest, which can be taken as supplementing infor-
mation to conclude that the hydrocarbons and
oxygen are adsorbed on different sites and oxygen
adsorption is dissociative.

CONCLUSIONS

Two perovskite-type catalysts (LaCoO; and
YCo0O3, supported on a-Al,O3z spherical particles)
were synthesized via sucrose-assisted solution com-
bustion method. Mean crystallite size varied between
63(3) nm for LaCoO; and 88(4) nm for YCoOs.
Catalytic activity measurements with respect to
complete oxidation of hydrocarbons (n-hexane and
toluene) showed that aliphatic hydrocarbon was
found to be difficult to oxidize, while with aromatic
compound (toluene) a promising activity was ob-
served. LaCoO; more active catalytic behaviour of
could be explained by less deformed (and less
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OKUCJIEHME HA XEKCAH U TOJIYEH BBPXY LaCoO; 1 YCoO; [TEPOBCKUTOBU
KATAJIM3ATOPU

M. Mapkosa-Benmnukosa*, 11. JIazapoga, I'. UBanos, A. Haiinenos, /1. KoBaueBa
Hucmumym no obwa u neopeanuyna xumus, bvreapcka akaoemusn na nayxume, 1113 Cogus, Bvaeapus.

[ocrermna Ha 18 sayapu 2018 r.; Ilpepaborena Ha 2 mapt 2018 1.
(Pesrome)

IeporckutoBu LaCoO; u YC00O; kaTamuzaTopu 0sixa CHHTE3UPAHH 110 METO/1a Ha M3TapsiHe OT Pa3TBOP U HAHECCHH
Ha a-A1,03 HOCHTEN. DUBMKOXUMUYIHO U MOP(OJIOrHYHO OXaPAKTEPU3UPAHE HA MOIYUYCHHUTEC W PabOTHIIM KaTau-
3aropu Oellle M3BBPIICHO C METOJUTE PEHTreHOBa AM(MPAKIWsS W CKaHWpamaTta eleKTpOHHa MUKpockomus. Karamm-
THYHATA aKTHBHOCT € W3CIIC/IBaHA IO OTHOIICHHE HA ITBJIHOTO OKHCJICHHE Ha BBIVIEBOJAOPOAU (XEKCAaH M TOIYCH).
YCTaHOBEHO €, Y€ XEKCaHBT Ce OKHCIIABAa MO-TPYAHO B CpPaBHEHHE C TOJyeHA. PeakIMOHHHWAT MeXaHU3bM Oelire
M3CJIeBaH ¢ KHHETHYHH TECTOBE U Ype3 OIUTU BhPXY Taka HAPEUCHOTO ,,ICTUICTUBHO“ OkucieHue. [loyaeHure pesyn-
TaTH MOKa3BaT, ye MexaHu3MuTe Ha Emm-Pumuen m Mapc-Ban KpeseneH He ca BeposITHH, a Hal-BHCOKa CTCIICH Ha
MPEBIKIAHE HA OMMTHUTE PE3YJTATH CE MOCTUTa MPH IpWiarane mojena Ha Jlanrmrop-XuHimenyn (AuconuaTHBHA
aJIcopOIHst Ha KUCIOPOJ, PearnpaniuTe BbIIICBOJOPOI M KHCIOPO Ce aacopOupar Ha PasiuvHE aKTHBHU IIEHTPOBE).
OT cpaBHHTEINICH aHAIU3 € YCTAaHOBEHO, Ye Mpodara, ChbpIKalla JaHTaH, IPUTEKaBa [0-BUCOKA AKTUBHOCT, OTKOJIKOTO
Ta3u, ChabpKalla UTpuid. JJuckyTHpaHa e possita Ha pa3IMuHUTE KAaTHOHU B A MO3UIHSI BEPXY CTPYKTYpHHUTE, MOpdo-
JIOTWYHHU M KaTaJIUTHYHH CBOIMCTBA HA IEPOBCKUTOBUTE KATAIN3aTOPH.
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The aim of the current investigation was to develop a series of titania-based nanosized mesoporous binary materials
promoted with Ce and Zr and to test them as catalysts for total oxidation of ethyl acetate. Metal oxide materials were
synthesised by template-assisted hydrothermal approach and homogeneous precipitation with urea. The main aspect of
the study was to find a relationship between preparation procedure and structure, texture, surface, and catalytic
properties of the obtained materials. These materials were characterised by low temperature nitrogen physisorption,
XRD, Raman and UV-Vis spectroscopy, and temperature-programmed reduction with hydrogen. The hydrothermal
method enabled formation of mesoporous materials of better homogeneity as compared to urea-synthesised counterparts
where certain microporosity was registered as well. Doping agents affected preparation procedures. Improved texture
parameters of ZrTi binary oxides obtained by the hydrothermal technique facilitated their catalytic activity as compared
to urea analogues. Just an opposite effect of preparation was observed for CeTi materials.

Key words: mesoporous catalysts, Ce-pomoted titania, Zr-promoted titania, ethyl acetate oxidation.

INTRODUCTION

Volatile organic compounds (VOCs) are im-
portant environmental pollutants produced from
refineries, fuel storage and loading operations,
motor vehicles, solvent cleaning, printing and
painting operations [1]. VOCs are regarded as criti-
cal precursors for the potential formation of
tropospheric ozone and photochemical smog.
Examples of common VOCs are ethyl acetate, ben-
zene, toluene, acetone, and ethanol [2]. In particular,
ethyl acetate is one of the most common VOCs,
used in printing operations, glues, and nail polish
removers, often employed as a model compound for
VOCs oxidation [3,4]. Catalytic oxidation seems to
be very promising for VOCs elimination. Practical
realisation of each of these catalytic processes
requires the development of effective catalysts
remarkable not only for their activity, stability, and
selectivity, but for their low cost and ability to
operate at relatively low temperatures. In recent
years, efforts in this direction were focused on
obtaining new porous materials based on transition
metal oxides [5]. Improved methods for their
synthesis have led to new materials of different
morphology, high specific surface area, and well
developed porous structure. These materials contain

* To whom all correspondence should be sent
E-mail: Issa@abv.hg

pores of different size, shape, and topology, and in
some cases functionalise the surface of the metal
oxide to acquire tunable surface properties [5—10].
Moreover, multicomponent nanosized metal oxide
materials are subject of even greater interest for
improving their properties via exhibited synergism
among the individual components, i.e. one of the
metal oxides may change the properties of another
one because of electronic and structural impacts.
Recently titania has received much attention owing
to its non-toxicity, chemical and biological inert-
ness, availability, and low cost. Preparation of nano-
disperse mesoporous titania and its doping with
different metal oxides provide good opportunities
not only for improved catalytic behaviour, but also
for formation of new stable composites, which could
manifest completely different physicochemical and
catalytic properties [6]. Titania-ceria materials re-
present undoubted interest due to an important role
of the cerium dopant to decrease particle size, and to
cause a strong effect on metal oxide reducibility,
high degree of synergistic interaction between com-
ponents, and favourable modification of structural
and catalytic properties [8]. It has been established
that isomorphous substitution of cerium ions into
the TiO, lattice generates oxygen vacancies, which
stabilise the anatase phase, increases the specific
surface area and the dispersion of the metal oxide
particles [8]. It has been demonstrated that addition

80 © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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of zirconia to titania can significantly increase
surface acidity by formation of OH groups and the
acid-base properties can be substantially influenced
by the Ti/Zr ratio [9]. It has been shown that indivi-
dual components in these binary oxides interact to
form ZrTiO,4 [9]. The aim of this investigation is to
obtain nanosized mesoporous ceria-titania and
zirconia-titania binary materials and to test them as
catalysts for complete oxidation of ethyl acetate.
The materials were synthesised by template-assisted
hydrothermal approach (HT) and homogeneous
precipitation with urea (U). A principal aspect in the
study was to find a relationship between preparation
procedure and structure, texture, and catalytic pro-
perties of the obtained materials.

EXPERIMENTAL

Mono and bi-component titania, ceria, and zir-
conia materials were synthesised by hydrothermal
procedure (HT) using cetyltrimethylammonium
bromide (CTAB) as a structure-directing template
[10] and by homogeneous precipitation with urea
(V) [11]. Samples were denoted as xCeyTi M and
xZryTi M, where x/y was metal to mol ratio, which
in the bi-component samples was 5:5, and M was
the preparation method used. Textural character-
istics were acquired from nitrogen adsorption-
desorption isotherms measured at 77 K using a
Coulter SA3100 instrument. Powder X-ray dif-
fraction patterns were collected on a Bruker D8

Advance diffractometer with Cu Ka radiation using
a LynxEye detector. UV-Vis spectra were recorded
on a Jasco V-650 UV-Vis spectrophotometer. Raman
spectra were registered on a DXR Raman micro-
scope applying a 780-nm laser. TPR/TG analyses
were performed on a Setaram TG92 instrument in a
flow of 50 vol.% H; in Ar. Catalytic oxidation of
ethyl acetate (EA) was conducted in a flow type
reactor with a mixture of EA and air. Gas chro-
matographic analyses were made on a HP 5890
apparatus using carbon-based calibration

RESULTS AND DISCUSSION

Table 1 presents nitrogen physisorption data on
ceria-titania and zirconia-titania materials. Addition
of zirconia or ceria to TiO, led to an increase of both
specific surface area and pore volume. The urea-
prepared materials exhibited up to 5 times lower
values of pore volume as compared to the HT
samples due to mainly smaller mesopores and to a
certain amount of micropores because of inter-
particle interaction. The best texture characteristics
were registered for 5Zr5Ti obtained by hydro-
thermal method. Thus, the development of meso-
porous structure was strongly dependent on the
preparation technique. The latter was mostly con-
trolled by the organic template during the hydro-
thermal procedure and by interparticle interaction on
using urea for homogeneous precipitation. These
effects were better pronounced for the binary oxides.

Table 1. Nitrogen physisorption and XRD data of CeTi and ZrTi materials.

Sample Phase composition Unit cell %rameters, Cristallite size, S%EH \/31, .
nm m-g cmg
TiO, HT anatase, syn 3.7861 17 85 0.29
tetragonal body-centred 141/amd 9.493
TiO, U anatase, syn 3.7855 13 97 0.19
tetragonal body-centred 141/amd 9.507
CeTi HT  cerium oxide 5.403 12 99 0.45
face-centred cubic Fm-3m
CeTiU  anatase, syn 3.770 5 117 0.30
tetragonal body-centred 141/amd 9.51 7
cerium oxide face-centred cubic Fm-3m 5.401
CeO, HT cerium oxide 5.416 10 46 0.26
face-centred cubic Fm-3m
CeO, U  cerium oxide face-centred cubic Fm-3m 5.4144 13 76 0.07
ZrTi HT ~ amorphous 248 0.69
ZrTiv amorphous 204 0.16
ZrO2 HT tetragonal ZrO, 3.591 13 67 0.32
5.183
monoclinic ZrO, 5.303 14
5.163
5.197
B =99.17
ZrO2 U  tetragonal ZrO, 3.6006 30 2 0.02
5.1859
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Figure 1 displays XRD patterns of both series of
samples, while phase composition, unit cell para-
meters, and average crystallite size are shown in
Table 1. The diffraction peaks in the pattern of TiO,
HT and TiO, U at 25.5°, 38.2°, 47.8°, 54.3°, and
62.8° 20 are indexed to a pure anatase phase of
titania with average crystallite size of about 8 nm
and 13 nm, respectively (Table 1) [6].

The XRD patterns of both CeO, samples consist
of intensive diffraction peaks at 28.5°, 33.1°, 47.6°,
56.5°, and 59.2° 20. They are indexed to a face-
centred fluorite type structure [7] with average crys-
tallite size of 10-13 nm. Ceria with average crys-
tallite size of 12 nm was only registered for CeTi
HT, while a mixture of anatase and ceria with ave-
rage crystallite size of 5 and 7 nm, respectively, was
found for CeTi U. A slight decrease in unit cell para-
meters accompanied with an increase of the ceria
average particle size as compared to the individual
Ce0, sample was observed. This could be evidence

a |

w
\\\J H—J\w T|02

J\ i CeTiHT
\\“" UL._....J‘\.JW
"~
1
\\J ; 1\ C602 HT

802 U

Intensity, a.u.

u‘-.__J\._/
10 20 30 40 50 60 70 80
2 Theta, deg

Fig. 1. XRD patterns of CeTi

The UV-Vis spectra of both series of samples
prepared by hydrothermal and urea treatment are
displayed in Figures 2a and 2b. A strong absorption
feature in the spectra of both titania samples at 350
nm is typical of anatase [12], which is also con-
sistent with the XRD data. The UV-Vis spectra of
pure CeO, HT and CeO, U demonstrate absorption
at 240, 285, and 330 nm which can be attributed to
0,—Ce* charge transfer (CT), O,—Ce" CT, and
interband transitions, respectively (Fig. 2a) [13].
The latter band is related to defect lattice sites as
well. A shift of the main absorption edges with both
individual cerium oxides indicates higher dispersion
for the hydrothermally obtained materials.

Changes in the 350-500 nm region of both bi-
component CeTi materials confirm the assumption
made above of strong interaction between metal
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for a Ce-O-Ti interface layer formation via incur-
poration of smaller Ti** ions in the ceria [8]. The
XRD patterns of pure zirconia samples showed
strong reflections at 20 = 30.17°, 49.81°, 50.07°, and
60.15° that are typical of the crystalline planes of
tetragonal zirconia phase. Additional reflections at
20 = 28.19°, 31.48°, 34.19°, 45.52°, 49.26°, and
54.1° for ZrO, HT correspond to the crystalline
planes of monoclinic zirconia (Figure 1b) [9]. The
average crystallite size of zirconia was 13—14 nm
for the hydrothermally obtained sample and about
30 nm for the urea one, which indicates that the
former technigue is more appropriate to prepare
nanodispersed zirconia. Despite the preparation
method used, XRD patterns of mixed ZrTi oxides
demonstrate a broad hump, which is typical of amor-
phous materials. Here, a plateau in the XRD patterns
indicates the formation of very finely dispersed
oxides, which well correlates with an extremely high
surface area for these materials (Table 1).

b

ﬁ TiO, HT
| Tio, U

ZrTi HT
e,
ZrTi v

zro, HT
zro,u

10 20 3b 4‘0 50 60 70 80
2 Theta, deg

/

Intensity, a.u.

(a) and ZrTi (b) materials.

ions and/or increase in metal oxide dispersion (Fig.
2a). The spectra of both zirconia samples show two
absorption bands at around 208 and 230 nm as
expected for m-ZrO, (Fig. 2b). The second feature
in the spectra at absorption threshold position
around 320 nm reveals coexistence of t-ZrO, [14].
In consistence with the XRD data (Fig. 1b, Table 1)
a slight red shift in the position of the main feature
for ZrO, HT and appearance of additional absorp-
tion bands at about 300 and 450 nm could be
assigned to higher dispersion of the zirconia phase.
The overall absorption of mixed ZrTi materials is
significantly higher as compared to pure zirconia
samples. The observed features could not be simply
assigned to superposition of the spectra of the single
metal oxides. According to Ref. [15] and in con-
sistence with nitrogen physisorption and XRD
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results these features could be attributed to forma-
tion of amorphous phase and modification of the
titania lattice because of Zr*" ion incorporation.
Figure 3 gives Raman spectra of CeTi materials
prepared by various procedures. Raman shifts at
143, 195, 396, 514, and 637 cm * in the spectra of both
titania samples demonstrate presence of pure ana-
tase phase (Fig. 3a) [16]. Anatase bands at 396 and
639 cm " are ascribed to Ti—O stretching vibrations
and to Eg mode of O-Ti—0O bending vibration, res-

Absorbance, a.u

200 300 400 500 600 700 800
Wavelength, nm

Absorbance a.u.

pectively [16]. Only one Raman-active F2g mode,
centred at about 463 cm™', which is typical of cubic
structure, was detected for both ceria materials (Fig.
3b) [8,17]. The appearance of second less prominent
and broad band at about 600 cm™" is usually assigned
to defect-induced longitudinal optical mode of ceria
due to formation of oxygen vacancies [17]. The main
Raman active mode is broader for ceria prepared by
urea technique, which in accordance with the XRD
data could be due to a decrease of crystallite size.

b

Tiop U

ZrTi HT

ZrTi v
ZrOp HT

Zrop U

200 300 400 500 600 700 800
Wavelenght, nm

Fig. 2. UV-Vis spectra of CeTi (a) and ZrTi (b) materials, prepared by urea (dash lines)
and template hydrothermal (solid lines) methods.
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Fig. 3. Raman spectra of titania (a), ceria (b), and CeTi (c) materials.

The Raman spectra of binary oxides reveal that
they represent a mixture of ceria and anatase phases,
the latter being of higher amount for the urea-
prepared sample (Fig. 3c), which is in agreement
with the XRD data. A slight blue shift of the Raman
E1g mode to 150 cm* could indicate changes in the
environment of titanium ions in anatase lattice. A
shift of the main signal to higher wavenumber values
with the bi-component samples is due to shortening
of the Ce—O bond because of incorporation of

titanium ions into the cerium oxide lattice. E1g band
widening could be attributed to a decrease of
crystallite size, which is in accordance with reported
XRD and UV-Vis data.

Figure 4 shows Raman spectra of the obtained
ZrTi samples. The bands at 142, 270, 317, 458, and
643 cm ™ in both spectra of ZrO, are compatible to
tetragonal zirconia (Fig. 4a) [18]. In consistence
with the XRD study additional Raman bands at 176,
192, 478, and 612 cm™ in the spectrum of ZrO, HT
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indicate co-existence of monoclinic zirconia.

Not well defined peaks are visible in the Raman
spectra of ZrTi samples, which can be attributed to
the amorphization of the crystal structure and
increased concentration of defects arising from the
incorporation of zirconium ions in titania and/or to
the significant particle size decrease (Fig. 4b). The
observed slight shifting and broadening of the main
Raman-active mode of anatase accompanied with a
decrease in its intensity could be assigned to metal
oxide bonds shortening and formation of smaller
crystallites with defect structure due to the replace-
ment of titanium ions with zirconium ones.

TPR-TG profiles of hydrothermally synthesised
and urea-precipitated CeTi samples were compared
in the 500-750 K region (not shown). A weight loss
agreed with reduction of Ce** to Ce**, being about
10 and 4% for CeO, HT and CeO, U, respectively.
Reduction started at a lower temperature with the bi-
components samples and the effects were larger in
comparison with the pure ceria samples. In accord-
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ance with other physicochemical measurements, an
increased mobility of lattice oxygen in these mate-
rials could be due to increased dispersion as well as
owing to distortion of the ceria lattice during
titanium incorporation. The reduction behaviour of
the mixed materials was not simply related to their
specific surface area. Thus, a facile reduction of the
hydrothermally obtained samples is probably related
to their higher dispersion, well-developed mesopo-
rous structure, and homogeneous phase composi-
tion. Not all zirconia-containing samples manifested
reduction ability in the studied temperature interval.

Figure 5 gives temperature dependencies of total
oxidation of EA on various materials. Temperatures
at which a 50% conversion over various samples
was achieved are compared in Table 2. Beside CO,,
which is the most important product of EA oxida-
tion, (Fig. 5b), ethanol, acetaldehyde, acetic acid, and
ethene were also registered as by-products. All ma-
terials were catalytically active above 500-525 K,
and 80—100% conversion was achieved at 600—670 K

ZrTi HT

W~
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ZrTi U
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. -1
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Fig. 4. Raman spectra of zirconia and titania (a) and ZrTi (b) materials.
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Fig. 5. Ethyl acetate conversion (a) and selectivity to CO, (b) of CeTi materials.
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(Fig. 5a). Titania exhibited a notably low catalytic
(Table 2) activity combined with high ability to
form by-products, mainly acetaldehyde, ethanol, and
ethane. Just the opposite, both mono-component
ceria samples manifested high activities, but low
selectivity to CO, due to the formation of ethanol as
by-product (Table 2). Ceria-titania binary materials
possessed a lower catalytic activity as compared to
pure CeO, (Table 2, Fig. 5a) and a higher selectivity
for total oxidation of ethyl acetate to CO, which
could be due to improved redox ability. A common
feature was a higher activity of all urea-precipitated
materials as compared to their hydrothermally
prepared analogues.

Table 2. Temperatures for 50% conversion of ethyl
acetate and specific catalytic activity for CeTi and ZrTi
materials

Sample Tsow, SA,EA  Sample  Tso, SA, EA
K molm? K  mol.m?
TiO, HT 660 0.29 TiO, HT 650 0.56
Tio, U 651 0.23 TiO,U 650 0.52
CeTi HT 586 0.60 ZrTi HT 629 0.26
CeTiU 574 0.65 ZrTiv 660 0.21
CeO, HT 560 174  ZrO, HT 650 0.78
CeO, U 535 1.09 ZrO, U 713 17
100 -
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] ¥
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To ignore any effect of different specific surface
area of the samples (Table 1), specific catalytic act-
ivity (SA) was calculated as conversion at a selected
temperature per unit surface area (Table 2). Here,
the urea samples exhibited lower or similar SA to
the HT analogues indicating that the observed
catalytic behaviour was strongly related to increased
surface area during urea synthesis.

Figure 6a presents temperature dependencies of
catalytic activity in ethyl acetate oxidation for the
ZrTi materials. The mono-component zirconia
sample exhibited the lowest activity, a relatively low
selectivity of ethyl acetate oxidation to CO,, and
formation of significant amount of ethanol as by-
product (Fig. 6b). This was probably due to a higher
hydrolysis degree of ethyl acetate on the acid/base
sites of zirconia, which is generally assumed as a
first step in ethyl acetate oxidation [19]. The bicom-
ponent samples manifested a higher catalytic acti-
vity and CO, selectivity than the corresponding
mono-component materials (Fig. 6a). Taking into
account the physicochemical data, we ascribe this
result to a specific interaction between the indivi-
dual oxides and increased surface area of the mixed
oxide materials. The catalytic activity of the hydro-
thermally prepared composites was higher as com-
pared to the urea samples.
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Fig. 6. Ethyl acetate conversion (a) and selectivity to CO, (b) of ZrTi materials.

The binary materials showed a lower specific
catalytic activity as compared to the individual
metal oxides (Table 2). In accordance with the
XRD, UV-Vis, and Raman data, significant changes
in the nature of the active sites due to incorporation
of zirconium ions into titania lattice could be pro-
posed and this could be successfully controlled by
the preparation procedure used.

CONCLUSIONS

Highly dispersed titania doped with ceria and
zirconia materials were successfully prepared by
using a template-assisted hydrothermal procedure
and homogeneous precipitation with urea. The effect
of the preparation technique on the properties of the
obtained binary titania-based materials was depend-

85



G. S. Issa et al.: Mesoporous titania composites promoted with ceria and zirconia

ent on the nature of dopant. In the case of ceria
doping, the template-assisted hydrothermal synthe-
sis facilitated formation of more homogeneous mate-
rials, but exhibiting lower dispersion and lower spe-
cific surface area. This provided a lower catalytic act-
ivity for complete oxidation of ethyl acetate. In con-
trast, the zirconia dopant significantly improved the
texture characteristics of titania and enhanced the cata-
Iytic activity of hydrothermally synthesised materials.
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[Moctpnuna Ha 15 suyapu 2018 r.; Ilpepabotena Ha 7 mapt 2018 r.

(Pesrome)

Len Ha HACTOSIIOTO HM3CIEIBaHE € MOJTYYaBaHE Ha HAHOPA3MEPHU ME30IMOPECTH CMECEHH MaTepHalld Ha OCHOBAaTa
Ha npomoTHpaH ¢ Ce U Zf TUTAHOB OKCHJ M TECTBAHETO UM KaTO KATAlM3aTOPH B PEaKIMs HA IBIHO OKHCICHHC Ha
ermnanerar. [lomydeHnTe OKcHIU OsXa CHHTE3UpPAHH UYpe3 XUAPOTEPMAICH CHHTE3 B IPUCHCTBHUETO HA OpPTaHUYCH
TEMIUICHT W XOMOTEHHO yTasiBaHe ¢ kapOammuj. OCHOBEH acIieKT B M3CICIBAaHETO € M3SCHSABAHE HA BPB3KaTa MEKIY
M3IIOJI3BaHUS METOJI Ha MOJyYaBaHe W TEKCTypaTa, CTPYKTypaTa ¥ OKHCIUTEITHO-PEAYKIIMOHHITE CBOMCTBA HA TOTyYe-
HUTEe MaTepuainu. OOpasnure 0sixa XapaKTepH3HpaHH 4Ype3 GU3UYHA aJICOOIHs Ha a30T, PEHTTCHOCTPYKTYPEH aHAIH3,
UV-Vis u PamaHOBa CIIEKTPOCKOHS, KAKTO W TEMIIEPATypHO MpOrpaMHpaHa PeAyKIusA. XHUIPOTCPMATHHAT METO.
OnaronpusiTcTBa (OPMUPAHETO Ha ME30MOPECTH W IMO-XOMOIEHHH MaTepPHAlld B CPaBHEHHE ChC CHHTE3UPAHHUTE C
kapbamu o0pasiy, KbETO Ce PErHCTpUpa U U3BECTHA MUKPOMOpPUCTOCT. EDeKThT OT mpolenypara Ha mojydaBaHe
3aBHCH OT BHJA Ha MeTaJooKcuaHara no6aBka KbM 110, [TomoOpeHuTe TEKCTYpHH XapaKTePUCTUKH Ha CMECEHHTE
ZrTi okcHaH, MOJYYCHH Upe3 XUAPOTEpPMAIIeH METO ] OIaroTpHUATCTBAT TAXHATA KaTATNTHYHA aKTHBHOCT B CPABHEHHE C
MoJIyYeHHTE ¢ KapOamu aHano3u. TouHo oOpaTHuAT epekT ce HabmoaaBa npu CeTi MaTepuanuTe.
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M-type SrFe;,019 hexaferrites were synthesised by means of co-precipitation method followed by annealing at 600 °C
and 850 °C. A portion of a sample, treated at 850 °C, was further subjected to high-energy ball milling for 1 and 5
hours. TG-DTG-DTA, X-ray powder diffraction, and >'Fe Mossbauer spectroscopy were used for samples characteri-
sation. A well-crystallised SrFe;,0,9 hexaferrite phase and small amount of secondary hematite (a-Fe,O3) phase were
observed after annealing at 850 °C. Changes in the structure and a decrease in crystallite size of SrFe;,0;9 from 47 nm
to 22 nm were observed after one-hour ball-milling treatment. Prolongation of the milling time induced separation of
hematite phase and the highest amount was achieved after 5 hours of treatment. All samples exhibited good catalytic
activity and CO selectivity in methanol decomposition. Mossbauer study of catalytically tested materials demonstrated

stability of the hexaferrite phase under reductive reaction conditions.

Key words: M-type hexaferrites, Mdssbauer spectroscopy, methanol decomposition.

INTRODUCTION

Hexaferrite materials are in the focus of many
investigations due to their superior electrical and
magnetic properties. The M-type SrFe;,0;9 hexafer-
rite material has hexagonal crystal structure of
P6s/mmc space group. This structure is built by
divalent alkaline earth metals, such as Sr, Ca or Ba,
and Fe* ions that occupied tetrahedral (4f1), octa-
hedral (12k, 2a, 4f2), and hexahedral (2b) crystallo-
graphic sites in the oxygen lattice.

Different methods for preparation of hexaferrite
powders, such as sol-gel [1], sol-gel auto combus-
tion [2], glass ceramic [3], hydrothermal synthesis
[4], co-precipitation [5], and ball milling [6—8] have
been reported. Among them ball-milling procedures
provide the production of powders, consisting of fine
particles, being smaller than the single-domain size,
by simple operation and handy experimental equip-
ment [9].

Catalytic processes successfully solve a number
of contemporary problems related to environmental
and energy demands. Recently, methanol decompo-
sition has received much attention as a potential
source of clean and efficient fuel for gas turbines,
fuel cells, and vehicles [10-12]. Morphology and
structure features of metal oxide materials with
spinel structure regarding their catalytic behaviour
in methanol decomposition have already been re-
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ported [13—16]. To the best of our knowledge, stu-
dies of strontium hexaferrites materials as catalysts
for methanol decomposition have not been pub-
lished so far.

The goal of the present work was to synthesise
SrFe,019 hexaferrite materials of tunable particle
size using the method of mechanochemical treat-
ment. Synthesis parameters impact on catalytic
activity and selectivity of the obtained materials in
methanol decomposition is in the focus of the study.

EXPERIMENTAL
Synthesis

SrFe,019 samples were synthesised by co-pre-
cipitation method followed by thermal treatment.
Sr(NOs), and Fe(NO3)3.9H,0 supplied by Alfa Aesar
were used as starting materials at an appropriate
molar ratio. A mixed nitrate solution was precipi-
tated dropwise by NaOH. The precipitate was dried
at room temperature to form a precursor powder.
The thermal treatment was carried out in static air at
two temperatures: 600 and 850 °C with a hold of
four hours. After heating at 850 °C, the powder was
milled for 1 and 5 hours using a Fritsch Planetary
miller in a hardened steel vial together with fifteen
grinding balls of diameters ranging from 3 to 10
mm. The balls-to-powder mass ratio was 10:1. The
abbreviations used in sample names are: HF — hexa-
ferrite, TS — thermal synthesis, MS — mechano-che-

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 87



K. V. Koleva et al.: Synthesis, structure and catalytic properties of SrFe;,0449

mical synthesis, and MD — after methanol decompo-
sition.

Characterisation

Dried precursor powders (HC) were analysed by
thermogravimetry and differential thermal analysis
(TG-DTA) using a Stanton Redcroft instrument in
static air at a heating ramp rate of 10 °C/min.
Powder X-ray diffraction (XRD) samples were
recorded by use of a TUR M62 diffractometer with
Co Ka radiation. Average crystallite size (D, nm),
degree of microstrain (e), and lattice parameters (a)
of the studied hexaferrites were calculated from
experimental XRD profiles by using PowderCell-2.4
software [17]. The Mossbauer spectra were regis-
tered at room temperature (RT) on a Wissel (Wissen-
schaftliche Elektronik GmbH, Germany) electrome-
chanical spectrometer working in a constant acce-
leration mode. A *’Co/Rh (activity = 50 mCi) source
and an a-Fe standard were used. Experimentally
obtained spectra were fitted using CONFIT2000
software [18]. Parameters of hyperfine interactions,
such as isomer shift (IS, mm/s), quadrupole splitting
(QS, mm/s), effective internal magnetic field (Hes,
T), line widths (FWHM, mm/s), and relative weight
(G, %) of the partial components in the spectra were
determined.

Catalytic test

Methanol decomposition was carried out in a
flow reactor at methanol partial pressure of 1.57 kPa
and argon as a carrier gas (50 ml/min). The catalysts
(0.055 g) were tested under temperature-program-
med regime within the range of 77-500 °C at a
heating ramp rate of 1 °C/min. On-line gas chroma-
tographic analyses were performed on a PLOT Q
column using flame ionisation and thermal con-
ductivity detectors. An absolute calibration method
and a carbon based material balance were used to
calculate conversions and vyields of the obtained

products. Products selectivity was calculated as
Yi/X*100, where Y; is the current yield of product i
and X is methanol conversion.

RESULTS AND DISCUSSION

TG-DTG-DTA analysis of dried precursor powder
is shown in Fig. 1. A significant endo-thermal effect
up to 400 °C combined with sample mass loss could
be associated with dehydration. Two exothermal
peaks at 576 and 820 °C are due to crystallisation of
hematite and hexaferrite phase, respectively [19,20].
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Fig. 1. TG-DTG-DTA investigation of SrFe;,049 dried
precursor sample.

Powder X-ray diffraction patterns of heat-treated
and ball-milled SrFe;,0,9 samples are shown in Fig.
2. In accordance with DTA analysis, diffractions of
the precursor powder and of the sample obtained at
600 °C correspond to hematite - a-Fe,O; (S.G.:
R3c). Well defined reflexes of highly crystalline
SrFe;,049 (Fig. 2b) were registered after 4-h treat-
ment at 850 °C (ICDD, PDF 80-1198). Calculated
average crystallite size, microstrain degree, and
lattice parameters are given in Table 1.

Table 1. Average crystallites size (D), degree of microstrain (e) and lattice parameters determined from XRD

patterns of SrFe ;0.

Sample Phases D, e 10° a, C, %
nm a.u A
HE TS850 SrFe;2049 47.38 1.14 a=>5.87 c=23.04 93
a-Fe,03 66.58 1.26 a=5.03 c=13.73 7
HF TS850/MS1 SrFe;,049 24.98 5.67 a=>5.87 c=23.04 88
a-Fe,03 35.83 1.66 a=>5.02 c=13.72 12
HE TS850/MS5 SrFe;,019 25.07 7.81 a=5.87 c=23.13 57
a-Fe,0; 25.03 5.63 a=>5.04 c=13.75 43
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Fig. 2. X-ray analysis of thermally synthesised (a, b) and mechanochemically obtained (c, d) SrFe;,019 Samples
(.- SrFe 5019, m- a-Fe;0Ozand 'V -SI’C03).
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Fig. 3. Mossbauer spectra of thermally (a, b) and mechanochemically (c, d) synthesized SrFe;,0,4 Samples.
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Table 2. Mossbauer parameters of SrFe;,019 Samples.

Sample Components IS, Qs, Heff, FWHM G,
mm/s mm/s T mm/s %

HF TS600 Sx1 Fe,04 0.37 -0.21 50.7 0.28 64
Sx2 Fe,04 0.36 -0.20 49.3 0.53 35

Db 0.34 0.58 - - 1

HF TS850 octahedral (42) 0.38 0.07 52.3 0.30 14
octahedral (2a) 0.35 0.06 50.7 0.29 17

tetrahedral (4f1) 0.27 0.15 48.9 0.30 18

octahedral (12Kk) 0.35 0.39 41.2 0.29 44

bipyramidal (2b) 0.28 2.23 40.8 0.29 6

Fe,0; 0.38 -0.20 51.0 0.29 1

HF TS850/MS1 octahedral (4f2) 0.45 0.14 51.2 0.28 6
octahedral  (2a) 0.28 0.04 50.8 0.25 4

tetrahedral  (4f1) 0.30 0.12 48.5 0.47 13

octahedral (12k) 0.36 0.38 41.2 0.39 21

bipyramidal (2b) 0.20 2.10 405 0.40 3

Sx 0.31 0.27 39.7 1.60 30

Db 0.31 1.07 - 0.72 16

Fe,0; 0.38 -0.20 51.6 0.23 7

HF TS850/MS5 octahedral  (4f2) 0.38 0.07 51.1 0.28 5
octahedral  (2a) 0.34 0.06 48.7 0.46 12

tetrahedral  (4f1) 0.27 0.15 45.9 0.50 4

octahedral  (12k) 0.36 0.36 411 0.57 13

bipyramidal (2b) 0.28 2.20 40.7 0.30 1

Sx 0.35 0.27 38.0 2.85 30

Db 0.29 1.33 - 1.07 16

Fe,0; 0.37 -0.20 51.2 0.29 19

HF TS850MD octahedral  (4f2) 0.38 0.09 52.1 0.35 15
octahedral  (2a) 0.36 0.06 50.5 0.33 20

tetrahedral (4f1) 0.27 0.15 48.8 0.30 15

octahedral (12Kk) 036 0.39 411 0.30 44

bipyramidal (2b) 0.29 221 40.6 0.28 6

HF TS850/MS1MD octahedral  (4f2) 0.39 0.09 51.3 0.40 8
octahedral  (2a) 0.33 0.05 50.1 0.36 12

tetrahedral (4f1) 0.30 0.06 48.4 0.43 19

octahedral (12Kk) 0.36 0.38 40.9 0.32 17

bipyramidal (2b) 0.23 2.07 405 0.30 3

Sx 0.33 0.07 40.2 1.38 41

HF TS850/MS5MD octahedral (4f2) 0.37 0.07 50.6 0.30 4
octahedral  (2a) 0.35 0.06 48.7 0.40 8

tetrahedral (4f1) 0.27 0.15 46.7 0.80 13

octahedral (12K) 0.37 0.33 40.6 0.66 18

bipyramidal (2b) 0.28 2.20 41.2 0.30 1

Sx 0.35 0.14 34.3 1.54 21

Fe,0; 0.38 -0.20 50.9 0.38 35

Significant transformations with the SrFe;;049
TS850 sample occurred after mechanochemical
activation (Fig. 2c and d, and Table 1). Even after 1-h
ball milling a decrease of the crystallite size from 47
nm to 24 nm and an increase of the microstrain
degree from 1.14x10° to 5.67x 10> were observed.
Increasing the milling time up to five hours resulted
in the appearance of almost 50% secondary hematite
phase.

Mossbauer spectra of the obtained samples and
matching calculated parameters are given in Fig. 3
and Table 2, respectively. In the case of HF TS600
the best fitting model consists of two sextet

90

components and a doublet with IS = 0.34 mm/s and
QS = 0.58 mm/s parameters indicating presence of
amorphous phase. The appearance of more than one
sextet component is associated with hematite phase
of different particle size. M-type SrFe;;059 Was
detected after a temperature rise up to 850°C. The
spectrum represented five well visible magnetically
split components, indicating different cation envi-
ronment around the Fe** ion in the hexagonal
structure S.G.: P6s/mmc [21]. The sextet parameter
of the lowest IS (IS = 0.27 mm/s) is due to iron ion
in tetrahedral position (FeO,), while the component
with the largest QS (around 2.20 mm/s) is typical of
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a site of the lowest symmetry - trigonal bipyramidal
[22]. Octahedrally coordinated Fe®* are described as
4f2, 2a and 12k Wyckoff positions. Results from
Maéssbauer spectroscopy show a change in the
material that occurred within one hour of milling.
The observed collapse in the magnetic hyperfine
structure in this case indicated significant changes in
the sample. Appearance of additional magnetically
split component with large width (FWHM = 1.6 and
2.85 mm/s for 1 and 5 hours milling, respectively)
could be due to formation of highly defective and
finely divided hexaferrite particles [23]. After
mechanical activation, the appearance of non-
magnetic component in the spectrum is evidence for
the formation of highly dispersed material as well.
About 16% of the total spectral area represents a
doublet with parameters of the Fe** oxidation state,
due to superparamagnetism phenomenon [24]. Thus,
a short time grinding provides reduction in the
particles size of less than 10 nm. Elongation of
milling time induced separation of hematite phase.

All materials were catalytically active in
methanol decomposition above 300 °C and at 350
°C about an 80-100% conversion was achieved.
According to their catalytic activity, the samples
arrange in the following order: HF TS850 < HF
TS850 MS1 < HF TS850 MS5 (Fig. 4).

100+
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Fig. 4. Methanol decomposition at 330 °C on various
samples.

For all materials, the selectivity to CO was about
80% and CO, and methane were registered as by-
products. After catalysis, Mdssbauer analysis of the
samples was carried out. Parameters of hyperfine
interaction are presented in Table 2. Despite strong
reductive reaction atmosphere, no changes in phase
composition of the initial materials were observed.
None second hematite phase was registered only in
the case of HF TS 850. A missing doublet compo-
nent in the spectra of the milled samples indicates
particle aggregation during the catalytic reaction.

CONCLUSIONS

Nanocrystalline M-type SrFe;;0;9 hexaferrite
was successfully synthesised by thermal method
combined with a ball-milling procedure. Powder X-
ray diffraction and °'Fe Mossbauer spectroscopy
analyses indicated a facile effect of shorter milling
time on the formation of homogeneous and finely
divided SrFe;;O,9 hexaferrite and an increase of
second hematite phase. The ball-milling procedure
enhanced the catalytic activity of the samples in
methanol decomposition and no significant effect of
the milling time was detected. Mdssbauer study of
the catalysts after tests indicated that the hexaferrite
phase remained stable even under highly reductive
conditions.
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CUHTE3, CTPYKTYPA U KATAJIMTUYHN CBOVICTBA HA SrFe;;013 XEKCAD®EPUT

K. B. Konesa'*, H. . Benuuos®, 1. I'. Tenosa®, T. C. Llonuesa?, B. C. ITerkosa>*

Y Unemumym no kamanus, BAH, 1113 Cogpus, Bvreapus
2HHcmumym no opeanuuna xumust ¢ yenmuvp no pumoxumust, BAH, 1113 Cogpus, bvreapus
® Unemumym no munepanoeus u kpucmanozpagpus, BAH, 1113 Cogpusi, Bvreapus
* Hog 6waeapcku yrusepcumem, 1618 Coqpusi, Buizapus

Tloctbrnna Ha 16 ssayapu 2018 r.; Ipepabotena na 15 mapt 2018 .
(Pesrome)

Xexkcadepurnara crpykrypa or M-tun (MeFe;019) ce chcTOM OT pemyBaiiy ce MIMHHETHH U XEKCArOHAIHU
6JI0KOBE, KOETO MOpaXaa TOJISIMO pa3HOOOpa3ue OT pasmpejielicHue Ha WOHWUTE B KpHUCTalHATa peieTka. EnemeH-
TapHaTa KJIETKa Ha TO3U BHJ] CheJUHEHHS € U3rPaJicHa OT JBYBAJICHTHU ankajio3eMHu metanu Ca, Sr, Ba, a cpiio taka u
meramn ot mpexoxuus pex (Co, Cu, Cr). Fe*' jionnte ca pasmonoxenn B mer KpucTamorpad)cKé MOSHIMH: TeTpa-
enpuuna-FeO, (4f1), okraenpuuna-FeOg (12K, 2a, 4f2) u 6unupamuganuna-FeOs (2b).

Ien Ha HACTOSAIIOTO M3CJCIBaHE € CHHTE3 Ha XekcadeputHu Matepuanu oT M-tum (SrFe;p019) pu HHCKA TeMITe-
parypa ¥ KOHTPOJI Ha pa3Mepa Ha YacTHIIUTE Ype3 MEXaHOXMMUYHO TPETHUPaHE, KaKTO U OINpe/AENIsHE Ha BIMSHUETO Ha
CTPYKTYPHUTE 0COOCHOCTH Ha 00pa3LUTe BHPXY TEXHUTE KAaTAINTHYHNA CBOMCTBA B PEAKI¥s Ha pasjaraHe Ha METaHOJ.

depuTHUTE MaTepUaIl ca MOJIyYeHH! 10 METO/la Ha ChyTasBaHE ¢ MocyeaBaiia TepMudHa oobpadbotka nmpu 600 °C u
850 °C. Ha o0Opazemn, mosyuer mpu 850 °C, ¢ mpUIOKEHO MEXaHHYHO BB3ACUCTBHE upe3 cMiuiane | u 5 uyaca.
O6pasuute ca oxapakrepusupanu ¢ nomornra Ha JITA, pentrenoda3zoB anamu3 u MbocbayepoBa CHEKTPOCKOIIHS.
Tepmuano obpadoten npu 850 °C obpazer; e Bucoko kpucraneH SrFe;;0;9 xexcadepur ¢ Hamuuue Ha BTOpa ¢asa -
XeMaTUT. YCTAaHOBEHO € pelylUpaHe Ha YacTUIMTE 1O pasMep oT 47 uM 10 21 HM clej eIuH Yac MEXaHOXHUMUYHA
00paboTka. M3cineaBaHuTe MaTepHain MOKa3Bar jA00pa KaTaluTHIHA aKTUBHOCT U celiekTUBHOCT o CO B peakiusTa
Ha pasnaraHe Ha MeTaHou. OOpa3mm, u3cienBaHu ¢ MpocOayepoBa CHEKTPOCKOMMS CIIe KaTalnu3, C€ OTIMYaBAT ChC
crabunna xekcadepurHa ¢asa B CHIIHO PEAYyKIMOHHATA Cpe/la Ha pa3jiaraHe Ha METaHOJI.
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The synthesis and catalytic properties of nanostructured copper tungstate have been investigated in this study. A
mixture of CuO and WO3 at a molar ratio of 1:1 was subjected to intensive mechanical treatment in air using a planetary
ball mill for different periods of time. Structural and phase transformations were monitored by X-ray diffraction
analysis, differential thermal analysis, and infrared spectroscopy. Mechanochemical treatment promoted progressive
amorphisation of the initial oxides. Full amorphisation was achieved after 7 h milling time and remained up to 20 h
milling time. DTA measurements of amorphous sample showed that the crystallization temperature was 430 °C. A pure
nanostructured CuWQ, phase was prepared after thermal treatment of amorphous phase at 400 °C. Nanostructured
CuwO, was tested in the reactions of complete oxidation of C;-C4 hydrocarbons and the highest temperature for 10%
conversion (T10) was measured with methane. Repeated addition of one further carbon atom to the methane molecule
led to a decrease in T10 by about 70 °C (from methane to propane) and further by 30 °C from propane to n-butane.
Calculated apparent activation energies for the reaction of complete oxidation decreased from methane to n-butane, and

this effect correlated with diminished strength of the weakest C-H bond of the corresponding hydrocarbon.

Key words: mechanochemistry, nanoparticles, catalytic activity, preparation of single phase CUWO,.

INTRODUCTION

CuWOQ, is a member of metal tungstate oxides
(AWOQ,) group, which have received much attention
due to their application in various fields as catalysts
[1-3], optical devices [4], sensors [5], and magnetic
properties [6]. AWO, (A = Ni, Fe, Zn, and Cu)
tungstate family oxides exhibit a wolframite-type of
monoclinic structure, where both A and W atoms
are bonded to six surrounding oxygen atoms by
forming octahedral chains [7]. Like-filled octahedra
share edges, but unlike octahedra share vertex. In
this way edge-sharing distorted WOg octahedra form
W,0g structural units. Among these tungstates only
CuWO, crystallizes in a triclinic wolframite-type of
structure at room temperature composed by CuOg
and WOg octahedra distorted by the first-order and
second-order Jahn-Teller effects, respectively [8—
10]. Some authors have suggested that the CuQOg
octahedra possess a pseudo-tetragonally elongated
geometry [10,11]. Ruiz-Fuertes et al. [12] have es-
tablished that CuwO, undergoes phase transition
from a low temperature triclinic phase to a mono-
clinic one with wolframite-type of structure at 10
GPa involving a change in the magnetic order.
Different methods for CuWO, preparation as sol-gel
[5], coprecipitation [2,4,10], solid state reaction
[10,11], sonochemistry [3], microwave-assisted syn-

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

thesis [13], polyol-mediated approach [1], electro-
chemical synthesis [14], and hydrothermal route
[5,15,16] have been developed. There are some
disadvantages concerned with metal salts used as
raw materials (necessity of anion removal), strictly
controlled synthesis media, high costs, and thermal
treatment after synthesis. Up to now, mechano-
chemical synthesis of CuwO, compound from
initial oxides has not been studied. It is well known
that the mechanochemical activation is a suitable
method for preparation of complex inorganic oxides
[16-18]. It is characterized by lower synthesis tem-
perature, chemical homogeneity, high purity, and
sample crystallite size and morphology control.
Careful regulation of milling parameters is a pro-
mising way to improve the physicochemical pro-
perties of the final products as compared to conven-
tional routes. We have found out that ball milling is
an appropriate approach to synthesis different inor-
ganic materials like ZnO, NiWQ,4, ZnWO,, ZrMo,0sg,
Bi,WQg, and MgWO, [19-24]. Our investigations
showed that metal tungstates (MgWO, and Bi,WOQg)
obtained by mechano-chemical activation exhibit a
moderate catalytic activity for oxidation of CO and
volatile organic compounds (VOCs) [23,24]. This
motivated us to continue experiments in the same
field. The aim of this study was to investigate the
catalytic activity of nanopowder CuwWO, prepared
via mechanochemically assisted solid-state syn-
thesis.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 93
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EXPERIMENTAL

CuO (Merck, 99.9%) and WO; (Aldrich, 99.9%)
starting materials at a molar ratio of 1:1 were sub-
jected to intense mechanical treatment using a pla-
netary ball mill (Fritsch-Premium line-Pulverisette
No. 7). Both vials and balls were made of stainless
steel. The following milling conditions were used:
air atmosphere; milling speed of 500 rpm; ball to
powder weight ratio of 10:1, and milling time varying
from 0 to 20 h. To avoid excessive temperature rise
within the grinding chamber, 15 min of ball milling
duration were followed by a pause of 5 min. Milled
amorphous samples were heated at 400 °C for 6 h in
air atmosphere. X-ray diffraction (XRD) patterns
were registered on a Bruker D8 Advance diffracto-
meter using Cu-Koa radiation in the 26 range of 10—
80°. Average crystallite sizes (D) resulting from
X-ray diffraction line broadening were determined
using Scherrer’ equation: D = KA/fcosé, where D is
the crystallite size in nm, K is a constant, conven-
tionally accepted to be 1.0, 1 is the Cu-Ka radiation
wavelength (1.5406 A), /3 is the full width at half
maximum (FWHM) of the diffraction line, and 8 in
radians is the corresponding diffraction peak is 26 =
19.00°. Differential thermal analysis (DTA) was
performed in air by SETARAM LabsysEvo appa-
ratus, at a heating rate of 5 °C.min, in an open
corundum crucible. Specific surface areas (BET
method) were determined by low-temperature (77.4
K) nitrogen adsorption in NOVA 1200e surface area
& pore analyzer at relative pressures p/po = 0.1-0.3
using BET equation. Infrared spectra were recorded
in the range of 1200-400 cm™ on a Nicolet-320
FTIR spectrometer using the KBr pellet technique.
Catalytic activity tests were carried out in a conti-
nuous flow type reactor. The following conditions
were applied: catalyst bed volume of 0.5 cm® (0.3
cm® catalyst and 0.2 cm® quartz-glass particles of
same size), iregular shaped particles having an ave-
rage diameter of 0.45 + 0.15 mm, reactor diameter
of 6.0 mm, and quartz-glass (Dreactor/Dpartictes > 10).
The gaseous hourly space velocity (GHSV) was
fixed to 100 000 h™*. Inlet concentration for each
one of the individually tested hydrocarbons (me-
thane, ethane, propane, and butane) was set to 0.10
vol.%, while oxygen supply was kept at 20.0 vol.%.
All gas mixtures were balanced to 100% with
nitrogen (4.0). Gas analysis was performed using
on-line gas-analyzers of CO/CO,/O, (Maihak) and
THC-FID (total hydrocarbon content with a flame
ionization detector, Horiba). To compensate adia-
batic effect of the reaction, the catalyst bed tem-
perature was kept almost constant. Pressure drop of
the catalytic bed was measured to be less than 2 kPa
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and it was not taken into account. Axial dispersion
effect was neglected as the catalyst bed matched a
chain of more than 10 ideal mixing cells along the
reactor axis. Therefore, the geometrical characteris-
tics and the flow conditions of the catalytic reactor
justify a conclusion that the reactor was close to the
case of isothermal plug flow reactor (PFR) except for
the effect of radial velocity profile inside the catalyst
bed.

RESULTS AND DISCUSSION

XRD analysis was used to monitor phase trans-
formation during mechanochemical treatment (Fig.
1). The diffraction lines indexed with monoclinic
CuO (JCPDS 01-072-0677) and monoclinic WO,
(JCPDS 01-072-0677) became broadened and less
intense after 1 h milling time (Fig. 1b).

® CuO
* WO,
M
\M €)
S| )
2
= .
5 W c)
E o

*
m e )
a
— JJJLJJ&KW
20 ' 4'0 I 6I0 ' 80
20 degrees
Fig. 1. X-ray diffraction patterns of mechanochemically
activated mixture of CuO and WOg at: (a) 0 h; (b) 1 h;
(c) 3 h; (d) 7 h; (e) 10 h; (f) 20 h.

All reflections of CuO disappeared after 3 h of
milling time interval, while reflections of WO; were
still observed (Fig. 1c). This indicates that CuO
amorphisation was easier than that of WO;. Com-
plete amorphisation of the samples was observed
after 7 h milling time (Fig. 1d). Further mechano-
chemical treatment up to 20 h did not promote
chemical reaction and production of any new com-
pound (Fig. 1f). Thermal analysis was used to deter-
mine the reaction temperature between mechano-
chemically activated reagents.

Fig. 2 shows a TG/DTA curve of a sample after
20 h milling time in air atmosphere. The presence of
one strong exothermal peak at 430 °C could be
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attributed to the formation of CuWO,. All reflection
lines typical of triclinic CuwO, (JCPDS-01-080-
5325) were observed in the diffraction patterns of
amorphous samples heated at 400 °C for 6 h (Fig. 3).
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Fig. 2. TG/DTA curves of CuWO, sample after 20 h
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Fig. 3. XRD pattern of CUWO,.

This temperature was considerably lower as
compared to the temperature needed for traditional
solid-state reaction (800 °C) [10]. Well-defined dif-
fraction peaks suggest a high degree of crystallinity
of the final product. As-prepared CuWQO, had an
average crystallite size of 24 nm according to the
S(;herrer equation with specific surface area of 13
m-/g.

Structural arrangement during mechanochemical
treatment and formation of CuWO, were investi-
gated by IR spectroscopy (Fig. 4). IR spectrum of
non-activated sample shows the characteristic bands
of the initial oxides. The bands at 830 and 780 cm™
are assigned to stretching vibrations of W-O-W
bridge bonds between WO, octahedra in WO,
[25,26]. The absorption bands at 590, 530, and 480
cm* are due to a stretching vibration of Cu—O bond
of monoclinic CuO phase [27].

Mechanochemical treatment of the sample had
strong influence on bands intensity and position.

After 1 h milling time the bands at 780, 590, and
530 cm ' disappeared, the bands at 840 and 480 cm™
were broadened, and their intensity was decreased
(Fig. 4b). This fact is a result of destruction of the
long-range order and partial amorphisation of the
reagents. On the other hand a new absorption band
at 625 cm' appeared that could be attributed to a
vibration of Cu-O bond typical of Cu,O phase
[28,29].

Transmmitance (a.u.)

1 s I o I ¥ 1 X 1 v 1

— v
1200 1100 1000 900 800 700 600 500 400

-1
Wavenumber, cm

Fig. 4. IR spectra of mechanochemically activated
mixture of CuO and WOs at: (a) 0 h; (b) 1 h; (c) 3 h;
(d) 7 h; (e) 20 h; (f) sample heated at 400 °C after 20 h
milling time.

It was established that mechanochemical treat-
ment induced partial transformation of CuO to Cu,O
phase. A similar result has been reported by
Sheibani et al. [30]. According to the X-ray dif-
fraction analysis sample amorphisation induced by
ball milling completed after 7 h milling time and the
IR spectrum contains bands at 840, 620, and 480
cm ' (Fig. 4d—f). Annealing of amorphous sample at
400 °C led to significant changes in the FTIR spec-
trum. The observed absorption bands are in good
agreement with previously reported IR data on this
compound [2—4,30,31]. Band assignment was carried
out based on structural data on CuWQ,, X-ray ab-
sorption fine structure (EXAFS) analysis [6,10,32],
and vibration data on AWO, (A = Ni, Zn, and Mg)
phase of wolframite type of structure [21,24,33,34].
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The bands at 800 and 750 cm™" are due to the vibra-
tions of WO, entity present in W,0Og groups. The
bands at 720, 690, and 615 cm™" are typical of the
asymmetric stretching vibrations of a two-oxygen
bridge type species (W,0,). The band below 600
cm " arised from vibrations of CuOg polyhedra [21,
24,33,34].

To examine synthesized CuWO, applicability as
combustion catalyst, the reactions of complete oxi-
dation of different hydrocarbons (methane, ethane,
propane, and butane) were investigated. Reprodu-
cibility and confidence intervals for measured con-
version values were the subject of preliminary tests,
which involved repeating of tests under conditions
similar but not identical to separate experimental
runs presented in the study. Calculated standard
deviation SD = +/-1.5% was based on the average
of six measurements for each one of the experi-
mental points. The reported results are based on the
average values for conversion degree within two
parallel measurements. Data on conversion-tempera-
ture dependencies were used to fit kinetics para-
meters by applying the method described by Duprat
[35] and Harriot [36]. In brief, this method consists
of direct integration of the reaction rate based on
data on temperature-conversion curves by using
one-dimensional pseudo-homogeneous model of
plug-flow isothermal reactor. The residual squared
sum (RSS) between experimental data and model
predictions was minimized (optimization criterion)
and the square of correlation coefficient (R2) was
calculated. The following margin values of the kine-
tics parameters were established: methane R2 =
0.99, SD = +3.6%; ethane R2 = 0.99, SD = £2.9%;
propane R2 = 0.99, SD = +5.3%; and butane R2 =
0.99, SD = +4.0%. The obtained results are dis-
played in Figure 5.

50

—m— methane (T10 = 570°C)

ethane (T10=493°C)

—a—propane (T10 =422°C)
—%—butane (T10 = 395°C)

40

30

20

0 T T T T T
300 350 400 450 500 550
Temperature, “C

Conversion, %

Fig. 5. Conversion-temperature dependence for complete
oxidation of different hydrocarbons (methane, ethane,
propane, and butane) over CuWO, catalyst.

It is seen that the highest temperature for 10%
conversion was observed for methane combustion
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(T10 = 570 °C) due to the known stability of this
compound. As it is well known [37], the highest
temperature to achieve 10% conversion (T10) is
required for methane combustion and addition of
carbon atoms to methane molecule and up to C,4
leads to a decrease in T10. For our CuWQ, catalyst,
this reduction is higher than 170 °C from methane to
n-butane.

To calculate pre-exponential factor (k,) and appa-
rent activation energy (E,pp), data on conversion
degrees below 45% were utilized. For such cases,
calculated values for average effectiveness factor
(accounting for irregular shaped catalyst particles)
were within the limits of 0.95-0.99 and therefore the
effect of internal diffusion effect had to be imple-
mented in the reactor model by applying of iterative
approach. Table 1 gives apparent activation energy
values and the calculated rate constants for complete
oxidation of the investigated hydrocarbons over
CuWOQ, catalyst.

Table 1. Reaction parameters (pre-exponential factors k,
and the apparent activation energies Egy), for the
complete oxidation of hydrocarbons on CuWQ, catalyst.

k01 Eapp: AHC—H:
Hydrocarbon s kmol  kJ/mol
methane 2.08x10°% (+1.0x10%)  88.4 (£5) 433

ethane 5.80x10° (£1.1x10°)  86.0 (+4) 410
propane 7.99x10° (£1.4x10°)  80.5(x4) 394
n-butane 3.43x10°% (x2.2x10%)  73.0(£3) 394

As can be seen the apparent activation energy are
decreased from methane to butane, which could be
correlated with the strength of the weakest H-C
bond of the corresponding n-alkane [38,39]. It
should be pointed out that a similar trend of decrease
in apparent activation energy was reported earlier
[40].

CONCLUSIONS

A single CuwO, phase was synthesized by
thermal treatment at 400 °C of mechanically acti-
vated mixture of copper and tungsten oxides.
Several effects were established during the ball
milling processes including full amorphisation of
the initial oxides, lack of chemical reaction after
prolonged activation up to 20 h, and partial trans-
formation of CuO to Cu,O phase. The formation of
amorphous phase favoured obtaining of CuWO,
nanopowder of 24 nm crystallite size. The prepared
nanostructured CuWO, was tested for possible
application as catalyst for abatement of waste gases
containing alkanes in a reactions of complete oxi-
dation of C,—C,4 hydrocarbons. The highest tempera-
ture for 10% conversion (T10) was measured for
methane, while one further carbon added the to the
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C, hydrocarbon molecule led to a decrease in T10
by about 70 °C (from methane to propane) and
further by 30 °C from propane to n-butane. Calcu-
lated apparent activation energies for the reaction of
complete oxidation decreased from methane to
n-butane, and this effect was associated decreased
strength of the weakest C—H bond of the corres-
ponding alkane.
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MEXAHOXNMUWYEH AKTUBUPAH TBBPIODA3EH CUHTE3 U KATAJIMTUYHHA
CBOUCTBA HA CuWOq

M. H. I'anuesa*, I1. M. Konosa, I'. M. UBanog, JI. 1. Anekcanapos, P. C. ﬁopﬂaHOBa,
A. W. HaiinenoB

Hnemumym no obwa u Heopeanuuna xumus, Bvreapcka akademus Ha HayKume,
yia. ,,Akao. I'eopeu bornues*, 65. 11, 1113 Cogusi, Bvaeapus

Ioctenuna Ha: 16 suyapu 2018 r.; IIpepabotena Ha: 26 anpun 2018 .
(Pestome)

W3y4yeHo e mosryyaBaHETO M KaTalUTHYHHUTE CBOWCTBA Ha HAHOCTPYKTypupaH MeneH Bosppamar. Cmec ot CuO u
WOQO; B MonHO oTHomeHue 1:1 Ge moiokeHa Ha MEXaHOXMMUYHO aKTHBHPaHE Ha BB3IyX HM3IOJ3BAKH IUIaHETapHa
TOIKOBA MEJIHUIIA 33 pa3yinueH nepuoj ot Bpeme. CTpyKTypHHTE U (ha3oBUTE TpaHcHopManuu Osxa MpociaeeHH Ype3
peHTreHodaszoB ananus, aundpepenuuanen tepmudyeH aHaau3 ([ATA) m uHppauyepBeHa crekTpockomus. MexaHo-
XMMHUYHOTO TpETHpaHEe AOBEJE 0 INPOTPECHBHO aMopdu3upaHe Ha H3XoaHUTE Ookcuau. IIpnHa amopdmuzamus Oe
OCBIIIECTBCHA ClieA 7 4Yaca MeXaHOXMMHUYHA o0paboTka m ce 3ama3u mo 20 waca Bpeme Ha akrtuBupane. [ITA Ha
aMop¢HI o0pasell 1mokas3a, 4ye TemreparypaTta Ha kpuctanmsanus e 430 °C. Morodazen HaHocTpykTypupan CuWO4
0e cuHTe3upaH cien TepMudHa o0paboTka Ha amopdHaTa ¢aza mpu 400 °C. CuWO, Oe TecTBaH B peakius Ha ITBIHO
KaTanuTuaHO okucieHne Ha C;-C, BBIVIEBOZOpPOIM, KAaTO Hai-BUCOKaTa TeMIlepaTypa 3a IOCTUTAaHE Ha CTENCH Ha
npespbimane 10% (T10) Ge ycranoBeHa mpu MeTaHa, a A00aBSHETO HAa BCEKH CJIEIBAIl BBITIEPOAEH aTOM KbM
MeTaHOBaTa MOJIeKyJia Boau a0 noHwkaBane Ha T10 ¢ okosno 70 °C (ot mMeraH A0 npoma) u ¢ okoso 30 °C ot nponaH
10 N-OytaH. M3unciennTe CTOMHOCTH Ha HaOJo/laeMaTa aKTHBHpAIla €HEPrHs 3a peaklMsATa Ha IIbJIHO KaTaJUTUYHO
OKHCJICHHE TI0Ka3a IIOHW)KEHHE B pela OT MeTaH a0 N-OyTaH, Kato e(peKkThT € B KOpeJalMOHHA 3aBHCUMOCT OT
EHeprusiTa 3a pa3KbCBaHe Ha Haii-cinabata C—H Bpb3ka B ChOTBETHHS BBITICBOAOPO/I.
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Mesoporous nanostructured Ti,Sn;,O4 mixed oxides as catalysts for methanol
decomposition: effect of Ti/Sn ratio
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The aim of the current investigation is to elucidate the impact of the Ti/Sn ratio in Ti,Sn,.,O4 mixed oxides on their
textural, structural, redox, and catalytic features. Mesoporous mixed oxides of different Ti/Sn ratio were synthesised by
template-assisted hydrothermal technique. The obtained materials were characterised by a complex of physicochemical
techniques, such as nitrogen physisorption, XRD, Raman, UV-Vis, FTIR, and TPR with hydrogen. Methanol
decomposition to syngas was used as a test reaction. The catalytic activity of the binary materials was affected in a
complicated way by their phase composition. The latter was improved due to an increase in material specific surface
area and pore volume and strongly suppressed because of significant structural changes.

Key words: tin-titania binary oxides, template-assisted hydrothermal synthesis, methanol decomposition.

INTRODUCTION

In last decades, hydrogen was considered most
effective fuel, but the problem with its safety
storage and transport is still a matter of challenge.
One reliable solution is to apply various chemical
compounds, which in case of need easily release
hydrogen. Among them, methanol gains much
interest because it possesses high H/C ratio, releases
hydrogen at relatively low temperatures, and can be
synthesised from valuable and renewable sources by
well-developed technologies. An important step in
the control of this catalytic process is to develop
highly efficient catalysts with regulated properties.
Titania has received much attention due to its
superior optical, electrical, mechanical, and catalytic
properties combined with non-toxicity and cost
effectiveness [1]. Dopant introduction into titania
lattice is well known procedure to improve its
dispersion and redox and catalytic properties due to
a specific interaction and/or synergism between
components [2]. It has been shown that incorpora-
tion of Sn** ions into the titania lattice increases its
dispersion, provides significant structural and
texture changes [3—5], and improves the photo-
catalytic activity [6].

Much effort has been focused on the preparation
of Sn-Ti metal oxides with porous structure, high
specific surface area, and good crystallinity by vari-
ous synthetic routes, such as sol-gel, solvothermal,
direct oxidation, electrodeposition, chemical/phy-

* To whom all correspondence should be sent
E-mail: izabela_genova@abv.hg

sical vapour deposition, emulsion or hydrolysis
precipitation, etc. [7-10]. Among these procedures,
the hydrothermal technique is considered suitable to
prepare mesoporous mixed oxide materials of high
surface area and pore volume [11]. However, to our
knowledge no data on the preparation of binary
titania-tin oxide materials by template-assisted
hydrothermal technique have been reported. The
aim of the present investigation was to prepare a
series of titania-tin oxide materials of different
Ti/Sn ratio. The effect of phase composition on their
textural, structural, and redox properties was studied
using a complex of various physicochemical tech-
niques, such as nitrogen physicsorption, XRD,
Raman, UV-Vis, FTIR, and TPR. The potential of
application of these materials as catalysts was tested
in methanol decomposition to syngas.

EXPERIMENTAL
Materials

TiO, and SnO, materials were synthesised by
template-assisted technique using hexadecyl-N,N,N-
trimethyl ammonium bromide (CTAB) as a temp-
late, hydrothermal treatment at 373 K, and calci-
nation at 773 K [12]. The same synthesis was ap-
plied to prepare bi-component metal oxides. The
samples were denoted as xTiySn, where x/y is the
metal mol ratio, which was 2:8, 5:5, or 8:2.

Methods of characterisation

Specific surface area (Ager) and total pore
volume (Vi) were measured by nitrogen adsorp-
tion-desorption isotherms at 77 K on a Beckman
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Coulter SA 3100 apparatus. Powder X-ray dif-
fraction patterns were collected by a Bruker D8
Advance diffractometer with CuKa radiation and
LynxEye detector; the average crystallite size was
evaluated according to Scherrer equation. FTIR
spectra (KBr pellets) were recorded on a Bruker
Vector 22 FTIR spectrometer at a resolution of 1-2
cm ' by accumulating 64-128 scans. Raman spectra
were acquired by a DXR Raman microscope using a
780-nm laser. UV-Vis spectra were recorded on a
Jasco V-650 UV-Vis spectrophotometer equipped
with a diffuse reflectance accessory. Temperature-
programmed reduction and thermogravimetric
(TPR-TG) analysis was performed in a Setaram
TG92 instrument in a flow of 50 vol.% H, in Ar
(100 cm® min™') at a heating rate of 5 K.min .

Catalytic tests

Methanol decomposition was carried out in a
fixed-bed reactor at atmospheric pressure. The
catalyst (0.055 mg) of 0.2-0.8-mm particle size was
diluted with a three-fold higher amount (by volume)
of glass spheres. Each catalyst was tested under
conditions of a temperature-programmed regime
within the range of 350-770 K at a heating rate of 1
K.min"'. During the experiments, the reactant
(methanol) as well as all carbon-containing products
(CO, CO,, methane, methyl formate, and dimethyl
ether) were in the gaseous phase. Their amounts

£ = a

| zen
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,cm’'g

Volume

5Sn5Ti
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Sn0O»

T T T
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P/P,

were determined by on-line GC analyses on a HP
apparatus equipped with flame ionisation and
thermal conductivity detectors, and a 30-m PLOT Q
column using an absolute calibration method and a
carbon-based material balance.

RESULTS AND DISCUSSION

To gain information about textural characteristics
of the studied materials, nitrogen physisorption
measurements were conducted (Fig. 1a, Table 1).
The isotherms were characterised as type IV
according to IUPAC classification, which is typical
of mesoporous materials, with a hysteresis loop
attributed to cage-like mesopores. All the materials
were characterised by high specific surface area and
total pore volume (Table 1). The binary materials
demonstrated higher specific surface area in compa-
rison with the individual metal oxides, which was
the highest for 5Sn5Ti. Besides, formation of
smaller and uniform mesopores was observed with
the binary oxides. There was no simple relation
between texture parameters (Table 1) and sample
composition, which could be evidence for absence
of mechanical mixture of the separate oxides. XRD
patterns of TiO,—SnO, mixed oxides are presented
in Fig. 1b and data on phase composition, unit cell
parameters, and average crystallite size are listed in
Table 1.

Intensity, a.u.

2 Theta, deg

100

Fig. 1. Nitrogen physisorption isotherms (a) and pore size distribution (a, insert)
and XRD patterns (b) for all Ti-Sn oxides.
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For pure titania, only reflections of anatase (26 =
25.6°, 38.3°, 47.8°, and 62.5°) were detected (pdf
01086-1157) [13]. The diffraction pattern of unmixed
tin dioxide showed reflections at 20 = 27.2° and
34.4° referred to SnO, with cassiterite tetragonal
structure (ICDD card No. 41-1445) of space group
P42/mnm. Weak reflections of anatase were still
detected in the pattern of 8Ti2Sn, but well-defined
reflections of cassiterite were also observed.

On further increase of tin content (5Ti-5Sn and
2Ti-8Sn samples) only reflections of well crystal-
lised cassiterite were registered. These reflections
were slightly shifted to higher Bragg angles indi-
cating a decrease in cassiterite unit cell parameters.

Taking into account that Ti** and Sn*" ion radii are
0.74 and 0.84 A, respectively, the latter observation
could be assigned to incorporation of the smaller
Ti** ions into SnO;, lattice [3]. A slight increase in
anatase unit cell parameters was also detected with
2Sn8Ti (Table 1) probably due to incorporation of
Sn* ions [3, 4]. XRD reflections of all the binary
materials are broader as compared to the pure tin
dioxide and titania, which is evidence for higher
dispersion of the former (Table 1).

To obtain further information about the oxidation
state of the various metal oxide species, UV-Vis,
FTIR, and Raman spectroscopy measurements were
also made (Fig. 2).

Table 1. Nitrogen physisorption and XRD data on Ti-Sn oxides of different composition.

* *%
ABETu Vtotv

Particle size,

Sample mlg cmigt Space group Unit cell am SA***

TiO, 85 0.29 anatase, 141/amd 3.7862(4) 17 0.46
9.493(1)

2Sn8Ti 98 0.30 cassiterite, P42/mnm 4.670(4) 7 0.28
3.059(2)

anatase, 141/amd 3.803(3) 10

9.528(8)

5Sn5Ti 107 0.32 cassiterite, P42/mnm 4.664(2) 5 0.05
3.096(2)

8Sn2Ti 72 0.14 cassiterite, P42/mnm 4.707(2) 6 0.18
3.154(1)

Sno, 43 0.16 cassiterite, P42/mnm 4.738(1) 9 0.21
3.186(1)

*Ager -specific surface area (BET method), **V - total pore volume, ***SA - specific catalytic activity calculated per unit surface area at T = 700 K
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Fig. 2. UV-vis spectra (a), FTIR spectra (3700-1500 cm * and 1000-400 cm ) (b), and Raman spectra
of the Ti-Sn oxides (c).

A strong absorption feature at 350 nm in the UV-
Vis spectrum (Fig. 2a) of titania sample is due to
d-d electronic transition between Ti** ions and O,-

ligands in anatase [15]. The UV-Vis spectrum of
pure tin dioxide represents an absorption in the 200-
350-nm range, which is characteristic of a valence-
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conduction interband transition. Increased absorp-
tion could be ascribed to the presence of defects in
the SnO; lattice [16]. A maximum at about 230 nm
could be due to surface Sn** species [15 and refs
therein]. A well-defined red shift of the absorption
edges was observed for all binary materials, which
indicates changes in the environment and/or of the
oxidation state of the tin ions.

FTIR spectra of TiO,—SnO, materials are shown
in Fig. 2b. The IR bands at about 460, 620 cm * and
the shoulder at 910 cm™ are close to reported
reference vibration modes of Ti—O in anatase phase
TiO, lattice [17]. Changes in the shape and intensity
of the shoulder at 910 cm™* in the IR spectra of the
bi-component materials reveal interaction between
tin dioxide and titania phases, which is in good
agreement with XRD and nitrogen physisorption
data. In consistence with the UV-Vis data (Fig.2a),
the broad band in the 400-680 cm ™' region could be
ascribed to superposition of vibration stretching
modes of bridged Sn—O—Sn, Ti—O—Ti, and Ti—O—Sn
bonding [17]. Broad bands centred at about 3400
and 1600 cm™, which are generally assigned to
stretching and bending vibrations of physically
adsorbed water and hydroxyl groups, respectively,
were registered as well [18,19].

To get more information on the interaction
between the metal oxide nanoparticles, Raman
spectra were also recorded (Fig. 2c). The spectrum
of titania sample (Fig. 2¢) displays the main peaks at
149, 198, 398, 515, and 644 cm ' that are typical of
anatase TiO, structure [20]. The spectrum of tin

TiO

2

a

. 2SngTi

. 5SnsTi

Tg, a.u.

83n2Ti

. SnO

2

Dtg, a.u.

dioxide consists of an intense band at 630 cm™' and
a weak band at 774 cm™', which could be assigned
to [21] Alg and B2g modes of symmetric and
asymmetric stretching vibrations of Sn—O bonds,
respectively [22, 23].

A slight shift and broadening of the main
Raman-active modes combined with a decreased
intensity were observed with the bi-component
materials (Fig. 2c), which could be assigned to
partial incorporation of titanium ions into the SnO,
lattice. The latter resulted in significant changes in
dispersion and structure [21-23].

Fig. 3 shows data on TPR analyses. Reduction of
tin dioxide sample was initiated above 440 K. A
further temperature increase up to 773 K caused a
weight loss associated with about 100% (wmmm: with
almost complete) reduction of Sn** to Sn° (Fig. 3a).

The TPR-DTG effect on the bi-component
samples was smaller in comparison with unmixed
tin dioxide and shifted to higher temperature. In
accordance with the UV-Vis data, this could be
assigned to the formation of hardly reducible Ti-O-
Sn species. 5Sn5Ti manifested the lowest reduci-
bility. Note that this material exhibited the highest
dispersion and specific surface area (Table 1). In
this way, the equimolar Ti/Sn ratio in the binary
materials facilitated the formation of homogeneous
mixed oxide phase.

Temperature dependencies of methanol conver-
sion and the selectivity to CO for the titania and tin
oxide materials are presented in Fig. 4a, b.

TO, |
2Sn8Ti
5Sn5Ti

BSNn2Ti

sno,

S

400 500 600 700 800 900 1000
Temperature, K

400 500 600 700 800 900 1000
Temperature, K

Fig. 3. TPR-TG (a) and TPR-DTG (b) profiles of the Ti-Sn mixed oxides.
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Fig. 4. Methanol conversion vs temperature (a) and selectivity to CO (b) for the Sn-Ti oxides.

Except for CO, which is directly associated with
hydrogen production from methanol, CO,, CH,, and
dimethyl ether (DME) were registered as by-
products. All samples exhibited catalytic activity
above 550 K. It was the highest for pure titania and
strongly decreased upon SnO, addition. No simple
relation between catalytic activity and samples
composition was observed. Moreover, the sample
having the highest dispersion and specific surface
area (5Sn5Ti) demonstrated the lowest catalytic
activity. Specific catalytic activity per unit surface
area (SA) was calculated to disregard the impact of
sample texture parameters on the catalytic properties
(Table 1). Again, the highest value was found for
titania, whereas 5Sn5Ti demonstrated an extremely
low value. At the same time, significant differences
in products distribution were observed. The main
by-product on titania was DME (about 40%), which
could be assigned to high Lewis acidic functionality
[25]. The highest CO selectivity (85%) was detected
for pure tin dioxide. All binary materials showed a
relatively high selectivity to CO, (up to 10%) and
methane (25-47%) formation. These results clearly
demonstrate changes of the catalytic sites in the
binary materials. In view of the XRD, TPR, UV-
Vis, and Raman and FTIR spectral data, formation
of shared Sn—O-Ti active sites can be proposed.
Obviously, this formation is associated with sample
composition, being to a higher extent for the sample
with Ti/Sn equimolar ratio.

CONCLUSIONS

High surface area mesoporous SnO,-TiO, binary
materials can be successfully synthesized using

template assisted hydrothermal technique. It was
found that the binary oxide materials exhibit higher
dispersion and specific surface area, but lower
specific catalytic activity and selectivity in methanol
decomposition to CO as compared to the individual
metal oxides. This could be assigned to the
formation of shared Sn—O—Ti structures, the process
being directed by the Ti/Sn ratio.
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HAHOCTPYKTYPUPAHU ME3OITOPECTHU TixSn;.xO, CMECEHU OKCUJIU KATO
KATAJIN3ATOPU 3A PA3SITAJAHE HA METAHOJI: EOEKT HA CbOTHOILIEHHMETO Ti/Sn

U. TenoBa™*, T. HOH‘ICBal, M. I[I/IMHTpOBl, I. Kosauepa®

Y Unemumym no opeanuuna xumus ¢ Llenmwp no umoxumus, BAH, 1113 Cogpus, Bvreapus
2 Uuemumym no o6wa u neopeanuuna xumus, BAH, 1113 Cogus, Bvreapus

[ocreruna Ha 16 sayapu 2018 r.; Ilpepaborena Ha 7 mapt 2018 1.

(Pesrome)

IleaTa Ha HACTOAIIETO M3CIEABAHE € Aa Ce M3ACHM BIUsSHUETO Ha Ti / Sn choTHOMIEHHETO HA cMeceHHn Ti1,SNy, Oy
OKCUJU BBPXY TEXHUTE CTPYKTYpHH, PEIyKUMOHHM M KAaTAIMTUYHM CBOMCTBA. MeE30IIOpECTH CMECEHM OKCUIU C
pa3nuuHO choTHOLIeHHe Ti/Sn ca cMHTe3upaHH upe3 XUIPOTepMaliHa TEXHUKA B IPUCHCTBHE HA OPraHUYeH TEMILICHT.
[MonydyeHnTe MaTepHagM ca XapaKTEPU3UPAHU C KOMIUICKC OT (DM3MKOXMMUYHHA TEXHHKH, KaTO acopOlus Ha a3or,
peHtrenodasos ananu3, Pamanosa, YB-Buauma u MUY cnexrpockonus u TIIP ¢ Bogopoa. Kato karaautudHa TecT-
peakuus e MU3MoJ3BaHa pPeakiusl Ha pas3majiaHe Ha METaHOJ J0 CHMHTe3 ra3. KaTaiuTtuyHata akTUBHOCT Ha OMHApHUTE
MaTepHalld 3aBHCH I10 CIOKEH HAYHMH OT TeXHUS (a3oB cheTaB. Toil e momoOpeH OnarogapeHre Ha yBEIHMIaBaHETO Ha
cnenu@UIHATA IOBBPXHOCT M 00€Ma Ha TIOPHUTE, HO CHITHO IMTOTHCHAT MOPaId 3HAYUTCITHUTE CTPYKTYPHHU IIPOMEHH.
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Crystalline LiVMoOg with brannerite structure was synthesized by mechanochemically assisted solid-state
synthesis. A mixture of Li,COs; V,0s, and MoO; of oxide 1:1:2 molar ratio was subjected to intense mechanical
treatment for 10 min in air using a planetary ball mill (Fritsch-Premium line-Pulversette No 7) and zirconia vials and
balls (5 mm in diameter). The mechanically treated mixture of the metal oxides was subsequently heated for 1 hour at
450 °C. XRD, Raman spectroscopy, and SEM investigations were performed to examine phase formation, local
structure, and morphology of the obtained product. Preliminary mechanical activation of the reagents led to the
formation of highly reactive precursor and annealing of the latter formed submicron-sized particles of LiVMoOg with
irregular shape, which were highly agglomerated. Photocatalytic results showed that adsorption of Malachite Green dye
(MG) on the LiVMoOg surface is a prerequisite for its photodegradation. Degradation percentage of Malachite Green in

the presence of LiVMoOg photocatalyst was about 70% after 210 min of UV irradiation time.

Key words: mechanochemistry, Raman spectroscopy, photocatalysis.

INTRODUCTION

Over the last decades, photocatalysis has been
extensively explored as a process to efficiently
conduct oxidation of organic compounds, mainly
pollutants. In this sense, TiO, has been preferred by
far over other materials as photocatalyst. Despite the
proven efficiency of titania, some issues still
challenge the scientific community dedicated to
photo-catalysis. Recently, scientific efforts have
been directed to design titania-free visible-light
active photocatalysts. For example, monoclinic and
perovskite materials, such as InMO, (M =V, Nb,
Ta), BiVO,, AgTa0O;, AgNbO;, and AgsVO,, have
been confirmed to be active visible-light responsive
photocatalysts [1-4]. In this context, some other
monoclinic systems may deserve special attention.
Among them, brannerite-type LiMoVOg compound
calls the attention due to its electrochemical
properties and recognised application as a positive
electrode material for lithium secondary batteries
[5-7]. The aim of the present study was to obtain
LiMoVOs compound by mechanochemically
assisted solid-state synthesis and to explore its
structural and photocatalytic properties.

EXPERIMENTAL

Crystalline LiVMoOg with brannerite structure

* To whom all correspondence should be sent
E-mail: margi71@abv.bg

was prepared by mechanochemically assisted solid-
state synthesis. A mixture of Li,COs; V,0s, and
MoO; of oxide 1:1:2 molar ratio was subjected to
intense mechanical treatment for 10 min in air using
a planetary ball mill (Fritsch-Premium line-
Pulversette No 7) and zirconia vials and balls (5 mm
in diameter). Balls to powder weight ratio was 10:1.
The mechanically treated mixture of the reagents
was subsequently heated for 1 hour at 450 °C. Phase
formation was checked by XRD (CuKa, Ultima IV;
Rigaku Corp.). Room temperature Raman spectro-
scopy measurements of LiVMoOg were performed
in the range of 200-1200 cm™ on a micro-Raman
system of Jobin-Yvon Horiba (LABRAM HR-800)
spectrometer with green laser (wavelength of 532
nm). LiVMoOg morphology and microstructure
were investigated by JEOL JSM-5300 scanning
electron microscope. The photocatalytic activity of
the obtained LiVMoOg was evaluated toward the
degradation of a model aqueous solution of
Malachite Green (MG) oxalate (Sigma-Aldrich)
under UV irradiation at room temperature. A MG
solution (150 ml, 5 ppm, pH = 7) containing 0.1 g of
as-prepared powder was placed into a glass beaker.
Before turning on the light, the solution was
ultrasonicated for 10 min and after that stirred for 10
min to ensure adsorption-desorption equilibrium in
the solid/solution system. A solution of 3 ml volume
was taken at regular time intervals and separated
through centrifugation (5000 rpm, 5 min). Then MG
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concentration in the centrifugate was measured by
an Evolution 300 UV-VIS (Thermo Scientific, 50—
60 Hz, 150 VA) spectrophotometer. The photo-
degradation percentage of MG was calculated by
Eqg. (1).

R = (1 - Ci/Cy)=100, % (1)

Where C, and C; are MG initial concentration and
concentration after certain period of irradiation time
(ppm), respectively.

RESULTS AND DISCUSSION

Figure 1 presents X-ray diffraction patterns of
Li,CO; + V,05 + MoO3; mixture before mechanical
treatment (Fig. 1a), initial mixture after mechanical
treatment for 10 minutes (Fig. 1b), and mixture of
mechanically treated precursors for 10 min, and
subsequently calcined for 1 h at 450 °C (Fig. 1c).
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Fig. 1. XRD patterns of Li,CO3 + V,05 + M0oO3 mixture:
a) before mechanical treatment; b) after 10 min mecha-
nical treatment under rotation speed of 500 rpm; c) after
10 min mechanical treatment and calcination at 450 °C

for 1 hour.

The initial XRD pattern (Fig. 1a) shows all peaks
corresponding to MoO; (JCPDS No 47-01320) and
V,0s5 (JCPDS No 75-0457), while the reflections of
the initial Li-containing compounds are present at
the background level due to weak scattering ability
of the lithium atoms. The diffraction peaks of the
reactants gradually decreased with milling. More-
over, partial amorphisation of the initial oxides was
observed during the milling process (Fig. 1b). XRD
data indicate the formation of single phase LiVMo0Og
with brannerite-type structure by mechanochemical
treatment of the precursor for 10 min followed by
heat treatment for 1 h at 450 °C (Fig. 1c). The dif-
fraction pattern of the obtained LiVMo0Os was
indexed using ‘Index’ software assuming a C2/m
symmetry that corresponds to the monoclinic citing
of the brannerite structure and shows no traces of
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impurity phases [8]. The diffraction peaks are
intense and symmetrical evidencing the formation of
a well crystallized LiVMoOg product.

The obtained material was characterized by
applying Raman spectroscopy and SEM. Raman
features show (Fig. 2) vibrational modes of the
various MeOg (Me = V, Mo, Li) octahedral units
building the lattice. The assignment of the observed
Raman bands is shown in Table 1.
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Fig. 2. Raman spectra of LiVMoOg obtained after
mechanical activation of Li,CO; + V,05 + M0oO; mixture

for 10 min and subsequent heat treatment for 1 hour at
450 °C.

Table 1. Observed Raman bands and their assignment for
LiVMoOg, obtained by mechanochemically assisted solid
state synthesis.

Raman band position, Assignments Refs.
cm*
963 v(Me=0; Me=V, Mo) 9-11
832 Vas (Me-O-Me) 9-11
717 Vas (Me-O-Me) 9-11
437 Vas (Me-O-Me) 9-11
322 3(Me-O-Me) 9,10
263 8(Me-0O-Me) + v(LiOg) 9-11

SEM images of LiVMoOg of different magnifi-
cation are displayed in figure 3. SEM photographs
evidenced that the sample consists of dense agglo-
merates formed from irregular shaped and small
submicron-size particles.

The MG dye was used as a model pollutant to
investigate the photocatalytic activity of the
prepared sample. The strongest absorption peak of
MG dye at 615 nm was selected to monitor the
photocatalytic degradation process (Fig. 4). After
UV illumination, the absorption band at 615 nm
decreased rapidly and new absorption bands in the
ultraviolet and visible range were not registered.
This observation is in marked contrast with the data
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Fig. 3. SEM images of LiVMoOg at different magnification obtained after mechanical activation of
Li,CO3; +V,05 + MoO3 mixture for 10 min and subsequent heat treatment for 1 hour at 450 °C.

reported in the literature concerned with photocata-
lyzed degradation of many organic compounds in
the presence of TiO, under UV irradiation, in which
intermediates are easily detected by absorption
spectra [12]. These photocatalytic results also show
that MG is firstly absorbed on the LiVMoOg surface
and then photodegraded. MG degradation percent-
age in the presence of LiVMoOg photocatalyst was
about 70% after 210 min of irradiation time.
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Fig. 4. Evolution of absorption spectra of MG dye solu-
tion over LiVMoOg powder under UV-vis irradiation.

CONCLUSIONS

Single phase LiVMoOs was successfully
prepared by applying mechanochemically assisted
solid-state synthesis. Preliminary mechanical activa-
tion of a mixture of metal oxides in a planetary ball
mill led to the formation of highly reactive pre-
cursors. Annealing of the latter caused formation of
submicron-sized highly agglomerated particles of
LiVMoOg with irregular shape. Photocatalytic
results show that adsorption of Malachite Green is a
prerequisite for LiVMoQg-assisted photodegradation
of MG under UV light irradiation. MG degradation
percentage in the presence of LiVMoOg photocata-
lyst was about 70% after 210 min of irradiation time.
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CUHTE3, OXAPAKTEPU3UPAHE U ®OTOKATAJIMTUYHU CBOVMICTBA HA LiVMo0Os

M. K. Munanosa*, P. C. Mopaanosa, M. H. T'anuesa

Unemumym no obwa u neopeanuuna xumus, bvieapcka axademus na naykume, yi. ,,Axao. I'. Bonyes*, baox 11,
1113 Cogpus, bvreapus

Ioctenuna Ha: 17 suyapu 2018 r.; Ilpepabotena Ha: 25 mapT 2018 r.
(Pesrome)

Mounodasen kpucraieH LiVMoOg cbe cTpykTypa oT BpaHepuToB THI € MONYYEH YCHENIHO Ype3 MEXaHOXHMHYHO
aktuBupaH TBbpaodazen cuured. Cmec or Li,COz; V,05 1 M0O; B MOiHO choTHOIIEHHE Ha okcumure 1:1:2 e
MO/IJIO’KEHA HA UHTEH3MBHA MEXaHNYHa 00paboTka 3a 10 MUHYTH BBB BB3/yIIHA Cpelia B IFIaHETApHA TOITKOBA MEITHUIIA
(Fritsch-Premium line-Pulversette No 7). Mexanu4no o6paboTeHara cMec OT MPEKypcopuTe € Harpsra 3a | yac mpu
450 °C. Taka momydeHHAT oOpasel] € oxapakTepusupaH upe3 PeHrreHoBa mudpaknums, PamMaHOBa CrieKTpoCKOMHS U
CKaHMpallla eJIeKTPOHHA MHUKPOCKOIHs. YCTaHOBEHO €, Y€ IPEJBAPUTEIIHOTO MEXaHWYHO TPETUpaHEe Ha CMECTTa OT
peareHTH B IUIaHETapHa TOINKOBAa MEJHHMIA, BOAM JO 3HAYMTEIHO AaKTHBHPAaHE HA PEaKIMOHHATA CMEC OT M3XOJHHU
KOMITOHEHTH M CJIe]] MOCJIEBAI0 HAarpsiBaHE 3a KpaTbK meproj ot BpeMe (1 wac) ce momyuasa kpuctaied LiVMO0Osg,
ChIbpIKAl] KPUCTAIUTH ChC CYOMUKpOHEH pasmep. DoToKaTaTUTHYHATA aKTUBHOCT Ha monydenust LiVMOoOg Gerre
n3clie/IBaHa 4pe3 pasrpakJaHe Ha OpPraHu4HOTO Oarpmiio ManaxuToBo 3elieHO MOJI YJITPaBHOJIETOBO OOJIbUBaHE.
@DoTOKATAINTUYHUTE pe3yjaraT MOKa3BaT, Y€ OPraHW4YHOTO Oarpuio MbBPBO ce ajcopOupa Ha MOBBPXHOCTTA Ha
LiVM0Og u cren ToBa 3amo4Ba HEeroBoTto pasrpaxaane. Cren 210 MuHYTH BpeMe Ha OOJ'bYBaHe, MPOLEHTHT Ha
pasrpaknane Ha ManaxutoBo 3eneHo B npuckeTBue Ha LIVMO0Og e okoso 70%.
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This work reports synthesis and characterisation of N-doped Fe,O3-ZnO mixed oxide and the ability of this material
to decolourise Methyl Orange organic dye in aqueous solution under visible light irradiation. The photocatalytic
material was prepared using eco-friendly simple mechanochemical synthesis. The photocatalysts were characterised by
X-ray diffraction (XRD), UV-vis diffuse reflectance spectroscopy (DRS), photoluminescence spectroscopy (PL), and
electron paramagnetic resonance (EPR) methods as well as Mdossbauer spectroscopy. XRD analysis showed that
employed mechanochemical synthesis promoted changes in crystallite size. A lower band gap was observed. The lower
band gap and an improved photocatalytic activity under visible light irradiation of the mechanochemically synthesised
nitrogen-doped Fe,03-ZnO mixed oxide were registered in comparison with ZnO. A lower intensity in the PL spectra of
N-Fe,05-ZnO confirmed better separation and lower electron-hole recombination rate and accordingly higher

photodecolourisation performance than initial ZnO.

Key words: mechanochemistry, photocatalysis, dye discolouration, Methyl Orange.

INTRODUCTION

Heterogeneous photocatalysis has been widely
investigated as a technigue for environmental detoxi-
fication in both water and air [1]. Semiconductors
are widely studied as photocatalysts for degradation
of organic contaminants in wastewaters [2]. Many
semiconductors such as metal oxides and metal sul-
phides have been employed to study photocatalytic
reduction of pollutants in water [3]. ZnO is often
used as a solid photocatalyst [4]. The zinc oxide has
higher efficiency in photocatalytic performance than
TiO, due to its high quantum efficiency [5]. Zinc
oxide in the wurtzite phase is the most used metal
oxide as photocatalyst due to its electronic band
structure. ZnO is a wide band gap semiconductor
(Eq = 3.37 eV) that utilises only the UV portion
(about 5%) of solar energy. Therefore, considerable
effort has been applied to extend the response of
ZnO to photodegradation of pollutants by visible-
light irradiation [6]. This disadvantage is overcome
in two ways, namely: by coupling with another
metal oxide [7] or by doping with non-metal [8].

Hematite (a-Fe,O3) is a promising candidate for
photocatalytic applications due to its narrow band
gap of 2.2 eV [9]. Furthermore, hematite absorbs
light up to 600 nm, collects up to 40% of the solar
spectrum energy. Being stable in most aqueous solu-
tions, it is one of the cheapest available semicon-

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

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

ductor materials [10]. Development of coupled semi-
conductor photocatalysts is a significant advance-
ment in catalytic functional materials [11]. Mixed
oxides show a considerably higher photocatalytic
activity for dye removal from wastewater under
visible light irradiation than that of a single semi-
conductor [12]. The mixed oxides have been fabri-
cated by different techniques such as hydrothermal-
thermal decomposition [11], sol-gel [12], reflux
condensation [13], homogeneous precipitation [14],
and mechanochemical methods [15]. High-energy
milling is one of the most powerful techniques for
synthesis of photocatalysts [16].

Nitrogen doping represents an important strategy
to modulate the optical and photocatalytic properties
of metal oxides [17]. Nitrogen doping is more
effective than carbon/sulphur doping to achieve a
high visible-light response [18]. Highly intensive
homogenisation by milling of the mixture of inter-
acting components makes mechanochemical syn-
thesis easier [19].

In this work N-doped Fe,Os-ZnO mixed oxide
prepared by mechanochemical synthesis was inves-
tigated to evaluate photodecolourisation of Methyl
Orange (MO) as a dye model system. Here, N-doping
of mixed Fe,03-ZnO oxide was studied as a low
cost alternative to enhance ZnO photoactivity in
visible light irradiation by slowing down photoge-
nerated charge recombination.
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EXPERIMENTAL
Materials

Commercial ZnO was purchased from Himsnab
Company (Bulgaria). Hematite (Aldrich) and
ammonia reagents of analytical grade were used
without further purification. Samples of N-doped
Fe,05-ZnO mixed oxide were prepared by mechano-
chemical synthesis using a high-energy planetary
ball mill Pulverisette 6 (Fritsch, Germany). The
precursors were milled for 0.5 h at 550 rpm in
ambient atmosphere using a chamber (250 cm®) with
21 balls (10 mm in diameter) both made of zirconia.
The ball-to-powder mass ratio was 40:1. After
milling, the powdered mixture was calcined at 673 K
in air for 2_h.

Methods of investigation

X-ray diffraction (XRD) patterns were recorded
on a D8 Advance diffractometer (Brucker, Germany)
using CuKa radiation. Diffraction data were
collected over angular range of 20° < 2@ < 65° with
steps of 0.02° and a counting time of 9 s/step. Com-
mercial Diffrac™ Topas was utilised for Rietveld
analysis.

Diffuse reflectance UV-vis spectra for evaluation
of photophysical properties were recorded in the
diffuse reflectance mode and transformed to absorp-
tion spectra through the Kubelka-Munk function
[20]. A Thermo Evolution 300 UV-vis spectropho-
tometer, equipped with a Praying Mantis device
with Spectralon as the reference was used.

Photoluminescence (PL) spectra at room tempe-
rature 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. For
measuring the PL intensity, the powders were sus-
pended in absolute ethanol.

Room temperature Mdossbauer spectra were
registered by measurements with a Wissel (Wissen-
schaftliche Elektronik GMBN, Germany) electro-
mechanical spectrometer working in a constant
acceleration mode. A 57 Co/Rh (activity = 50 mCi)
source and a-Fe standard were used. Parameters of
hyperfine interaction, such as isomer shift (9),
quadrupole splitting (A), magnetic hyperfine field
(B), line widths (FWHM), and relative weight (G) of
partial components in the spectra were determined
according to Ref. [21].

EPR spectra were recorded at room temperature
on a JEOL JES-FA 100 EPR spectrometer operating
in the X-band equipped with a standard TEg;
cylindrical resonator. The samples were placed in
quartz tubes and fixed in the cavity centre. The
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instrumental settings using the above spectrometer
were modulation frequency of 100 kHz, sweep 500
mT, time constant 0.3 s, sweep time 2 min, micro-
wave power 1 mW, and amplitude of the magnetic
field modulation of 0.2 mT.

Photocatalytic test

Methyl Orange adsorption on initial ZnO and
mechanochemically synthesised Fe,Os-ZnO and N-
doped Fe,03-ZnO samples was measured in the
dark. In each experiment, 100 mg of sample were
added to dye aqueous solution. Then the suspension
was magnetically stirred for 30 min at room tempe-
rature in the dark in the absence of oxygen to attain
adsorption-desorption equilibrium [22]. The photo-
catalytic activity of all samples was determined by
photodecolourisation of Methyl Orange organic dye
under visible light illumination. Moreover, 0.10 g of
prepared photocatalyst was suspended in 100 ml of
MO solution. The obtained mixture was subjected to
stirring in the dark for 30 min to achieve adsorption-
desorption equilibrium. Then, the mixed suspension
was kept under visible light illumination. At a given
time interval, 6 ml of mixed suspension was sampled
and centrifuged to eliminate the photocatalyst. The
residual concentration of MO was estimated at 463
nm using a SPEKOL 11 (Carl Zeiss Jenna) spectro-
photometer.

RESULTS AND DISCUSSION
X-ray data analysis

Powder X-ray diffraction (XRD) analysis was
used to identify the crystal phase of the samples.
The XRD patterns of pure ZnO and mechanoche-
mically synthesised N-doped Fe,0s-ZnO samples
after heat treatment are shown in Fig. 1.

(101)

Intensity (a.u.)

(100)

(102) (110) (103) ;19

(200

40 50 60 70

2 Theta (degree)

Fig. 1. XRD pattern of initial ZnO (1) and mechano-
chemically synthesised N-Fe,03-Zn0O sample (2).
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Identification of the registered peaks was per-
formed using the JCPDS card 36-1451 for ZnO. The
three most intensive peaks at 20 = 31.74, 34.38, and
36.2° were assigned to (100), (002), and (101)
reflections of ZnO, indicating that the samples were
of hexa-gona wurtzite structure. For the mechano-
chemically synthesised N-Fe,03;-ZnO sample an
additional diffraction peak of a-Fe,O; appeared at
20 = 33.15° reflection (104) that is typical of hema-
tite (JCPDS card No 33-0664). The XRD pattern
confirmed the formation of nanocrystalline mixed
oxide. No peaks consistent with another N-con-
taining phase were detected in the XRD pattern of
mechanochemically synthesised sample. The peak
intensities of the mechanochemically synthesised
sample were lower along with certain broadening
(Fig. 1). Thus, mechanochemical synthesis promotes
changes in crystallite size of the ZnO material. The
average crystallite size of ZnO decreased from 168
nm to about 90 nm.

Diffuse reflectance spectra

UV-vis diffuse reflectance spectra are shown in
Fig. 2. A pure ZnO sample could absorb only ultra-
violet light. A spectrum of N-doped Fe,0;-ZnO
sample demonstrated a reflectance, covering wave-
lengths from 200 to 800 nm. A decrease of the
reflectance was observed for doped mixed oxide
compared with pure ZnO.

=)
<

Reflectance (%)

20
------- N-Fe O -ZnO
0 T T T  E——
200 400 600 800
Wavelength (nm)
vvvvvvv LU L L B LR B BLELELRLS
b Zn0O :

3 N-Fe,0.-Zn0O :| -

(ahv)’(eVem™)
[¥e]
T

Photon Energy (eV)

Fig. 2. Diffuse reflectance spectra (a) and plot of (ahv)?
versus energy (b) of pure ZnO and mechanochemically
synthesised N-doped Fe,03-ZnO sample.

The reflectance edge of mechanochemically syn-
thesised N-doped Fe,O3-ZnO sample manifested a
red shift. Electronic interactions between ZnO and
Fe,O; induced a shift of the band gap absorption to
longer wavelengths [23]. This result suggested that
the N-doped Fe,03-ZnO sample had a potential for
photocatalysis using the visible part of the spectrum.

The band gap energy of all samples was cal-
culated from the diffuse reflectance spectra by
performing a Kubelka-Munk analysis using the
following equation:

F(R) = (1-R)%/2R, (1)

where R is the diffuse reflectance. According to this
function the band gap energy can be obtained by
plotting the F(R)? vs. the energy in electron volts.
The linear part of the curve was extrapolated to
F(R)* = 0 to calculate the direct band gap energy.
The results are presented in Fig. 2b. The band gap of
the initial ZnO was 3.38 eV, whereas that of the
mechanochemically synthesised N-doped Fe,Os-
ZnO sample was 1.98 eV. A red shift was attributed
to sp-d exchange interactions between the band
electrons and the localised d electrons of Fe ions.

Photoluminescence

Because of its high sensitivity and nondestructive
nature, photoluminescence (PL) spectroscopy was
applied to obtain significant information about the
structure of active sites of metal oxides [24]. Room
temperature PL spectra of samples were also
recorded to study sample defects. Fig. 3 shows PL
spectra of the starting ZnO and prepared N-Fe,Os-
Zn0O samples excited by UV-ray wavelength of 325
nm (photon energy of 3.81 eV) that usually leads to
ZnO emission. They exhibit a strong ultraviolet
emission at 391 nm and a weak green-yellow emis-
sion at 530 nm. The UV emission is attributed to a
free excitonic recombination through free excitons
transition process [25].

In the spectrum of mechanochemically syn-
thesised N-Fe,0;-ZnO sample, the PL intensity
drastically decreased while the line width increased
with a shift of emission maximum towards longer
wavelengths. This spectrum could be decomposed
into PL bands, one in the green, and another in the
yellow region. The green luminescence arises from
a radiative recombination involving an intrinsic
defect located at the surface [26]. The peak intensity
of PL spectra correlate with the recombination rate
of electron-hole pairs. As the PL emission is the
result of the recombination of excited electrons and
holes, a lower PL intensity indicates a decrease in
recombination rate and thus higher photocatalytic
activity [27]. Therefore, it is deduced that the Fe**

111



N. G. Kostova et al.: Mechanochemically synthesized N-doped Fe,0O3-ZnO mixed oxide

ions trapped the photogenerated electrons, while
nitrogen trapped the photogenerated holes, leading
to enhanced quantum efficiency and photocatalytic
activity [28].

An increase in oxygen vacancies that acted as
electron donors in the ZnO lattice promoted better
charge separation. Reduction of emission intensity
signified a high efficiency of charge separation and
transfer between N, Fe,Os, and ZnO.

391 iy =325 nm

—— N-Fey03-Zn0O

PL Intensity (a.u.)

400 450 500 550
Emission wavelength (nm)

Fig. 3. Photoluminescence spectra of initial ZnO (dot
line) and mechanochemically synthesised N-Fe,03-ZnO
sample (solid line).

Modssbauer spectroscopy

57Fe Mossbauer spectra of initial a-Fe,Os; and
mechanochemically  synthesised  N-Fe,05-ZnO
samples are displayed in Fig. 4 and consequent
parameters of the materials are listed in Table 1.

The Mossbauer spectrum of pure Fe,O; was
fitted with one sextet with IS of 0.37 mm/s, Hes =
51.5 T, and a negative QS which could be assigned
to hematite. The result agrees well with the data
from XRD analysis. The Mossbauer spectrum of the
N-Fe,03-ZnO sample is a combination of sextet and
doublet (Table 1). Sextet parameters respond to
octahedrally coordinated Fe*" ions in antiferromag-
netic hematite, while doublet ones reconcile to Fe**
ions in octahedral coordination in paramagnetic or
superparamagnetic oxide phase. An approximative
phase ratio in the sample can be assumed based on
the ratio between calculated relative weights of the
components G (Table 1). The doublet with QS =
0.75 mm/s can be ascribed to a-Fe,03 particles, the
sizes of which are below the critical one for the

Table 1. Room temperature Mossbauer parameters

transition of ferromagnetic to superparamagnetic
behaviour [29].

Relative Transmission (a.u.)

N-doped FerO3-ZnO

it oS Y g
Velocity (mm/s)

Fig. 4. Mossbauer spectra of initial a-Fe,0O3 and
N-Fe,05-Zn0O samples.

Electron paramagnetic resonance spectroscopy

Typical EPR spectra of initial ZnO and mecha-
nochemically synthesised N-doped ZnO and N-
Fe,03-ZnO samples are given in Fig. 5. The EPR
spectrum of pure Fe,Os is characterised by a wide
line with g value of 2.6997. This line is due to
paramagnetic Fe** ijons. The reason for the very
wide signal and movement of the g factor to lower
magnetic field in comparison with that reported in
the literature is a high concentration of ferrous ions
and their spin-spin interactions.

3
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Fig. 5. EPR spectra of a-Fe,O3 (1) and mechano-
chemically synthesised N-Fe,03-ZnO sample (2).

IS, QS, Hefr, FWHM, G,

Sample Component mm/s mm/s T mm/s %
o-Fe,04 Sx-0-Fe,05-Fe** 0.37 -0.21 515 0.30 100
N-Fe,03-Zn0O Sx-0-Fe,04-Fe®* 0.38 -0.20 51.9 0.26 90
Db-Fe®* 0.36 0.75 - 0.40 10
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The EPR spectrum of mechanochemically
prepared N-Fe,O3-ZnO sample can be regarded as
superposition of two overlapping EPR signals. One
of the signals is wide with g factor around 2.211 and
AH = 87.74 mT due to octahedrally coordinated Fe**
ions of more finely dispersed iron oxide species [30].
The other signal with AH = 4.48 mT and g value of
1.9967 is generally attributed to an unpaired
electron trapped on an oxygen vacancy site [31].

Photocatalytic activity

The photocatalytic activities of the samples were
evaluated by photodecolourisation of MO in
aqueous solutions under visible light irradiation. A
preliminary test showed that the direct photolysis
process is very slow and can be considered negli-
gible in the same time. Fig. 6a shows decolouri-
sation of MO as a function of irradiation time for the
pure ZnO and mechanochemically synthesised N-
Fe,03-ZnO samples. Compared to undoped ZnO,
the N-Fe,0;-ZnO sample showed a considerably
enhanced photoactivity. The N-Fe,Os-ZnO sample
demonstrated discoloration efficiency of 42% in 120
min irradiation that was higher than the ZnO
efficiency for the same time duration. The electronic
configuration obtained after coupling the two semi-
conductors reduces recombination through efficient
electron transfer from Fe,O3 to ZnO, thus justifying
the observed photocatalytic activity results [23].
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Fig. 6. (2) Degree of decolourisation of Methyl Orange
dye and (b) dependence of the rate constants of photo-
catalytic decolourisation of Methyl Orange over pure
Zn0 and mechanochemically synthesised N-Fe,03-ZnO
samples under visible light irradiation.

Some researchers have reported that the kinetic
behaviour of photocatalytic reaction can be
described by a pseudo-first order model. It has been
noted that the plot of In(Cy/C) versus illumination
time represents a straight line and the slope of linear
regression can be equal to the apparent pseudo-first
order rate constant k. The rate constants for the
mechanochemically synthesised N-Fe,O3-ZnO and
pure ZnO samples were 0.372 and 0.06 h', res-
pectively. These results indicated that the localised
electron states of Fe,O; serve as charge carrier traps
for photogenerated charge carriers under visible
light irradiation [32]. According to the literature, the
trapped electron or hole will be migrated to the
catalyst surface where it will participate in a redox
reaction with the dye molecules, thereby sup-
pressing the electron-hole recombination and hence
substantially increasing the photodecolourisation
efficiency [33].

Furthermore, it is suggested that the different
photocatalytic activity behaviours depend on several
factors such as crystallite size and band gap.
According to the XRD measurements in the present
study N-dopant and Fe,Os; in mechanochemically
prepared samples led to reduction of the crystallite
size. In large crystallites of ZnO, recombination is
dominant and can be inhibited by decreasing the
particle size by ball milling. The pronounced photo-
catalytic effect is ascribed to the reduced band gap
(DRS) and lower recombination rate (PL) of ZnO.

CONCLUSION

In this study, N-doped Fe,03-ZnO photocatalyst
was prepared by a combination of mechanoche-
mical/thermal treatment and was used as a catalyst
in the process of photodecolourisation of Methyl
Orange as a dye model. A lower PL intensity of the
mechanochemically synthesised samples in compa-
rison with the initial ZnO indicated a lower recom-
bination rate of excited electrons and holes. Initial
ZnO possessed low PL intensity under visible light
irradiation. The mechanochemically synthesised
samples exhibited a higher photocatalytic decolouri-
sation of Methyl Orange under visible light in
comparison with initial ZnO, indicating that visible
light generates photon-induced electrons and holes
in N-doped Fe,03-ZnO due to appearance of elec-
tron level in the band gap. The visible light res-
ponsive photocatalyst showed effective activity in
the decolourisation process of Methyl Orange and
up to 42% for 120 min by increasing the doping
level.
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CBOICTBA HA MEXAHOXMMWYHO CUHTE3UPAH JIOTUPAH C A30T Fe,05-ZnO CMECEH
OKCHJI

H. . KocroBa*', M. (Da61/1aH2, E. I[yTKOBaZ, H. Benunos®, 1. KapaKHpOBal, M. Banax?

1
Hucmumym no kamanus, bvreapcka akademus na naykume, 1113 Cogpus, bvreapus
2
Hucmumym no eceomexnuxa, Cnosawika akademus na naykume, 04001 Kowuye, Cnosakus

Ioctenuna Ha: 2 ¢pepyapu 2018 r.; IIpepabdorena na: 13 anpun 2018 r.
(Pe3srome)

HacrosimaTta cratusi ce OTHacs 10 TOJy4aBaHETO M OXapaKTepH3MpaHeTo Ha JoTupaH ¢ a3oT Fe,03-ZnO cmecen
OKCHJ U CIIOCOOHOCTTa Ha TO3HM MaTepuall a o0e3lBEeTH OpraHuyHOTO Oarpmio Merun OpaHx BbB BOJECH Pa3TBOP IpU
oOipuBaHe ¢ BUAMMA cBeTVIMHA. (DOTOKATATUTUYHUAT Marepuan Oellle MOJy4eH 4Ype3 eKOJOIMYeH MEXaHOXMMHYEH
Meron Ha cuHTe3. PoTokaranmuzaTtopute Osixa oxapakTepusupaHu ¢ peHtreHodazoB aHanu3 (PDPA), YB-suauma
mudysHo-oTpakarenna cnekrpockonus (JJOC), doromymunecnenTna crnextpockornus (DJI), enekrtpoHeH mnapamar-
nured pesoHanc (EIIP) u MbocbayepoBa criektpockonusi. POA nokasa, ye mpuiaraHeTo Ha MEXaHOXUMHYEH CHHTE3
MIPOMOTHpA IIPOMEHH B pa3Mepa Ha KPHUCTAIUTHTE. bele perncTpupano crecHIBaHEe Ha 3a0paHEHaTa 30Ha HAa MEXaHO-
XMMHUYHO CHHTE3MpaHus AoTupaH ¢ a3oT Fe,03-ZnO cmeceH okcun n nogodpsiBaHe Ha (POTOKATATUTHYHATA AKTHBHOCT
pu 00bYBAaHE ¢ BUAWMMA CBETIMHA B cpaBHeHME ¢ m3XxoxHHs ZNO. ITOHWKEHHAT MHTEH3UTET BHB (HOTOTyMHHEC-
neHTHUs crnekTep Ha N-Fe,03-ZnO cBuumeTencTBa 3a MmMomoOpeHO pasfensHe Ha 3apsanTe, MO-HHUCKa CKOPOCT Ha
pEeKOMOMHHpaHe Ha E€IEKTPOH-AYIKa W ChOTBETHO IO-BHCOKa (POTOKATANMNTHIHA aKTHBHOCT B CPAaBHEHHUE C M3XOJHHMS
Zn0.
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Mineralization of pharmaceutical drugs by ZnO photocatalysts
under UV light illumination
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Zinc oxide films were obtained by simple suspension method through mixing commercial ZnO powder, ethanol, and
polyethylene glycol. Samples were deposited with one and five layers by dip coating. Film efficiency was evaluated by
decolourisation of the pharmaceutical drugs Paracetamol and Chloramphenicol. Drugs mineralisation Kinetics in
distilled water upon UV light illumination was studied as a model system for contaminated wastewater. Photocatalytic
experiments with commercial ZnO powders (unannealed and annealed) were also investigated. The films and the
powders were characterised by SEM, XRD, BET, and UV-vis spectroscopy. The effects of catalysts amount and
annealing temperature were examined. ZnO showed higher photocatalytic efficiency in Paracetamol degradation as

compared to that of Chloramphenicol.

Key words: ZnO, thin films, powders, photocatalysis, pharmaceutical drugs.

INTRODUCTION

Zinc oxide is one of the most important
inorganic, multifunctional, and promising materials
in the family of wide-gap semiconductors due to its
unique properties, such as chemical, radiation and
thermal resistance, optical transparency, and high
piezoelectric and photocatalytic properties. It has
been extensively used in industrial and medical
applications such as UV light emitting diodes [1],
UV laser [2], solar cells [3], gas sensors [4], photo-
catalysts [5], photovoltaic devices [6], toxicological
materials [7], etc. It is well known that the proper-
ties of nanomaterials depend not only on the
composition but also on the structure. There are
various ZnO nanostructures, such as nanoparticles
[8], nanorods [9], nanoflowers [10], nanowires [11],
and nanosheets [12], which have been successfully
synthesised by different approaches: thermal decom-
position [13,14], sol-gel method [15], microwave
method [16], chemical precipitation method [17],
hydrothermal method [18], etc.

ZnO is widely utilised semiconductor catalyst
that exhibits an attractive and promising property. In
regarding to its high photocatalytic activity, ZnO
nanostructures have attracted a considerable atten-
tion, which is due to their superior performance in
the range of ultraviolet and visible light compared
with well-known catalysts such as titania [19]. Zinc
oxide nanomaterials exhibit unique properties owing

* To whom all correspondence should be sent
E-mail: nina_k@abv.bg

to their complicated structure, among which photo-
catalysis is the most important for degradation of
organic pollutants in aqueous solution: dyes [20,21],
pesticides [22], pharmaceutical drugs [23-25], etc.

Pharmaceutical products are considered harmful
pollutants in the aquatic ecosystem even at low
concentrations due to their continuous input and
accumulation in the environment. They have been
detected worldwide in environmental matrices
indicating their ineffective removal from waste-
waters using conventional purification methods. To
prevent this contamination several processes of drug
removal have been studied [26]. Heterogeneous
photocatalysis of organic pollutants in wastewater is
an advanced method for environmental protection.
As a well-known photocatalyst, ZnO has the poten-
tial for degradation and complete mineralisation of
environmental pollutants [27]. Besides photopuri-
fication of water suspensions seems more promising
(high scores and degree of photodegradation and a
greater amount of treated solution), there are crucial
limitations for its application in practice: unsolved
problems like light penetration into solutions and
final separation of the catalysts from treated solu-
tion. Therefore, the purification of contaminated
water via photocatalytic films is still preferable for
practical application.

In this study, nanostructured ZnO photocatalysts
(powders and thin films, prepared by dip coating
from suspensions) were characterised and tested for
the photocatalytic degradation of two commonly
used drugs: Paracetamol (PCA) and Chloramphe-
nicol (CA). Photomineralisation kinetics of drugs in
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water upon UV light illumination was studied as a
model system for purification of contaminated
pharmaceutical wastewater.

EXPERIMENTAL
Reagents and materials

Commercial zinc oxide powder and absolute
ethanol (>99.0%) were supplied from Fluka.
Polyethylene glycol (PEG 4000) was kindly
provided from the Institute of Pure Compounds
(University of Sofia, Bulgaria). Glass slides (ca. 76
mmx26 mm), used for substrates of ZnO films, were
delivered by ISO-LAB (Germany). Distilled water
was used for all experiments.

Paracetamol (CgHgNO,, Amax = 243 nm, >99.0%
purity, Actavis) and Chloramphenicol (Cy;H1,CI;N,Os,
Amax = 278 nm, >99.0% purity, Actavis) were used
as model contaminants in the photocatalytic activity
experiments. The former drug belongs to a group of
medicines known as analgesics or painkillers. It is
used to relieve mild-to-moderate fever, headache,
migraine, toothache, muscle pain, or early stages of
flu. It is also useful for lowering a raised tempe-
rature, such as after childhood immunisation. In
combination with other drugs, it enhances phar-
macological and side effects. The latter pharmaceu-
tical product is an antibiotic useful for the treatment
of a number of bacterial infections. Chloramphe-
nicol is a broad spectrum antibiotic with antibac-
terial and bacteriostatic type of action against Gram
positive and Gram-negative bacteria. It is applied
only to treat or prevent simple infections (e.g. cold,
flu, throat infections), if safer and effective medi-
cines can be used. The side effects of both phar-
maceutical drugs are shown in Table 1.

Preparation and characterization of ZnO powder
photocatalysts

The commercial ZnO powder (Fluka) to be
tested as a photocatalyst was annealed for 1 h at 500
°C. To prepare the respective thin films polyethyl-
eneglycol (PEG-4000) was dissolved in absolute
ethanol upon constant stirring and then heated for 30
min at 70 °C until a homogenous solution was
formed. Pure (unannealed) ZnO powder was dis-
persed in ethanol (60 ml) and mixed with the PEG-
4000 solution. The obtained suspension was stirred
for 10 min and sonicated (15 kHz) for additional 30
min. To prepare the films, glass substrates were
dipped in the suspension and withdrawn at a rate of
0.9 cm/min at room temperature [28]. Films with
different number of coatings (one and five) were
manufactured. The films were dried at 80 °C for 30
min after each coating. The dried films were an-

nealed at 500 °C for 1 h in order to decompose the
organics and to get the final ZnO films for photo-
catalytic tests. The photocatalyst samples were
characterised by means of SEM (JSM-5510 JEOL),
XRD (Siemens D500 with CuKa radiation within 26
range of 10—80 deg at a 0.05-deg step and counting
time of 2 s/step), BET analysis before and after
annealing (N, adsorption), and UV-vis spectroscopy
(Evolution 300 Thermo Scientific).

Photocatalytic procedure

The photocatalytic tests [29] were carried out in
cylindrical glass reactors of 250-ml and 150-ml
volume for powders and films, respectively, equip-
ped with magnetic stirrer and UV lamp (maximum
emission at 370 nm) and placed at 10 cm above the
purified solution. Light power density at the sample
position measured with a research radiometer
(Ealing Electro-optics) was 0.66 mW/cm?. PCA and
CA photodegradation was monitored by UV-vis
absorbance spectroscopy after aliquot sampling at
regular time intervals. Each sample was turned back
to the reaction mixture after spectrophotometrical
measurement. All photocatalytic experiments were
performed at a constant stirring rate of 500 rpm at
room temperature (23 + 2°C). The initial concen-
trations of pollutants were as follows: (i) 50 and 25
ppm (PCA and CA) in case of powder photo-
catalysts, and (ii) 15 and 8 ppm (PCA and CA) in
case of films.

Table 1. Side effects of Paracetamol and Chloramphe-
nicol.

Drugs Formula Side effects

Paracetamol o ¢ high doses: hepatotoxicity,
skin, liver, and kidney
damage;

o e prolonged use: changes the
effect of other pharmaceu-
CH, tical drugs (Rifampicin,

Cimetidine, Chloramphe-
nicol, Busulfan).

Chloram- 0\\Nv°' e high doses: violation of

phenicol blood-forming apparatus;
haemolytic anemia leuke-
mia, nausea, vomiting,
diarrhea, stomatitis (gastro-
intestinal) reactions, head-
ache, depression (neuro-
toxic effects), rash, itching,
burning, redness, swelling,
fever (allergic);

¢ Prolonged use: develop-
ment of fungal infections
and resistance of microor-
ganisms to the product.

117



N. Kaneva et al.: Mineralization of pharmaceutical drugs by ZnO photocatalysts

RESULTS AND DISCUSSION

Characterisation of ZnO photocatalysts

The morphology, composition, and structure of
the commercial ZnO powder (unannealed and
annealed at 500 °C) were examined by scanning
electron microscopy (Fig. 1 a, b). The SEM images
show particles of various sizes and shape. Sintering
(densification) of the ZnO particles and an increased
share of large agglomerates in the range of 0.4-0.6
um were observed in the case of annealing.

The SEM investigation indicated that the ZnO
films had a homogenous morphology (Fig. 1 c, d).
The film surface is uniform and porous. After
annealing, the layer did not peel off. This is due to
the PEG, which acts as a stabiliser. Higher magni-
fication revealed a fine granular structure of the film
morphology. No significant difference in the mor-
phology of films prepared with different number of
coatings could be observed. However, the films
obtained by five coatings were thicker (4 um) then
those obtained by one coating (2 pum).

Phase analysis and crystallinity of the prepared

X6, 0RO JSh-3548

Jerv

ZnO powder samples, unannealed and annealed at
500 °C, and ZnO thin films, with one or five layers,
were determined by XRD analysis (Fig. 2).

All diffraction peaks can be indexed to a hexa-
gonal structure of ZnO, in agreement with the
literature data. No characteristic peaks of any impu-
rities are observed. The three characteristic peaks
((left to right) (100) - 26 = 31.76°, (002) - 20 =
34.39°; and (101) - 26 = 35.67°) correspond to the
different crystallographic orientations of the crystal
lattice of ZnO wurtzite. They are narrow with high
intensity, which indicate that the ZnO nanostruc-
tures have high crystallinity. The crystallite size of
the commercial ZnO powder was 30 nm as cal-
culated by the Scherer equation. The XRD spectrum
of annealed ZnO powder shows that annealing
caused an increase of the crystallite sizes from 30 to
100 nm. The results of X-ray diffraction were
confirmed by BET analysis. The specific surface
area of unannealed powder was lower (9.1 m?g)
compared to annealed zinc oxide (10.3 m%g). This
parameter affected the photocatalytic efficiency for
degradation of pharmaceutical drugs.

Fig. 1. SEM images: (a) unannealed ZnO powder, (b) annealed ZnO powder, (c) ZnO film with one coat, and (d) ZnO
film with five coats.
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Fig. 2. XRD spectra of: (a) non-annealed ZnO powder, (b) annealed ZnO powder; (c) ZnO film with one coat;
(d) ZnO film with five coats.

Degradation of pharmaceutical drugs by ZnO
photocatalysts

In our research, Paracetamol and Chloramphe-
nicol are used as model contaminants in the
catalytic experiments. Figure 3 displays the PCA
and CA degradation kinetics in agueous solution
using ZnO powders and UV light illumination.
Annealing influences crystallinity degree, particle
size, surface morphology, and therefore, the
photocatalytic efficiency of the ZnO nano-
particles. As seen, the annealed powders demon-
strate higher efficiency, 96.67% (PCA) and
80.86% (CA) for two hours, in comparison with
unannealed ZnO: 90.40% (PCA) and 72.51%
(CA) for two hours. The photocatalytic results are

1.2
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in good agreement with calculated values of the
rate constants k.

Changes in the mineralisation degree of the
pharmaceutical pollutants during photocatalysis
for 240 min are presented in Fig. 4. As seen the
intensity of the main peaks smoothly decreased
with illumination time without any formation of
new peaks due to intermediates or by-products.
The latter confirms complete mineralisation of the
drugs by annealed ZnO powders.

The relationship between drug degradation and
irradiation time (240 min) is illustrated in Fig. 5.
It is evident that the light-induced mineralisation
activity increases upon increasing powder film
thickness.

1.2
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Fig. 3. Decrease in (a) Paracetamol and (b) Chloramphenicol concentration versus
time upon UV light illumination with annealed and unannealed ZnO powders.
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Fig. 4. Mineralisation of Paracetamol (50 ppm) and Chloramphenicol (25 ppm) with photocatalysis time.

The reason for this effect is a larger amount of
zinc oxide deposited on the glass substrate.
Nanostructure films manifested a higher degradation
percentage of Paracetamol (Dscoas = 81.15% for 4 h)
compared to Chloramphenicol (Dsgqs = 68.48% for
4 h) under UV light illumination.
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Fig. 5. Paracetamol (a) and Chloramphenicol (b)
bleaching kinetics by ZnO films with one and five coats.

A faster mineralisation of Paracetamol by ZnO
photocatalysts in comparison with that of Chlor-
amphenicol is related to different drug molecule
structures (Table 1) and degradation pathways. PCA
photodegradation is a result of successive hydrox-
ylation at the benzene ring moiety of paracetamol,
which finally leads to its rupture. The process is
initiated by highly reactive hydroxyl radicals formed

120

after irradiation of ZnO and includes a number of
products: hydroquinone, monohydroxy paracetamol,
dihydroxy paracetamol, and aliphatic carboxylic
acids (fumaric and malic) at the end [30]. CA
photodecomposition is a more complicated process
of two stages: dechlorination and denitrification
[31]. According to the literature the nitro group in
nitroaromatics can easily be eliminated via elec-
trophilic substitution of the *OH radicals at the para
position in the aromatic ring. Then the NO, group
can be oxidised to NO;. Chloramphenicol can
undergo also a reductive degradation pathway.
Before forming nitrate ions, the nitro group may be
reduced to an amine group on the ring and then
released as ammonia.

CONCLUSIONS

This work demonstrates a simple dip-coating
method for synthesis of zinc oxide powder films
with one or five layers from suspension. The films
and the respective powders were characterised by
scanning electron microscopy, X-ray diffraction,
and specific surface area measurements. SEM
images showed that the films were composed of
compact and dense layers. The powder films
expressed a granular morphology without any crack.
XRD results revealed that all powders and films
were of hexagonal wurtzite structure of ZnO. The
crystallite size of the zinc oxide powders increased
with annealing temperature. BET analysis con-
firmed these results. Photocatalytic reaction kinetics
was systematically studied for degradation of
pharmaceutical drugs under UV light illumination.
The ZnO photocatalysts mineralised Paracetamol
faster in comparison with the antibiotic. Thin films
prepared by five layers from suspension exhibited a
higher efficiency than those prepared by one layer.
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MUHEPAJIN3ALIMA HA JIEKAPCTBA C ®OTOKATAJIM3ATOP ZnO U YB-OBJIBYUBAHE

H. KaneBa*, A. boxunosa, K. [1anazoga, /. [lumurpos

Jlabopamopus ,, Hayxa u mexunonoeus na nanouacmuyume *“, kameopa ,, Obwa u Heopeanuyna xumus
Daxyamem no xumus u gpapmayus, Coguiicku ynusepcumem, o6ya. ,, Hoceiimc Bayuep “ 1, 1164 Coghua, bvacapus

[Moctbruna Ha 5 ¢peBpyapu 2018 r.; Ilpepaborena Ha 6 anpun 2018 r.
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N-doped TiO, photocatalyst (P25-u) was prepared by combined mechanochemical/thermal synthesis. Urea was used
as nitrogen source. Wet grinding experiments have been conducted on titanium dioxide P25 Degussa in a high-energy
planetary mill. As-milled samples were calcined at 400 °C. The samples were characterised by X-ray diffraction (XRD),
N, adsorption-desorption isotherms, UV-vis diffuse reflectance spectroscopy (DRS), X-ray photoelectron spectroscopy
(XPS), and photoluminescence spectroscopy (PL) analysis. XRD results showed that art of phase anatase transforms to
rutile during wet milling. All XRD peaks were broadened indicating that the crystallite size was within the nanometre
range. P25-u samples possessed lower Sger values than the initial P25 Degussa. Milling in the wet environment resulted
in deterioration of the porous structure. A lower photoluminescence intensity of mechanochemically synthesised P25-tu
samples in comparison with the initial P25 ones indicated a lower recombination rate of photoexcited electrons and
holes. Estimated E,q value for P25-u was 2.36 eV. This result suggests a possibility to apply as-prepared material as a
photocatalyst in degradation process with visible light irradiation. Mechanochemically synthesised N-doped TiO,
samples using urea exhibited a higher decolourisation rate of Methyl Orange dye than the commercially available TiO,

Degussa powder under visible light irradiation.

Key words: mechanochemistry, photocatalysis, titanium dioxide, N-doping, Methyl Orange, photoluminescence.

INTRODUCTION

Titanium dioxide has been widely investigated
because of its low cost, good physical and chemical
stability, and environmental compatibility [1]. TiO,
absorbs only a small fraction of the solar spectrum
emission due to its band gap energy value. Photo-
catalysts that can exhibit high reactivity under
visible light should be developed to use the main
part of the solar spectrum. Thus, anion-doped TiO,
has attracted considerable attention due to its mani-
fested activity under visible light. Among all, N-
doped TiO, seems to be a promising photocatalyst
[2]. Different techniques have been used for doping
titania with non-metal ions, e.g. sol-gel technology
[3], magnetron sputtering deposition method [4],
chemical vapour deposition [5], decomposition of
N-containing metal organic precursors [6,7], etc.
Nitrogen can be doped into titania by using different
organic compounds, e.g. Refs. [8—10].

Commercially available TiO, (Degussa P 25),
which is a standard material in the field of photoca-
talytic reactions, contains anatase and rutile phases
[11]. The rutile phase with a band gap of 3.0 eV is
the most thermodynamically stable form of crystal-
line titania, while anatase with band gap of 3.2 eV is

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

a metastable form of TiO,. The presence of rutile in
the samples reduces the recombination effect toward
enhancing the photocatalytic performance in compa-
rison with pure single phase of titania [12]. Anatase
absorption affinity for organic compounds is higher
than that of rutile [13]. This phase exhibits lower
rates of recombination in comparison with rutile due
to its higher rates of hole trapping [14]. The anatase
is generally regarded as the more photochemical
active phase of titania, presumably due to the
combined effect of lower rate of recombination and
higher surface adsorption capacity.

Mixed-phase materials (A+R) exhibit a higher
photocatalytic activity than either pure phase alone
[15]. Due to the higher activity of pure-phase
anatase compared to rutile, anatase is conventionally
considered the active component in mixed-phase
catalysts with rutile serving passively as an electron
sink. These mixed-phase materials exhibit increased
photo-efficiencies and are activated by lower energy
light [16].

In this study, pure and N-doped TiO, P25
Degussa as possible photocatalysts were studied.
As-prepared samples were synthesised by a mecha-
nochemical approach. Urea was used as nitrogen
source. Photodecomposition of Methyl orange (MO)
under visible light irradiation was used as a model
reaction. An improved photocatalytic activity was
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found for all N-doped TiO, Degussa P25 samples.
The aim of the present study was to investigate the
influence of doping and of the local structure varia-
tion of titania on its photocatalytic properties.

EXPERIMENTAL
Mechanochemical synthesis

Commercial TiO, P25 (Degussa, Holand) and
urea of analytical grade were used without further
purification. N-doped TiO, samples were prepared
by addition of urea as modifier to TiO, P25 Degussa
by mechanochemical/thermal synthesis using a high-
energy planetary ball mill Pulverisette 6 (Fritsch,
Germany). Titania powder was mixed with 5 wt.%
urea before being placed in the reactor vessel. Wet
milling was performed in presence of 1.2 ml dis-
tilled water. The sample was milled for 30 min at
550 rpm under argon using a chamber (250 cm® in
volume) with 21 balls (10 mm in diameter) both
made of zirconia. The ball-to-powder mass ratio was
40:1. To remove residual urea, the yellowish sample
of N-doped TiO, P25 Degussa was calcined at 400
°C in air for 1 h. According to urea modifier, the N-
doped samples were denoted as P25-u. An original
TiO, P25 powder was also used as a reference
sample (P25).

Characterisation techniques

The crystal structure was characterised by using a
D8 Advance X-ray diffractometer (Bruker, Germany)
in the Bragg-Brentano geometry working with a
CuK, radiation (A = 0.15406 nm) and a scintillation
detector. Data were collected over the angular range
of 20° < 20 < 65° with scanning steps of 0.020° and
a measurement step time interval of 9 s. For data
processing, commercial Bruker tools were used.
Specifically, Diffrac™ Eva database was utilised
for phase identification.

A nitrogen adsorption apparatus NOVA 1200e
Surface Area & Pore Size Analyzer (Quantachrome
Instruments, United Kingdom) was employed to
record adsorption-desorption isotherms. Specific
surface area (Sger) values were calculated using
Brunauer-Emmett-Teller (BET) equation. The pore
size distribution was calculated using the Barrett-
Joyner-Halenda (BJH) method. The measurements
were performed at the liquid nitrogen temperature.

Diffuse reflectance UV-vis spectra for evaluation
of photophysical properties were recorded in the
diffuse reflectance mode (R) and transformed to
absorption spectra through the Kubelka-Munk func-
tion [17]. A Thermo Evolution 300 UV-vis spectro-
photometer (Thermo Scientific, USA) equipped with
a Praying Mantis device with Spectralon as the refer-

ence was used. Reflectance data were obtained as a
relative percentage reflectance to a non-absorbing
material (spectralon) which could optically diffuse
light.

Sample composition and electronic structure were
investigated by X-ray photoelectron spectroscopy
(XPS). The measurements were carried out on an
AXIS Supra electron - spectrometer (Kratos Anali-
tycal Ltd., Japan) using monochromatic AlK, radia-
tion with photon energy of 1486.6 eV and charge
neutralisation system. Binding energies (BE) were
determined with an accuracy of +0.1 eV. The che-
mical composition of the films was determined by
monitoring the areas and binding energies of C1s,
O1ls, and Ti2p photoelectron peaks using an asym-
metric Gaussian-Lorentzian function fit. Applying
commercial data-processing software of Kratos
Analytical Ltd. concentrations of the different
chemical elements (as atomic %) were calculated by
normalising the areas of the photoelectron peaks to
their relative sensitivity factors.

Photoluminescence (PL) spectra at room tempe-
rature were acquired at right angle on a photon
counting spectrofluorometer PC1 (ISS, USA) with a
photoexcitation wavelength of 325 nm. A 300-W
xenon lamp was used as the excitation source. For
measuring the PL intensity, the powders were sus-
pended in absolute ethanol.

Sample photocatalytic activity in the reaction of
Methyl orange decolourisation was measured under
visible light illumination. The photocatalytic expe-
riments were carried out in a semi-batch photore-
actor equipped with a magnetic stirrer as reported in
previous work [18]. Methyl Orange dye was used as
reactant with a concentration of 10 mg/L. The sus-
pension was prepared by adding N-doped TiO,
sample (100 mg) to 100 ml of Methyl Orange solu-
tion. MO degree of decolourisation could be easily
monitored by optical absorption spectroscopy. Prior
to deposition, the suspension of MO with N-doped
TiO, was sonicated for 5 min to obtain an optimally
dispersed system using an UP200S ultrasound pro-
cessor (Hielscher, Germany) at 24 Hz in a pulse mode.
The suspension was magnetically stirred in the dark
for 30 min to ensure an adsorption-desorption
equilibrium. Then the light was turned on and this
was considered to be the initial moment (t = 0 s) of
the photocatalytic reaction. The suspension was irra-
diated by a Philips TUV lamp (4 W) at UV-C mono-
chromatic radiation (A = 254 nm). All experiments
were performed at a constant stirring rate of 400
rpm at room temperature. During the photo-catalytic
reaction the concentration of MO was determined by
monitoring the changes of the main absorbance peak
at A = 463 nm. MO decolourisation reaction course
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was monitored after aliquot sampling at regular time
intervals. Each aliquot sample was returned to the
reaction mixture immediately after spectrophotome-
tric measurement (operation under constant volume)
and the illumination was switched on again.

RESULTS AND DISCUSSION
X-ray data analysis

Powder XRD patterns of initial TiO, P 25 as well
as of ball-milled and N-doped TiO, P 25 Degussa
nanopowders are presented in Fig. 1. Diffraction
peaks due to anatase and rutile (for the P25 and P25-
u samples) are clearly observed. All XRD peaks are
broadened indicating that crystallite sizes were
within the nanometre range. Anatase transformation
to rutile phase during ball milling was in agreement
with a study of Begin-Colin et al. [19]. Phase
content of the particular samples was calculated
from the integrated intensity of the anatase (101)
and rutile (110) peaks. The mass fraction of anatase
(W,) and rutile (W,) could be calculated from

W, = KAJ(KA+A,) and 1)
W, = A/(KAAA), )

where A, and A, are the integrated intensities of the
anatase (101) and rutile (110) peaks, respectively.
W, and W, represent the weight fractions of anatase
and rutile, respectively. The optimised correction
coefficient K, has a value of 0.886 [20].

Fig. 1 illustrates that the relative peak intensities
ascribed to a rutile phase increased from P25 to
P25-u, to indicate more progression of anatase trans-
formation to rutile phase. Sample crystallite sizes
were calculated using the Debye-Scherrer equation
[21]. They are given in Table 1. From Rietveld ana-
lysis of XRD data, it can be deduced that the ana-
tase/rutile ratio was changed and the average crystal-
lite size decreased after doping. All diffracttion peaks
were broadened because of the nanosize crystals
[22] as well as due to structural disorder introduced
by milling procedure [23].

Specific surface area

The specific surface area (Sger) values for all the

studied samples are listed in Table 1. It is known that
specific surface area is an important factor influ-
encing activity of TiO, particles [24]. The specific
surface area of the standard sample P25 was 52 m?/g
in good agreement with [25]. The sample P25-u
possessed lower Sger value indicating that milling in
the wet environment resulted in deterioration of the
porous structure. In our experiments distilled water
was in the wet milling process. The reduction of Sger
value for TiO, upon milling was also reported in
[26] and the lowest value was registered for the wet-
milled sample in methanol. The adsorption-desorp-
tion isotherms of two samples were recorded in
whole p/p, interval to examine the surface properties
in more detail (Fig. 2).
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Fig. 1. XRD patterns of initial P25 and P25-u.
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Fig. 2. N, adsorption-desorption isotherms of all samples
(full shapes correspond to the adsorption curve and empty
ones to the desorption curve) and Pore size distribution
calculated from the N, desorption isotherm (insert).

Table 1. Sample composition (A = anatase and R = rutile); phase composition, average crystalline size; BET surface
area, band gap (E,), chemical composition obtained by XPS, and the reaction rate constant (k°) of P25 reference and

mechanochemically synthesized samples.

Phase, Crystallite size, SgeT, Band gap, Chemical composition k x10?
Sample % nm m?g* eV at.% min*
A R A R Ti ¢} N
P25 82 18 24 34 52 3.2 31.6 68.4 - 0.3
P25-u 70 30 20 30 38 2.36 31.9 68.0 0.1 9.4
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It can be seen that all isotherms contain a hyste-
resis loop, which is evidence for presence of meso-
pores in their structures. P25 sample isotherm shape
in the area of relative pressures around 1 hints to the
presence of macropores. According to the classifica-
tion of Sing et al. [27] the shape of the isotherm is
on the borderline between types Il and IV. The iso-
therm of the P25-u sample fits into type IV. The
hysteresis loop can be classified as H3. Analysis of
the pore size distribution (Fig. 2 insert) provided
further information on pore types.

It can be seen that the pore size distribution of
the P25-u sample is significantly different. Whereas
the P25 sample contains mainly big mesopores and
macropores, the P25-u sample is almost completely
mesoporous. Smaller pores with maximum in pore
radius distribution around 8 nm were observed with
P25-u sample. Its pore size distribution profile is
similar to that reported in Ref. [28].

XPS analysis

Samples were also analysed by XPS to evaluate
the surface chemical species taking into account
both the Ti2p and O1ls regions. The latter allows
investigation of both quality and abundance of OH
surface species, which is fundamental in the photo-
catalytic process [29]. XPS survey spectra of initial
P25 and P25-u are displayed in Fig. 3a. The binding
energies were calibrated with respect to the Cls
peak at 284.5 eV. XPS analysis showed that the P25
and P25-u particles had C, O, and Ti elements on
their surface. Moreover, N element was also present
because of P25 co-milling with urea. The chemical
composition of the samples is given in Table 1.

Ti 2py2 and Ti 2psp, spin orbital splitting photo-
electrons of both samples were localised at binding

energies of 464.8 and 459 eV, respectively, as seen
in Fig. 3c. A peak separation value of 5.8 eV between
the Ti2p,, and Ti2ps, signals is in agreement with
literature data on Ti** [30,31]. No peaks of titanium
oxidation state other than 4+ were found in the
spectrum of the P25-u sample. The absence of broad
and shoulder peaks made it reasonable to conclude
that only Ti*" species was bonded to O®™ in the TiO,
lattice on the surface.

The shape of the O1s peaks in the XPS spectra of
both P25 and P25-u samples are similar and have a
slight asymmetry at the higher binding energy side
of the peaks. The Ols peaks could be deconvoluted
in two components (Fig. 3b). The component of
lower binding energy at ~530.2 eV is attributed to
oxygen bonded to tetravalent Ti ions (Ti-O,),
whereas that of ~531.4 eV is ascribed to oxygen
atoms in hydroxyl groups [32].

Diffuse reflectance spectra

Diffuse-reflectance spectra (DRS) in both the
ultra-violet and visible ranges were recorded in
order to investigate the optical properties of as-
prepared samples as shown in Fig. 4. The TiO, P25
Degussa sample has a wide absorption band in the
range from 200 to 380 nm (see Fig. 4). An absorp-
tion edge for the mechanically activated TiO, P25
Degussa is red shifted and the absorption tail is
extended to 420 nm. The yellowish N-doped mecha-
nochemically synthesised P25-u sample shows two
absorption edges at around 408 nm and 550 nm. The
former edge is the same as for P25 after mechanical
activation. The latter edge seems to indicate the
formation of a new N2p-based band, which is
located above the O2p-based valence band [33].
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Fig. 3. XPS survey spectra of initial P25 and P25-u (a), XPS collected from P25 and P25-u samples for O1s (b) and
Ti2p (c) core levels.
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N-doping resulted in an intense increase in
absorption in the visible light region and a red shift
in the absorption edge of TiO, P25. Mixing of the
N2p states with the valence band of TiO, was found
to contribute to an increase of the valence band [34].
This led to band gap narrowing in the N-doped
sample mechanochemically synthesised using urea.
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Fig. 4. DRS spectra of initial P25 and P25-u samples and
corresponding Tauc’s plot (insert).

In addition, the UV-vis diffuse reflectance spec-
troscopy was employed to estimate the band gap
energies of as-prepared samples. Band gap values
were calculated using the UV-vis spectra from the
following equation:

a(hv) = A(hv — Epg)”, (3)

where a is the absorption coefficient and Av is the
photon energy. The band gap energies were cal-
culated by extrapolating a straight line to the
abscissa axis. The value of hv extrapolated to a = 0
gives an absorption energy, which corresponds to a
band gap energy. Sample band gaps obtained
through Kubelka-Munk plots are listed in Table 1. A
value of 3.20 eV was found for initial P25. The
mechanically activated TiO, P25 Degussa has energy
band gap E,y = 3.05 eV (Fig. 4). Narrowing of the
band gap was observed after modification of P25
with urea.

Furthermore, a new band with maximum at 2.9
eV appeared in the spectra of P25-u samples. The
estimated E,q value for P25-u was 2.36 eV. The red
shift is attributed to creation of additional electronic
states in the band gap of TiO, P25 [35]. These
results suggest a possible application of the as-
prepared material as a photocatalyst for degradation
process with lower energetic requirements than TiO.,.

Photoluminescence

The PL behaviour of TiO, photocatalysts in
presence of various kinds of reactant molecules has
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already been investigated [36]. PL intensity depend-
ence on atmosphere was explained in terms of
surface band bending of titania particles.

The PL measurements were performed to analyse
the photogenerated carrier separation efficiency of
the doped samples. PL emission intensity of a semi-
conductor is proportional to the photoinduced
electron-hole recombination rate. TiO, is a semicon-
ductor with an indirect band gap. Titania exhibits a
broad visible luminescence spectrum, which is
related to transition of a trapped charge carrier in the
oxygen vacancy to the TiO, valence band [37].

All samples were photoexcited by a light at
wavelength 325 nm. It corresponds to photon energy
of 3.81 eV, which is higher than the band gap
energy of titania. This energy is absorbed by
exciting transition of valence band electrons to the
conduction band. The PL spectra of the initial TiO,
P 25 Degussa and P25-u are displayed in Fig. 5.
Intensive peaks in the spectrum of TiO, P 25
Degussa with maxima in the blue region at about
416 nm (2.98 eV) and 464 nm (2.67 eV) can be
ascribed to emission of a photon having a slightly
lower energy than the band gap width of the anatase
and rutile phases in P25 TiO,. This is evidence for
direct recombination of a photoexcited electron and
a positively charged hole [38—39]. A contribution of
rutile particles of sample P25 to the excitation band
is higher than that of anatase [40]. Rutile particles of
sample P25-u have lower photoluminescence effi-
ciency than the initial P25. A charge transfer
between the anatase and rutile phases can explain
this. Some electrons in the anatase particles that are
excited from the valence band to the conduction
band are transferred to the rutile particles because
the energy level of conduction band in anatase
particles is higher than that in the rutile entities [41].
The peak at 464 nm in the visible region is attri-
buted to defects in the samples, namely the oxygen-
ion vacancies, which provide acceptor levels near
the conduction-band edge [42].

In the mechanochemically prepared P25-u
sample, PL emission peaks were observed within
blue (370—480 nm) and green (490—565 nm) regions.
In the blue region, a peak at 404 nm and shoulders
at 416 and 366 nm were registered that are char-
acteristic of rutile and anatase phases, respectively.
The peak at 404 nm in PL spectrum of P25-u sample
is attributed to emission of band gap transition [43]
and arises from radiative annihilation of excitons
(band to band recombination) [44]. The intensity of
PL signal for P25-u was lower than that of P25
sample. The differences are due to a different con-
tent of defects and/or oxygen vacancies by prepara-
tion methods. This demonstrates the fact that co-
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existence of rutile and anatase phases is responsible
for changes in PL intensity and superior photocata-
Iytic activity of the N-doped P25-u samples. In addi-
tion, a low intensity emission peaks appeared at
higher wavelengths of 464 and 530 nm. In the
observed PL spectra, the peak at 464 nm is related
to self-trapped excitons (STE) and a peak at 530 nm
is associated with oxygen vacancies [45]. We sup-
pose that band-band PL emissions of heterojunc-
tions were broadened due to nanocrystalline nature
and mixed contribution from individual rutile-anatase
phases.

416
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Fig. 5. Photoluminescence spectra of P25 (1) and
P25-u (2) samples.

Photocatalytic properties

The photocatalytic activity of mechanochemi-
cally synthesised samples was evaluated by degra-
dation of representative industrial dye Methyl Orange
in aqueous solution under visible irradiation. All
experiments were performed under room tempera-
ture. For comparative purpose, the activity of TiO,
P25 Degussa was also investigated under the same
conditions. Temporal changes in the concentration
of MO were monitored by examining the variation
in maximal absorption in UV-vis at 464 nm.

In a region where Lambert-Beer law is valid the
concentration of MO dye is proportional to the
absorbance as shown in Fig. 6. It can be seen that
P25 demonstrated the smallest adsorption of MO
(only 1%), while the P25-u sample showed a higher
value (3%). It has been documented that preliminary
adsorption of dye on the photocatalytic surface is a
prerequisite for highly efficient oxidation [46]. The
photocatalytic efficiency (C/C,) in presence of P25
and P25-u photocatalysts is represented on Fig. 6
where C, is the initial concentration of MO. Based
on blank experiments self-photolysis of MO could
be neglected. TiO, P25 Degussa was taken as refer-
ence for comparison and in this case, the MO degra-
dation was about 2% after 120 min. The P25-u
sample manifested higher photodegradation activity

with a MO conversion of 60% after 120 min irradia-
tion. As shown in Fig. 6, the photocatalytic degra-
dation curves of MO followed a pseudo-first order
kinetic model, as given in Eq. 4:

In (Co/C) = kt, (4)

where: k> (min") is the reaction rate constant, C, is
the initial MO concentration, and C; is the MO
concentration at a certain time (min). The reaction
rate constant k could be estimated from Eq. 4 by
plotting In(C,/Cy) versus irradiation time. Values of
the reaction rate constant are presented in Table 1.

The reaction rate constant of the mechanochemi-
cally synthesised P25-u sample was higher than that
of initial P25 (0.094 min™). Enhanced photocata-
Iytic activity of the mechanochemically prepared
P25-u samples containing anatase and rutile phases
is due to difference in conducting band edges of the
anatase and rutile phases. This may promote inter-
facial electron transfer from rutile to anatase and
resulting energy barrier would suppress back elec-
tron transfer, which decreases the probability of the
charge carrier recombination, confirmed by the low
PL intensity (see Fig. 5).
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Fig. 6. Photodegradation of MO as a function of
irradiation time of blank experiment without photo-
catalyst (0), commercial P25 (A) and mechano-
chemically synthesized sample P25-u (m).

Photocatalysis is a process, which depends on
numerical parameters such as particle size, porous
structure, crystallinity, surface area, and dopant. The
presence of mixed phase improves the photochemi-
cal performance of the samples through reducing the
recombination of photogenerated holes and electrons.

CONCLUSIONS

An eco-friendly one-step mechanochemical
method to prepare N-doped TiO, samples for effi-
cient photocatalytic decolourisation was established.
During the mechanical activation, a transformation
of anatase to rutile was established. Whereas the
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initial P25 contained mainly big mesopores and
macropores, the P25-u samples were almost com-
pletely mesoporous. A broadened absorption edge
and a narrowed energy band gap were observed. The
results show that titania phase composition is an
important factor determining the PL intensities and
photocatalytic activity in photodecolourisation of
Methyl Orange of the mechanochemically synthe-
sised samples.
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Toctenmna Ha 29 stHyapu 2018 r.; IIpepaborena na 20 mapT 2018 1.
(Pesrome)

Hotupan ¢ azor TiO; poTtokaramuszatop (P25-U) e moayueH upe3 KOMOWHUPAH MEXaHOXHMHUYCH/TEPMHYEH CHHTES.
Karo m3TouHUK Ha a30T € m3MoiI3BaH kapbamua. ONUTHTE ¢ BIAXKHO CMUJIaHe Ogxa MPOBEIECHHN C THTAHOB AUOKCHI P25
Jleryca BbB BUCOKOCHEpTHiiHA IUTaHeTapHa MenHUIa. Cien cMitane obpazensT Oemre HakaneH npu 400 °C. O6pasire
ca OXapaKTepU3UpaHU C IOMOIINTa Ha peHTreHoB ¢a3oB aHanu3 (PDA), a30oTHH aacOpONMOHHU-IACCOPOIIMOHHU
H30TEPMH, YITPABHOJIETOBAa-BUANMA au(y3HOHHO-OTpaxarenHa crekrpockonus (JJOC), peHTreHOBa (POTOCICKTPOHHA
cnektpockomnus (POEC) u dotonymuneciienter crnekrpockoncku (OC) anamus. Pesyntatute oT peHTreHO(a30BHs
aHaJ M3 IoKa3axa, 4e 4acT oT Qasata aHara3 ce TpaHchopMupa B PyTHI IO BpeMe Ha BIKHOTO cMuilaHe. Bcuukn
TU(pakIMOHHN JHHUM OsiXa YHNIMPEHH, KOETO CBUAETENCTBA, Y€ Pa3MepbT Ha KPHCTAJIUTUTE € B HAHOMETpUYHATa
obmact. O6pazenpT P25-U mokasa mo-HHCKa CreMU(pUYHA ITOBBPXHOCT OT Ta3W Ha M3XOAHUS oOpaser; P25 [leryca.
CMmIIIaHeTO BBB BIIaXKHA Cpefia JOBEK/Aa 10 BIIOIIABaHE HA IOpecTaTa CTPYKTypa Ha oOpaszena. [10-HUCKHUAT HHTEH3UTET
Ha (OTOIYMHUHECIICHTHHS CICKThP HA MEXaHOXMMUYHO CHHTEe3MpaHUs oOpaszer P25-tu B cpaBHeHme B m3xomams P25
CBUJICTEJICTBA 3a IT0-HICKa CKOPOCT Ha peKOMOMHMpaHe Ha (POTO-BB30yNCHUTE €IEKTPOHM U Aynku. OnperneneHa Oere
CTOMHOCTTA Ha eHeprusTa Ha 3a0paHeHarta 30Ha Eyg Ha oOpasena P25-U (2.36 eB). To3u pe3ynTaT HaBek/1a HA MUCHITA
32 BB3MOXKHOTO MPWJIOKEHHE Ha TaKa IOJydeHUs] MaTepuall Kato (OTOKATAaIM3aTOp B IpoIleca Ha pasrpakaaHe Ha
Oarpuia 4ype3 oOJbYBaHE C BUAMMA CBETIMHA. MEXaHOXMMHUYHO CHHTE3HPAHUSAT AOTHPAH C a30T THTAHOB JHOKCH] C
IpeKypcop KapOaMua Mmokasa IOo-BHCOKa CKOPOCT Ha o0Oe3lBeTsBaHe Ha Oarpuioto Metun OpaHxk Ipu oO'bYBaHE C
BH/IMMa CBETJIMHA B CPAaBHEHHE C ThProBCKus mpaxoobpaszen Ti0, Jleryca.
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Photocatalytic activities of NiOygZnO,,-ZnO samples obtained by precipitation from various starting materials
(chlorides and nitrates) followed by thermal treatment at two different temperatures (450 °C or 650 °C) were compared.
Powder X-ray diffraction and FTIR spectroscopy were used to characterize the investigated catalysts. Oxidative
photodegradation of Malachite Green dye on NiOggZnOg,-ZNnO catalysts over a period of 2 hours using UV light was
studied. Photodegradation degree of the Malachite Green dye using NiOggZnQOg,-ZnO obtained from chlorides and
treated at 450 °C or 650 °C, are 89 and 86%, respectively. Samples from nitrate precursors calcined at 450 °C or 650 °C
exhibited a higher photocatalytic degradation activity 99 and 94%, respectively.

Key words: photocatalysts, photodegradation, Malachite Green, dye, pollutant.

INTRODUCTION

Synthetic dyes are one of the most important
pollutants from the textile industry [1]. They may
cause serious health and environmental problems
because of their stability, and toxicity [2]. Hetero-
geneous photocatalysis, being highly efficient
advanced oxidation means, has been applied as an
environmentally friendly, cost effective, and green
process for successful degradation of many harmful
organic compounds [3]. Recently there has been an
increasing tendency of applying thermally and
chemically stable semiconductor metal oxides as
photocatalysts in aqueous systems [4]. In the recent
years, scientists are excited by the opportunity to
create low cost photocatalytic materials of high
catalytic activity [5]. Due to modified electronic and
structural properties, nanocomposites can possess
enhanced photocatalytic activity in comparison with
monocomponent oxides [6]. The role of incorporated
foreign material such as metal/metal oxide, ceramic
or polymer is to trap and transfer photoexcited
electrons on the semiconductor surface and over-
come the problem of recombination of the electron-
hole pairs. NiO-ZnO coupled systems have demon-
strated excellent photocatalytic efficiency under UV

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

and visible light irradiation, when compared to
individual ZnO and NiO due to the effective separa-
tion of photogenerated electron-hole pairs. [7]. Low
lattice mismatch between NiO and ZnO is important
for the formation of p-n heterojunction [8]. Zinc
oxide hybrid photocatalyst [9] and NiO-ZnO com-
posites [10] were also studied as photocatalysts for
water pollutant degradation.

NiO photocatalytic activity for bleaching of Rose
Bengal [11] and degradation of Rhodamin-B dye
under visible light has also been examined [12].
NiO-ZnO composites have been investigated for
photodecomposition of Methylene Blue under UV
[13] and visible light [14,15] irradiation and of
Methyl Orange under UV light [4,16]. NiO-coupled
ZnO photocatalysts have been tested for degradation
of 2,4-dichlorophenol [7]. Introduction of Ni as
dopant into ZnO can be efficient way to improve the
activity of ZnO photocatalyst [17,18]. Composites
on the base of ZnO-NiO supported on zeolites were
also studied [3,19].

The aim of this work was to compare the
photocatalytic activities towards degradation of
Malachite Green dye of NiOggZnOy,-ZnO samples
prepared from different precursors (chlorides and
nitrates) and calcined at a different temperature (450
or 650 °C).
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EXPERIMENTAL

Sample preparation and physicochemical
investigation

Composite samples on the base of mixed nickel
oxide and zinc oxide powders were synthesized by
precipitation of nickel and zinc nitrates, or nickel
and zinc chlorides of Ni to Zn salt solution ratio of
1:2. For this purpose aqueous solutions of 0.25M
Ni(NOs),-6H,0 (VWR Prolabo BDH chemicals),
0.25M Zn(NO3),-6H,0 (Valerus Co.), 0.25M
NiCl,-6H,0 (Valerus Co.), and 0.25M ZnCl,
(Valerus Co.) were applied. An agueous solution of
0.75M NaOH (Valerus Co.) used as a precipitant
was added dropwise to the mixture upon stirring
until pH = 12 and kept further under stirring for an
hour. The precipitates were filtered, washed with
distilled water several times, dried at 35 °C, and
calcined in air at 450 °C or 650 °C for 3 hours and
30 minutes. Samples obtained from nitrates and
calcined at 450 °C and 650 °C were denoted as
H450 and H650, respectively. Those obtained from
chloride precursors and calcined at 450 °C and 650
°C are indicated as X450 and X650, accordingly.

Physicochemical characterization of the samples
was performed applying FTIR spectroscopy and
powder X-ray diffraction (PXRD) analysis. FTIR
spectra were recorded on a Bruker-Vector 22
instrument in the range of 400-4000 cm™* using KBr
discs of studied material. PXRD patterns of the
samples were collected on a Philips PW 1050
apparatus with Cu K, radiation. ICDD database was
used for phase determination.
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Photocatalytic study

Oxidative photodegradation of agueous solution
of Malachite Green dye of 5 ppm concentration was
investigated in a semi-batch slurry reactor using
0.15 g of NiOygZnOg,-ZnO catalysts catalyst and
150 ml of dye solution under constant stirring in air
flow. The photocatalytic experiments were per-
formed using a UV-Vis absorbance spectrophoto-
meter in the wavelength range from 200 to 800 nm
(Amax = 615 nm) and polychromatic UV-A lamp
illumination (18 W) with maximum of the emission
at 365 nm and illumination intensity of 0.66
mW.cm % Tested systems were left in the dark for
about 30 min before switching on the UV irradiation
for 2 hours in order to reach adsorption-desorption
equilibrium state. First, sample aliquots of the
suspension were taken from the reaction vessel and
second the powder was separated from the aliquot
solution by centrifugation.

Dye degradation degree was calculated using the
dependence ((Co—C)/Co)x100, where Cy and C are
initial concentration before turning on the illu-
mination and residual concentration of the dye
solution after illumination for selected time interval,
respectively.

RESULTS AND DISCUSSION

PXRD patterns of the investigated samples are
presented in figure 1. NiOygZnOy, (PDF-750271)
and ZnO (PDF-897130) phases were determined in
the materials.
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Fig. 1. PXRD patterns of NiOggZnQOq,-Zn0O materials calcined at 450 and 650 °C.
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FT-IR spectra of the investigated materials in the
range of 400-4000 cm™ are displayed in figure 2.
Absorption bands at about 3432-3442 and 1636 cm™'
were observed in the infrared spectra of
NiOgZn0Og,-ZNnO samples ascribed to the stretching
and bending vibrations of O—H bonds [20,21]. The
presence of vibrational bands registered at around
1058 and 1197 cm™ could be due to other admix-
tures in the investigated materials. The bands
observed in the region above 436 cm™ belong to the
stretching vibrations of zinc oxide [22,23]. The
results obtained by FT-IR spectroscopy are in
agreement with data from PXRD analysis.
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Fig. 2. FTIR spectra of NiOggZnQ,,-Zn0 samples
calcined at 450 and 650 °C.

Adsorption capacity of the investigated materials
was calculated using the formula:

— (Co _C)-V
oom

Q

where C, is initial dye concentration, C is dye
concentration after 30 minutes in the dark, V is
solution volume, and m is photocatalyst weight.
Sample adsorption capacity (Figure 3) decreased
in the following order: H450 (0.051 mg/g) > X450
(0.044 mg/g) > H650 (0.040 mg/g) > X650 (0.025
mg/g). Samples calcined at 450 °C had higher
adsorption capacity than those treated at 650 °C.
Figure 4 presents C/C, concentration ratio of MG
dye degradation with UV illumination time. Cal-
culated degradation degree of Malachite Green dye
increases in the order: X650 (86%) < X450 (89%) <
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H650 (94%) < H450 (99%) (Table 1). Data on
apparent rate constants (calculated using logarithmic
linear dependence (-In(C/Cy) = k.t) of the studied
catalysts are given in Table 1. Apparent rate con-
stant values of NiOysZn0y,-Zn0, 450 °C, chlorides
and NiOygZn0y,-Zn0O, 650 °C, chlorides are
11.8x107° min™* and 13.9x10°° min*, respectively,
while those of NiOygZnOg»-Zn0O, 450 °C, nitrates
and NiOysZn0g,-Zn0, 650 °C, nitrates increased to
26.0x10° min* and 17.9x102 min?, accordingly.

Y

Photocatalysts

0.06

Q, mg/g

Fig. 3. Comparison of photocatalyst adsorption
capacities: 1-X650, 2-H650, 3-X450, and 4-H450
for degradation of Malachite Green dye.
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Fig. 4. Concentration C/C, ratio of Malachite Green dye
with UV illumination time.

Table 1. Calculated apparent rate constants of investi-
gated photocatalysts and degradation degree of tested dye

Sample k (x107% min™) Degree of degradation, %
X450 11.8 89
H450 26.0 99
H650 17.9 9
X650 13.9 86
Materials prepared by nitrate precursors

possessed higher photocatalytic activity in com-
parison with those prepared by chloride precursors.
The photocatalytic reactivity decreases on rising the
temperature of calcination of one type precursor
samples. An increase from 400 to 500 °C caused a
decrease in photocatalytic activity of ZnO-NiO sup-
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ported on zeolite semiconductors due to changes in
crystallite phase and particle size [3]. Under UV
[24] and solar irradiation [25] commercial ZnO
showed degradation of Malachite Green dye below
90%. We can conclude that the photocatalytic
behaviour of NiOygZn0g,-ZnO materials for degra-
dation of Malachite Green dye under UV-light
irradiation is dependent on different synthesis condi-
tions. The high photocatalytic activity of NiO-ZnO
composite is probably due to increased separation
rate of photogenerated electrons and holes [8,10].

CONCLUSIONS

A precipitation method was used to obtain
composite NiOggZnO,,/ZnO photocatalysts using
two types of precursors, chlorides and nitrates,
followed by calcination at 450 °C or 650 °C. XRD
analysis confirmed the presence of ZnO (wurtzite)
and NiOygZn0y, crystallographic phases. Photoca-
talytic activities of NiOggZnOy,-ZnO catalysts
prepared under different synthesis conditions for
dye degradation for a period of 2 hours using UV
light were compared. All photocatalysts manifested
a high catalytic activity. Among them, samples
obtained from nitrate precursors treated at 450 °C
photodegrade Malachite Green dye by 99% after 2
hours of illumination. Samples from chloride pre-
cursors exhibited a lower photocatalytic activity. An
increase of the calcination temperature to 650 °C
slightly decreased the degradation activity of samples
prepared from the same precursor. Composite
NiOgZn0Og,-ZnO photocatalysts, synthesized from
nitrate precursors could be suitable for purification
of water polluted with Malachite Green textile dye.

Acknowledgement: Financial support by Bulgarian
National Science Fund through Contract DFNI T02-
16 is appreciated.
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Toctenmna Ha: 14 suyapu 2018 r.; IIpepaborena na 19 mapt 2018 1.
(Pestome)

CpaBuena e (otokaranutrnynaTa aktuBHOCT Ha NiOgygZNnOyg ,-ZNO 06pasiy, Mmoay4eHd Ipy yTasiBaHE OT Pa3IduHH
W3XOJHU MaTepHand (XJIOPHAM M HUTPATH), IOCIEABAHO OT TEpPMHUYHA 0OpadOTKa MpH [BE PasiMYHU TEMIEPaTypH
(450 °C unum 650 °C). PentrenoB aHanu3 u nHdppauepBeHa crekrpockonus ¢ dypue Tpanchopmaliys ca U3MOI3BaAHU 32
OXapaKTepu3upaHe Ha W3CICIBAHUTE KaTalu3aToOpH. V3ydeHO e OKHCIMTENHOTO (oTopasrpakiaHe Ha OarpuioTo
ManaxurtoBo 3eneno Bbpxy NiOggZn0g,-ZnO 06pasiy 3a nepuo oT 2 yaca, H3M0JI3BaiiKi yITPABHOIETOBA CBETIHHA.
Crenenure Ha pasrpaxaade Ha barpuioro ManaxutoBo 3eneHo ot NiOygZnOg-Zn0O 06pa3iu, moaydeHd OT XIOPHIH,
tperupanu mpu 450 °C u 650 °C, ca crorBeTHO 89 1 86%. OOpas3umTe, MOTYICHA OT HUTPATHH MpeKypcopu odopado-
tenu npu 450 °C u 650 °C mposiBsSBaT MO-BHCOKA CTEIICH Ha (POTOKAaTAIUTHYHA JAerpaganus (CboTBeTHO 99% 1 94%).
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The present work describes a study of the photocatalytic behaviour of NiMnO3/Mn,O3 materials for degradation of
Malachite Green (MG) and Methylene Blue (MB) dyes as model contaminants under UV light irradiation. Samples
were prepared by precipitation using nickel and manganese acetates as starting materials and sodium hydroxide
precipitant, and then thermally treated at a different temperature — 450 and 650 °C. Powder X-ray diffraction analysis
and Fourier-transform infrared spectroscopy were applied to study phase composition and structure of synthesized
NiMnOs/Mn,03; samples. Photocatalytic measurements were carried out using MG or MB aqueous solution with
starting concentration of 5 ppm. According to experiments using NiMnOs/Mn,0O5 photocatalysts calcined at 450 and
650 °C the degree of degradation of Malachite Green and Methylene Blue dyes after 120 minutes was increased as
follows: NiMnOs/Mn,03, 450 °C, MB (10%) < NiMnO3/Mn,03, 650 °C, MB (13%) < NiMnOs/Mn,0s;, 650 °C, MG
(67%) < NiMnO3/Mn,0s, 450 °C, MG (78%). It was established that the NiMnOs/Mn,05; samples showed a much
higher photocatalytic ability for degradation of Malachite Green relative to Methylene Blue dye under UV illumination..

Keywords: Malachite Green, Methylene Blue, degradation, NiMnO3/Mn,O3, photocatalytic ability.

INTRODUCTION

Metal oxides can demonstrate an enormous
number of structural geometries with an electronic
structure that can possess semiconductor, metallic or
insulator character and consequently show a very
important role in various fields of physics, chemistry,
and materials science [1]. Manganese oxides are
famous to be active catalysts for various chemical
processes such as dye degradation, water oxidation,
organic synthesis, and CO and NO, removal from
waste gases [2]. Heterogeneous photocatalysis using
metal oxides due to its potential application to both
organic synthesis and environmental applications
has attracted considerable attention [1,3].

Catalytic oxidation of Methylene Blue by H,0O,
has been tested on manganese oxide loaded hollow
silica particles (MHSPs). The MHSPs with hollow
structure and high surface areas enhance the cata-
Iytic activity compared to the matching manganese
oxide solid particles (MSPs) [2]. Xia et al. have
prepared Mn,O; microspheres by a two-step method
in ethylene glycol system. The obtained samples

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

were tested for photodegradation of Methylene Blue
solution in the presence of H,O, under ultraviolet
illumination. The Mn,0O3; microspheres exhibited
moderate photocatalytic ability due to their parti-
cular structure [4]. In addition, Mn,O3z microspheres
obtained by a hydrothermal route have been studied
for purification of water polluted with Methylene
Blue dye [5].

Han et al. have investigated a Mn,0Os/MCM-41
composite for degradation of Methyl Orange (MO),
Congo Red (CR), Methylene Blue (MB), and Rhod-
amine B (RB) with/without visible light irradiation
at room temperature. The Mn,Os/MCM-41 compo-
site demonstrated superb removal efficiency for RB
and MB [6]. A Ni/a-Mn,0; catalyst has been tested
for reduction in aqueous phase of 4-nitrophenol and
organic dye pollutants - Rhodamine B, Methylene
Blue, Rose Bengal, Congo Red, and Methyl Orange
in the presence of a mild reducing agent, NaBH, [7].
Yang et al. have prepared single-crystalline nano-
rods of beta-MnO,, alpha-Mn,0s, and Mn3O,4 using
heat-treatment of y-MnOOH nanorods obtained by a
hydrothermal method. The synthesized manganese
oxide nanorods manifested catalytic ability to oxidise
and decompose Methylene Blue dye with H,O, [8].
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Preparation of NiMnOs/Mn,O; powders using
MnSO,-H,O and NiSO4 6H,O precursors has been
reported by Gao et al. [9]. Mn,Os is a semiconductor
metal oxide [10]. Kakvand et al. have prepared
NiMnO/C nanocomposite electrode materials for
electrochemical capacitors [11]. NiMnOs; and
NiMnOs/nitrogen-doped graphene nanocomposites
have been investigated as super-capacitors [12].
Gnanam et al. have determined the band gap energy
(3.49, 3.43, 3.38, and 3.36 eV) of a-Mn,0O3 hanopar-
ticles prepared using sodium dodecyl sulphate
(SDS) or different surfactants such as polyethylene
glycol (PEG), cetyl trimethyl ammonium bromide
(CTAB), and citric acid (CA) [13].

The present paper deals with a study of the
photocatalytic efficiency of NiMnOs/Mn,O; mate-
rials about degradation of aqueous solutions of
Malachite Green and Methylene Blue dyes under
UV irradiation. Samples were obtained using pre-
cipitation technique by nickel and manganese ace-
tates, followed by calcination at 450 and 650 °C. The
synthesized products were characterized by powder
X-ray diffraction analysis and FTIR spectroscopy.

EXPERIMENTAL

Synthesis and physicochemical characterization
of NiMnO3/Mn,05; materials

NiMnO3/Mn,0; samples were prepared by preci-
pitation technique using 0.25M Ni(CH;COQ),-4H,0
and 0.25M Mn(CH5COO),-4H,0 mixed at a ratio of
1:2. 0.75M NaOH precipitant was added dropwise
to a mixture of aqueous solutions of acetate pre-
cursors until pH reached 12 under continuous stir-
ring. After precipitation, the suspension was further
agitated for one hour. The precipitate was filtered
and washed with distilled water several times.
Finally, it was dried at 35 °C and calcined at 450 °C
and 650 °C for 3 hours and 30 minutes in air atmo-
sphere.

FTIR spectra of the synthesized materials were
recorded on a Bruker-Vector 22 Fourier transform
infrared spectrometer in the range of 4004000 cm™'
using KBr tablets. Powder X-ray diffraction analysis
(PXRD) of the investigated samples was performed
by means of Philips PW 1050 instrument with Cu
K,-radiation. Phases in the prepared materials were
established using ICDD database.

Photocatalytic study

The photocatalytic tests of degradation of Mala-
chite Green (MG) and Methylene Blue (MB) with
initial concentration of aqueous solution of the dye -
5 ppm were performed under UV-A illumination
(18 W). The catalytic experiment was carried out in
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semi-batch slurry reactor using 0.15 g catalyst and
150 ml of dye solution under air flowing and
stirring. To reach adsorption-desorption equilibrium
state NiMnOs/Mn,0; powders were left in the dark
for half an hour before turning on the UV light for
period of time - 2 hours. The powder was divided
from the aliquot solution by centrifugation. After
that the change of absorbance during the photo-
catalytic investigation was monitored by UV-Vis
absorbance spectrophotometer UV-1600PC in the
wavelength range from 200 to 800 nm (Amex = 615
nm for Malachite Green and 664 nm for Methylene
Blue). The degree of dye degradation was computed
using ((Co—C)/Cy) =100, where Cy and C were initial
concentration before turning on the illumination and
residual concentration of the dye solution after
illumination for selected time interval.

RESULTS AND DISCUSSION

Results obtained by powder X-ray diffraction
analysis are shown in figure 1. Two phases -
NiMnO; (PDF-653695; PDF-895878) and Mn,03
(PDF-721427; PDF-651798) were registered in the
X-ray diffraction patterns of materials synthesized at
450 °C and 650 °C. In the powders, treated at 450
°C, the NiMnOj crystallographic phase prevails over
other phase.

NiMnO,/Mn,O,, 650°C
1-Mn0O,
i 2 - NiMnO,

Intensity, cps

1 1 1 1 1 1 1 J
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20, degrees

: NiMnO,/Mn,0,, 450°C
‘ 1-Mn0O,
. 2 - NiMnO,

Intensity, cps

I J\
: .\ ! h N
W« W‘U VWA www.,

15 zo 25 30 35 4o 45 50 55 so 65 7o 75 so 85 go
20, degrees

Fig. 1. PXRD patterns of NiMnO3/Mn,03 samples
thermally treated at 450 and 650 °C.
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Figure 2 displays FTIR spectra of investigated
samples. Characteristic bands recorded in the range
of 520—-606 cm™* are due to vibrations of the metal
oxides [14—16]. The bands at about 3400 cm ' and
1631 cm™" arise from stretching and bending vibra-
tions of OH groups of absorbed water molecules
[16,17]. The vibrations observed at 1051, 1058, and
1197 cm " are probably due to the presence of other
admixtures in the studied materials. The data ac-
quired by FTIR spectroscopy are in agreement with
results established using powder X-ray diffraction
analysis.

NiMnO,/Mn,O 650°C

273

L I O I 2 . S O L
00 3500 3000 2500 2000 1500 1000 500

Absorbance, a.u.
H
o

NiMnO,/Mn,O 450°C

273

’ T . T . T ol T ' T 5 T . T
4000 3500 3000 2500 2000 1500 1000 500
=4
Wavenumbers, cm

Fig. 2. FTIR spectra of NiMnOs/Mn,03; materials
thermally treated at 450 and 650 °C.

Results from photocatalytic degradation mea-
surements of model pollutant Malachite Green and
Methylene Blue dyes under UV light using synthe-
sized NiMnOs/Mn,O; as photocatalysts are shown
and discussed in the following lines.

Calculated adsorption capacities and apparent
rate constants of the investigated photocatalytic
systems are presented in figure 3 and table 1, res-
pectively.

The following formula was used to estimate
adsorption capacity:

0= (C,—C)V ,
m
where C, is initial dye concentration, C is dye
concentration after 30 min in the dark, V is solution
volume, and m is sample mass.

0,05

Q, mg/g

1 2 3 4
Materials

Fig. 3. Comparison of adsorption capacities of materials
tested as photocatalysts for degradation of Malachite
Green and Methylene Blue dyes: 1-NiMnOz/Mn,05

650 °C, MG; 2-NiMnO3/Mn,0; 450 °C, MB;

3-NiMnO3/Mn,0; 450 °C, MG; 4-NiMnO3/Mn,03 650

°C, MB.

Table 1. Calculated apparent rate constants (k) of tested
photocatalysts and degree of degradation of investigated
dyes after 120 minutes.

Degree of
Used k .
Sample dye  (x10°minY) degraod/oatlon,
NiMnO3/Mn,0; 450°C MG 11.6 78
NiMnOs/Mn,0; 650 °C MG 7.9 67
NiMnOs/Mn,0; 450 °C  MB 0.7 10
NiMnO4/Mn,0; 650 °C  MB 0.5 13

The adsorption capacity of the investigated
materials decreased in the following order:
NiMnOs/Mn,0;, 650 °C, MB (0.0450 mg/g) >
NiMnOs/Mn,0; 450 °C, MG (0.0138 mg/g) >
NiMnO,;/Mn,0O3 450 °C, MB (0.0120 mg/g) >
NiMnO;/Mn,03 650 °C, MG (0.0118 mg/qg).

Apparent rate constants which followed pseudo
first-order kinetics, were calculated using a loga-
rithmic linear dependence —In(C/Co) = k.t. The ap-
parent rate constants of samples calcined at 450 °C
were higher than those calcined at 650 °C for degra-
dation of Malachite Green dye (11.6x10~° min™* and
7.9x10° min') and Methylene Blue (0.7x107°
min * and 0.5x10 % min*) were.

C/C, concentration changes of Malachite Green
and Methylene Blue dye degradation as a function
of UV illumination time are shown in figure 4. The
calculated degree of degradation (Table 1) after 120
min UV illumination of Malachite Green dye is
superior (67—78%) than that of Methylene Blue dye
(10-13%) over the investigated NiMnOs/Mn,0O3
samples. The NiMnO;/Mn,O; materials demon-
strated an enhanced photocatalytic efficiency toward
photocatalytic degradation of Malachite Green dye
compared to Methylene Blue dye.
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It could be supposed that the MG degraded faster
than the MB taking into account the chemical
structure of the dyes. According to Berberidou et al.
the degradation of MG may proceed in two path-
ways. The first involves a hydroxyl radical attack to
the central carbon atom of MG, while in the second
pathway the hydroxyl radical hits the N,N-dimethyl-
amino group of MG producing a reactive cationic
radical [18]. Methylene blue dye decolourizes slower
due to difficult destruction of the single benzene
rings in comparison with MG degradation.

1,0
e —e—o—
e ®
\ n l\. .\.—
0,8 \
1 *
0,6 \
Q " *.
3] dark perio
S N
0,44
\*
@~ NiMnO3/Mn,03, 450"(%*
.
0,24 *— NiMnO3/Mn,03, 450°C, MG
—M—NiMnO3/Mn,05, 650°C, MB
NiMn0O3/Mn,03, 650°C, MG
0,0 . 23 . l
0 40 80 120

Time, min

Fig. 4. C/C, concentration ratio of Malachite Green and
Methylene Blue dyes as a function of UV irradiation
time.

CONCLUSIONS

NiMnO3/Mn,0; materials were successfully pre-
pared by precipitation technique using acetates as
starting materials followed by thermal treatment at a
different temperature of 450 °C and 650 °C. NiMnOs
and Mn,0O3; phases’ occurrence was determined by
powder X-ray diffraction analysis and FTIR spectro-
scopy. The photocatalytic behaviour of synthesized
NiMnO3/Mn,05; samples was investigated in degra-
dation reactions of aqueous solutions of Malachite
Green and Methylene Blue dyes under UV irradi-
ation for 120 minutes. In degrading Malachite Green
dye the NiMnOs/Mn,0; samples exhibited a signifi-
cantly higher photocatalytic efficiency than that in
the case of Methylene Blue. The highest photocata-
Iytic ability possessed a NiMnOz/Mn,O; catalyst
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calcined at 450 °C for degradation of Malachite
Green dye (78%) in comparison with other studied
samples.
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OOTOKATAJIMTUYHO INOBEJAEHUE HA NiMnO3/Mn,0; MATEPUAJIN 3A PA3BI'PAXKJIAHE HA
BATPUIIATA MAJIAXUTOBO 3EJIEHO 1 METWJIEHOBO CUHbBO I10/] YB OBJIbBYUBAHE
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Toctenmna Ha 14 stHyapu 2018 r.; IIpepaborena Ha 20 mapT 2018 1.
(Pestome)

B Hacrosiiiata pabota e uscienBaHo (GoTokatanuTHYHOTO moBefaeHue Ha NiMnOs/Mn,Os; marepuanu mon aei-
cTBHETO Ha YB oOirpuBaHe 3a pasrpaxkiaHe Ha Oarpriiata ManaxutoBo 3eieHo (M3) u metmneHoBo cuabo (MC) Kato
MoJenHr 3ambpenTend. [lomydenn ca oOpasiy upe3 yTasBaHE M3IOJI3BAHKH HUKEJIOB M MAHTAHOB alleTaT M yTaUTENl
HaTpUEBa OCHOBA W CJeJ TOBAa TepMHUYHa 00paboTKa mpu pasznmyHa Temmepatypa - 450 u 650 °C. PentreHoB ¢dazos
aHaIM3 U MH(ppadyepBeHa crnekTpockonusa ¢ Pypue npeodpasyBaHe Osxa U3MOI3BAHH 32 1a ce U3cienBa (pa3oBHs ChCTaB
u crpykrypata Ha cuHtesupanute NiMnOs/Mn,O; ob6pa3uu. PoToOKATATUTHYHUTE H3CICIBAHUS OsXa MPOBEICHU
M3IMONI3Baliki BOJEH pa3TBOp Ha Oarpmimatra M3 m MC c HavamHa KoHIEHTpamus 5 ppm. OT (OTOKaTaTUTHIHHUTE
TECTOBE C€ YCTAaHOBH, Y€ CTEINCHTA Ha pa3rpakJaHe Ha Oarpuiata MajJaxMTOBO 3€JIE€HO U METHIEHOBO CHHBO ciex 120
MuHYTH H3nom3Baiiku NiMnOs/Mn,0; dotokaranusatopu, Hakaisenu npu 450 u 650 °C, HapacTBa KaKTO ClieIBa:
NiMnO3/Mn,0;, 450°C, MC (10%) < NiMnOs/Mn,03, 650°C, MC (13%) < NiMnO3/Mn,03;, 650°C, M3 (67%) <
NiMnO3/Mn,03, 450°C, M3 (78%). YcranoseHo e, ue NiMnO3/Mn,0; 06pasiy oka3BaT MHOTO [O-BHCOKA (POTOKATa-
JIUTUYHA CIIOCOOHOCT 3a pasrpak/aHe Ha MajlaXMTOBO 3€JIEHO OTKOJIKOTO Ha METHJIEHOBO CHHBO IOJ| ICHCTBHUETO Ha
VB o0mpuBaHe.
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Photocatalytic ability of abiotic and biotic materials was investigated in the reaction of decolourization of Methylene
Blue and Malachite Green dyes under UV illumination. Tests were carried out with aqueous solution of studied dyes at
a concentration of 5 ppm. Biotic material containing lepidocrocite was synthesized by cultivation of Leptothrix genus of
bacteria in a Sphaerotilus-Leptothrix group bacteria isolation medium (ICCL). A reference abiotic sample was prepared
in a sterile ICCL not infected by bacteria. Photocatalytic efficiency of examined materials was compared with lepido-
crocite synthesized by precipitation. Abiotic, biotic, and synthesized materials were studied by infrared spectroscopy.
The biotic material demonstrated a higher photocatalytic activity in Methylene Blue dye decolourization than abiotic
sample. In contrast, a higher decolourization degree for Malachite Green dye (83%) was determined using abiotic mate-
rial in comparison with a biotic sample (70%). Synthesized lepidocrocite demonstrated a higher degree of decolouri-
zation of Malachite Green dye (89%) in comparison with that of Methylene Blue dye for the same period of 120

minutes.

Key words: photocatalytic discolouration, Malachite Green, Methylene Blue, lepidocrocite, biogenic material.

INTRODUCTION

In the field of heterogeneous catalysis, materials
synthesis by biogenic or biomorphic methods may
provide promising resources. Biogenically obtained
iron oxyhydroxides and iron oxides have been
attractive objects in view of their catalytic appli-
cation. Interesting subjects of study have been iron
oxyhydroxides produced by Leptothrix sp. Lepto-
thrix is a filamentous bacterium and its sheath can
be coated with iron oxyhydroxide or analogous man-
ganese compounds [1].

Water is very important for life and the presence
of undesirable chemical components leads to its
pollution and makes it unsuitable for use by living
organisms. Industrial effluents containing dyes and
going into aquatic ecosystems cause environmental
pollution. Dyes may induce harmful effects on plants
and animals [2-5]. Photocatalytic oxidation is an
efficient method for removal of various contami-
nants [6].

Using photocatalytic oxidation of Fe(ll) in the
presence of traces of citric acid Chen et al. have
synthesized Lepidocrocite (y-FeOOH) under visible
light illumination [7]. The obtained low-crystalline
v-FeOOH was easily dissolved in aqueous solution
and demonstrated high ability for degradation of
Orange 1l dye by homogeneous photo-Fenton reac-

* To whom all correspondence should be sent
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tion [7]. Jelle et al. have prepared and investigated
the relationship among goethite (a-FeOOH), aka-
ganeite (B-FeOOH), lepidocrocite (y-FeOOH), and
feroxyhyte (6-FEOOH) and their photocatalytic
properties for degradation of Methylene Blue dye
under visible light irradiation [8]. Chen et al. have
studied adsorption and degradation of Rhodamine B
dye during lepidocrocite formation by air oxidation
of Fe(OH), under visible light illumination in the
presence of trace ethylenediaminetetracetic acid
(EDTA) [9]. Sheydaei et al. have prepared nano-
sized lepidocrocite using iron(ll) sulphate solution.
These authors reported that optimum adsorption
conditions of Lanacron Brown S-GL dye (LBS-GL)
removal from aqueous solution involved lepidocro-
cite dosage of 0.015 g, pH 3.5, temperature of 38
°C, and contact time of 100 min [10]. Lin et al. have
obtained lepidocrocites by aerial oxidation using a
ferrous solution under different LED visible light in
the presence of trace EDTA. Catalytic studies have
shown the ability of lepidocrocite about decolouri-
zation of Crystal Violet dye with traces of H,0,
under visible light illumination [11].

Many researchers have yet synthesized lepido-
crocite using FeCl,-4H,0, FeSO, 7H,0, and other
salts by different techniques [12-16]. Risti¢ et al.
synthesized y-FeOOH, a-FeOOH, and o-Fe,O; by
hydrolysis of Fe** ions in aqueous solution of per-
chlorate [17].

140 © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria



K. L. Zaharieva et al.: Abiotic and biotic iron oxyhydroxides for decolourization of dyes

The present work deals with investigations of
photocatalytic efficiency of abiotic and biotic iron-
containing substances obtained in sterile medium
and infected ICCL medium by Leptothrix bacteria,
respectively. Particularly synthesized lepidocrocite
activity is reported for photocatalytic decolouriza-
tion of model pollutants as Malachite Green and
Methylene Blue dyes under UV illumination.

EXPERIMENTAL

Biogenic material was synthesized by cultivation
of Leptothrix genus of bacteria in a Sphaerotilus-
Leptothrix group bacteria isolation medium (ICCL).
A reference abiotic sample (AR) was prepared in a
bacteria-uninfected sterile ICCL. The medium con-
tained glucose, (NH,),SO,4; Ca(NOs),, K,HPO,,
MgSQ,, KCI, CaCQs, vitamin B12, and vitamin B1.
An abiotic (synthetic) material (AS) was prepared
using a modified procedure described elsewhere [12,
14-16] by precipitation technique from 0.05M
aqueous solution of FeCl,-4H,O (Sigma Aldrich,
p.a.) and 0.8M NaOH (Valerus Co.) as precipitating
agent. NaOH was added to reach pH = 6. After that,
the mixture underwent continuous stirring in air
flow for three hours. The precipitate was filtered and
washed with distilled water several times and dried
in air at room temperature.

Infrared (IR) spectra of the samples were col-
lected on a Nicolet 6700 FTIR spectrometer (Ther-
mo Electron Corporation, USA) using dilution of
studied material (0.5%) in a KBr pellet. The spectra
were recorded in the middle IR range using 50 scans
at a resolution of 4 (data spacing 1.928 cm™).

The photocatalytic study concerned oxidative
decolourization of model pollutants Malachite Green
(MG) and Methylene Blue (MB) dyes under UV light
for 2 hours. Initial dye concentration in aqueous
solution was 5 ppm. A semi-batch slurry reactor
containing 150 ml of dye solution was used for tests
under constant air flow and stirring. The amount of
used catalyst was 0.15 g for biogenic and synthetic
(AS) materials and 0.12 g for abiotic reference
material. Examined systems were left in the dark for
about 30 min in order to reach adsorption-desorp-
tion equilibrium. Periodically, after different time
intervals of UV illumination, 4 ml of the investi-
gated suspension were taken out of the reactor and
centrifuged to separate the powder from the aliquot
solution. Absorbance of aliquot solutions during the
photocatalytic tests was monitored by UV-1600PC
UV-Vis absorbance spectrophotometer in the wave-
length range from 200 to 800 nm. Dye concentra-
tions C, and C were evaluated from the calibration
lines of the absorbance maxima (615 and 664 nm of

MG and MB). Dye decolourization degree was deter-
mined following a decrease of absorbance maxi-
mum at 615 and 664 nm of MG and MB dye, res-
pectively.

RESULTS AND DISCUSSION

Infrared spectra of abiotic and biotic Fe-con-
taining materials are displayed in figure 1. The bands
of lepidocrocite (y-FeOOH) observed in the region
459-3228 cm™' [9,10,15,17] are marked as “y’. The
bands at about 3400 and 1631 cm' are due to
stretching vibrations of H-bonded OH groups and
bending vibrations of physisorbed water molecules,
respectively [15]. The band registered at about 1401
cm™' could be attributed to some components of
ICCL medium in which the abiotic reference (AR)
and biotic materials were obtained. The vibrations at
about 1384 and 1976 cm™' could be assigned to im-
purities obtained during synthesis of lepidocrocite
(AS).
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Fig. 1. IR spectra of biotic and abiotic Fe-containing
materials.

Photocatalytic ability of biotic, synthetic lepido-
crocite (AS), and abiotic control material (AR) was
tested in UV-light decolourization of aqueous
solution of two model pollutants, Malachite Green
(MG) and Methylene Blue (MB), which are used as
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textile dyes. Adsorption capacities, apparent rate
constants of investigated reaction, and decolouri-
zation degree of MG and MB dyes are presented in
table 1.
Adsorption capacity of the materials was cal-
culated using the formula (1):
C,-C)V
Q=( 0 - ) (1)

where C, is initial dye concentration, C is dye con-
centration after 30 min in the dark, V is solution
volume, and m is sample mass. The abiotic refer-
ence material (AR) possessed the highest adsorption
capacity for both MB and MG dyes — 0.335 and
0.269 mg/g, respectively.

Table 1. Calculated adsorption capacities, apparent rate
constants of abiotic and biotic materials, and decolouri-
zation degree of MG and MB dyes.

Material Used Adsorption Rate Degree of
dye  capacity, constantk decolouri-
(mglg) (x10°minY)*  zation,
(%)
abiotic (AR), MB 0.335 - -
ICCL
abiotic (AR), MG 0.269 12.8 83
ICCL
biotic, ICCL MB 0.266 - -
abiotic (AS)  MB 0.215 - -
biotic, ICCL MG 0.018 10.1 70
abiotic (AS) MG 0.027 10.7 89

*Apparent rate constant (k) calculated from slope of logarithmic linear
dependence until UV irradiation time 60 minutes.

Concentration changes of MG and MB dyes and
decolourization degree with the time under UV irra-
diation using abiotic and biotic Fe-containing sam-
ples are displayed in figures 2 and 3, respectively.
The results definitely show that all studied materials
were not active in decolourization of Methylene Blue
dye. Kinetic curves show that the activity of the
materials for decolourization of Malachite Green is
not high. Bearing in mind these results, the apparent
rate constants (Table 1) of the photocatalytic process
with studied materials were estimated using loga-
rithmic linear dependence only for the decolouri-
zation of MG dye:

—In(C/Cy) = k.t (2

A clearly lower rate constant of the MG deco-
lourization reaction on the biogenic material could
be due to adsorption of the dye, reaction products on
biogenic impurities, or some influence of adsorbed
components of the ICCL medium.

Iron (hydr)oxides were used as catalysts for puri-
fication of waste waters in Fenton-like processes,
where reactive species (hydroxyl radicals) are gene-
rated at room temperature under atmospheric pres-
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sure. Iron oxides (magnetite, maghemite and hema-
tite) were more successful at initiating dye photo-
degradation than the iron (hydr)oxides [18]. Lepi-
docrocite was studied for environmental remedia-
tion procedures in water treatment for the removal
of toxic ions [19].
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Fig. 2. Concentration C/C, ratio of MG and MB dyes in
aqueous solution with time under UV illumination using
abiotic and biotic Fe-containing samples.
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Fig. 3. Decolourization of MG and MB dyes in aqueous
solution with time under UV illumination using abiotic
and biotic Fe-containing samples.

CONCLUSIONS

Photocatalytic tests of biogenic material from
cultivation of Leptothrix bacteria in ICCL medium,
abiotic (formed in sterile medium), and synthesized
iron oxyhydroxide(s) samples, revealed that they
were not active in photocatalytic decolourization of
Methylene Blue dye. A low decolourization activity
of the same substances in aqueous solutions of
Malachite Green dye was registered. The presence
of bacterial rests so as some ICCL medium com-
ponents could have a decreasing effect on catalytic
activity.

Acknowledgments: The authors thank Bulgarian
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N3CIHEABAHUA HA ABUOTUYHM U BUOTUYHU MATEPUAJIN HA OCHOBATA HA XEJIE3HU
OKCUXNAPOKCUIUN 3A POTOKATAIMTUYHO OBE3LIBETABAHE HA FAI'PUJIA BbB BO/IHU
PA3TBOPU

K. JL. 3axapHeBal’*, M.T. ]_UOHCKal, K. . Munenosa’, P. Arrenosa’, M. I/IJ'II/IeBZ, I'. b. Kaaunos®

Y Unemumym no kamanus, Bwieapeka akademus na naykume, yi. ,, Axao. I Bonues®, 6. 11, 1113 Cogpus, Boreapus
2 Buonozuuecku ¢axyimem, Coguiicku ynusepcumem ,, Ce. Knumenm Oxpudcku “, oya. ,, [paean LJankos“ 8,
1000 Cogus, bvreapus

THocrprmmna na: 31 sayapu 2018 r.; IIpepabotena Ha: 4 mapt 2018 .
(Pesrome)

doToKaTaIUTHYHATA CIIOCOOHOCT Ha aOMOTHYEH M OMOTeHEH MaTephal € M3Cle[BaHa B peakiusiTa Ha oOe3lBe-
TABaHE Ha OarpmiiaTa METHJIGHOBO CHHBO M MaJlaXUTOBO 3€JIEHO MOJ JAeiicTBueTo Ha YB oOmpuBane. Ommrture ca
MIPOBEICHU BBHB BOJIHH PAa3TBOPH HA M3CIIEIBAHUTE Oarpriia ¢ KOHLIEHTpanua 5 ppm. bruoreHHUAT MaTepuan chIbpIKarg
JICUIOKPOKUT € MOJIyYeH IpH KyJITUBHpaHe Ha OakTtepun Leptothrix B m3onammoHHa cpena 3a GakTepuu OT rpyrnaTa
Sphaerotilus-Leptothrix (UCCJI). AbuotudeH cpaBHuTeeH Matepuai (AR) e momyuen B crepmwina UCCJI (ne3apasena
¢ Oaxrepun). doToKaTaNUTHYHATA CIIOCOOHOCT HAa TECTBAHUTE MaTepHasin Oellle cpaBHEHA C Ta3W Ha CHHTE3HMPaH 4pe3
yTasiBaHe JIENUJOKPOKHUT (AS). AOHOTHYHHAT, ONOTCHHUAT U CHHTE3UPAHUAT MaTepHal 0s1xa N3CIIeABaHH ITOCPEACTBOM
nH(ppayepBeHa CIEKTPOCKOIUs. BHOTEHHMAT Marepuan IEeMOHCTpHpa IO-BHCOKAa (OTOKATAJMTHYHA AKTHBHOCT B
00€3IBETSIBAHETO HAa METHUJIICHOBO CHHBO OT aOMOTHYHUS CpaBHUTENeH MmaTtepuan. OOpaTtHoTo Oe HaOIOAaBaHO TpH
o0e3IBeTsABaHEe HA MAIAXUTOBO 3€JIEHO, KATO PETUCTPUPAHHAT ePeKT € MHOro Mo-roisiM (83% ¢ aOHOTHYHUS CpaBHU-
TeneH Matepuai, 70% c onorennus matepuain). CHHTE3HPaHUAT JETTHAOKPOKHT MOKA3a IIO-BHCOKA CTETIEH Ha 00e3IBe-
TSABaHE Ha pa3TBOpPa ¢ MajaxuToBO 3eyeHo (89%) B cpaBHEHHE C Ta3W Ha pa3TBOpa C METUJIECHOBO CHHBO 32 €IHAKEHB
nepuon oT 120 MUHyTH.
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Enhancing the PMS activation ability of CosO,4 by doping with Bi and Mg
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A series of Co-Bi and Co-Mg composite oxides were prepared by co-precipitation method and their catalytic activity
for heterogeneous peroxymonosulphate (PMS) activation was investigated through Acid Orange 7 (AQO7) degradation in
aqueous solutions. The as-prepared catalysts were characterized by XRD, XPS, TEM, and ICP-OES. A significant
increase in catalytic activity of Cos0, by modifying with Bi and Mg oxides was registered. Composites with 50 wt.%
Co30, content displayed the best catalytic activity by achieving complete removal of 50 mg dm® AO7 within 12-15
minutes under the reaction conditions of 0.1 g dm™ catalyst and PMS/AO7 molar ratio of 6:1. The enhanced PMS
activation functionality of the composite catalysts was ascribed to an increased amount of surface hydroxyl groups
because of modifying with the basic oxides. Surface hydroxyls favoured the formation of a surface Co(ll)-OH
intermediate and thus the generation of sulphate radicals (SRs) from PMS was accelerated. AO7 degradation was found
to follow first order kinetics. The quenching study clearly indicated that oxidative degradation of AO7 is a radical-
involved process with SRs being the dominant radical species. The Co-Bi and Co-Mg composite oxides presented stable

performance with minor cobalt leaching even under acidic conditions.

Key words: composite oxides, Co30,, Bi,Os;, MgO, peroxymonosulphate, AO7 degradation.

INTRODUCTION

In recent decades, advanced oxidation processes
(AOPs) based on in situ generation of highly
reactive radical species by activation of inorganic
peroxides have emerged as a promising technology
for degradation of refractory organic compounds to
harmless products in water at ambient conditions
[1-3]. Despite promising performance and cost-
effectiveness of the conventional Fenton process,
several significant drawbacks limit its practical
applications such as a low pH range (2-4), a large
catalyst dosage, and large amount of iron sludge
produced [4]. Sulphate radical induced AOPs are
regarded as a more feasible and effective alternative
to the Fenton process, owing to comparative
standard reduction potential, longer half-life, and
better selectivity of SRs than hydroxyl radicals, to
remove or even mineralize organic pollutants [5,6].

Homogeneous activation of unsymmetrical per-
oxide PMS by transition metal ions is proven an
efficient route for production of SRs with cobalt
ions being the best activator [7]. However, the
adverse effect of dissolved cobalt ions on animals
and human beings raise a great concern. Hence, the
development of cobalt-based heterogeneous cata-
lysts of high PMS activating ability to conduct
catalytic oxidation of organic pollutants is highly
desirable. For the first time Anipsitakis et al.

* To whom all correspondence should be sent
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explored the possibilities of CoO and Cos0;, in acti-
vation of PMS for 2,4-dichlorophenol degradation
in replacing homogeneous Co(ll)/PMS [8]. Nano-
sized Co;0, catalyst was found to exhibit an excel-
lent long-term stability and low dissolved Co ions,
especially under neutral conditions in degradation of
AO7 by PMS activation [9]. Although Co5;0, nano-
particles present good catalytic performance, they
can easily agglomerate during catalytic reaction to
cause a drop of the catalytic efficiency. To tune the
surface properties, and therefore improve the cata-
Iytic activity, various supports such as TiO,, Al,Og,
Si0,, carbon materials, MgO, etc. have been used to
prepare supported cobalt catalysts [10—-12]. Among
these, metal oxides with abundant surface basic sites
such as MgO and TiO, were reported to lead to a
relative high catalytic activity. Besides, supports can
also act as components with synergistic and hybrid
property dramatically boosting the catalytic effi-
ciency [13]. Mixed metal catalysts have improved
stability (reduced leaching), multifunctionality (e.g.
photoactive, magnetically separable, etc.), high redox
activity, and better catalytic activity compared to
single metal [14]. Many cobalt composite catalysts
that have been used as PMS activators including
CoFe,O,4 [15], CoMn,0, [16], CuFe,O4 [17], and
CuBi,04 [18] were found to exhibit a much stronger
catalytic activity in PMS oxidation process than
Co3;0,4. As PMS activation is favoured on a basic
surface, modification of the Co;0, with basic metal
oxides would have a promotional effect on its PMS

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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activation ability. AO7 is a representative azo dye
widely used for the dyeing of textiles, food, and cos-
metics. It is reported that AO7 shows good resist-
ance to biodegradation, thus it is normally not amen-
able for the conventional wastewater treatment pro-
cess [19].

The aim of the present work was to examine the
effect of Bi and Mg oxides addition to Co304 on
the catalytic performance in PMS activation for
degrading Acid Orange 7 as a model water pollutant.

EXPERIMENTAL

C0504-MgO and Co0,-Bi,O; composite cata-
lysts of various Co;0,4 content (20, 50, and 80 wt.%)
were synthesised by co-precipitation method using
NaOH as a precipitation agent and subsequent an-
nealing of the precursor at 773 K. In a typical pro-
cedure, 0.8 mol I'* NaOH were added dropwise at
333 K into a certain volume of aqueous solution
containing fixed amounts of cobalt nitrate and mag-
nesium or bismuth nitrate under vigorous stirring
until solution pH reached 10. The obtained precipi-
tate was further aged at 333 K for 30 minutes under
continuous stirring. The solid product was collected
by filtration, washed with deionised water and etha-
nol several times to neutral pH, dried at 378 K over-
night, and finally calcined at 773 K for 3 h in static
air. For comparative purposes, pristine Coz04, MgO,
and Bi,O3 were also prepared by the same synthesis
procedure.

The amount of Co, Bi, and Mg in the prepared
samples as well as the concentration of leached cobalt
ions after the reaction were measured by ICP-OES
analysis (iCAP 6300 Thermo Scientific). XRD
analysis was performed using Bruker D8 Advance
diffractometer with Cu Ka radiation and LynxEye
detector. Phase identification was accomplished by
Diffracplus EVA using ICDD-PDF2 Database. Cata-
lyst morphology was determined on a JEOL JEM
2100 high-resolution transmission electron micro-
scope using an accelerating voltage of 200 kV. Two
basic regimes of microscope mode were used: bright
field transmission microscopy (TEM) and selected
area electron diffraction (SAED). X-ray photoelec-
tron spectroscopy (XPS) measurements were carried
out on an AXIS Supra photoelectron spectrometer
(Kratos Analytical Ltd.) using monochromatic AlKa
radiation with photon energy of 1486.6 eV. The
binding energies (BEs) were determined with an
accuracy of +0.1 eV utilising the C1s line of adventi-
tious carbon as a reference with energy of 285.0 eV.
The pH of the point of zero charge (pHpzc) of the
catalysts was determined by pH drift method [20].

Degradation experiments were carried out in a
400-cm® glass reactor at 293 K under constant stir-
ring at around 400 rpm. In a typical run, a fixed
amount of PMS (in the form of Oxone,
2KHS0s.KHS0,.K,S0,) was added into a 200-cm?
aqueous solution (50 mg dm® AQ7) to attain a pre-
defined PMS/AO7 molar ratio and stirred until
dissolved. Degradation reaction was initiated by
adding a specified amount of catalyst. Aliguots of
4.0 cm® were taken at given time intervals, imme-
diately mixed with 1 ml methanol to quench the
reaction, and centrifuged at 4000 rpm for 1 min to
remove the catalyst. The AO7 concentration was
determined by measuring the absorbance at a fixed
wavelength of 486 nm using UV-Vis spectrophoto-
meter (Cintra 101, GBS). All tests were conducted
in triplicate to ensure the reproducibility of experi-
mental results. For quenching experiments, prior to
addition of oxidant and catalyst, a known amount of
the alcohol quencher (ethanol or tert-butyl alcohol)
was added into the AO7 solution to obtain a
required molar ratio of alcohol to PMS.

RESULTS AND DISCUSSION

Calculated Co30, content in the synthesised
composite materials based on ICP-OES results and
XRD characterisation is given in Table 1 along with
preparation parameters for comparison.

Table 1. ICP-OES results for Co, Bi, and Mg content in
synthesised catalysts

Co30, content (wt.%)
Catalyst -
Preparation ICP-OES
X% Co0304-MgO 20 21.6
50 47.1
80 74.3
X% C0304-Bi,03 20 238
50 45.1
80 79.2

Fig. 1 shows XRD pattern of the 20% Co030,-
Bi,0; catalyst in comparison with Bi,Os; and Co304
as reference compounds. The diffraction peaks of
the pristine metal oxides can be indexed to single-
phase monoclinic o-Bi,0s;, (JCPDS 41-1449) and
cubic spinel-type Co;04 (JCPDS 42-1467), respect-
ively. Reflexes typical of the two individual metal
oxides were observed in the spectrum of the com-
posite sample, which indicated the presence of Cos0,
and Bi,0O; in the catalyst. Notably, the intensity of
peaks associated with cobalt species was very weak,
suggesting good dispersion of the Coz04 particles in
the resulting product. Similarly, the peaks corres-
ponding to the MgO were clearly observed and domi-
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nant for the 20% Co03;0,-MgO sample (not shown).

20%C030,-Bi,05
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Fig. 1. XRD patterns of 20% Co030,-Bi,0O3, C0304, and
Bi,0s.

Bright field TEM images (Fig. 2a) of the 20%
C0304-MgO and 20% Co0,4-Bi,05 catalysts indicate
that the particles in both samples are predominantly
flat with a near-rectangular shape. Particles with
elongated rod-like shape were also observed. The
diffraction patterns of both samples (Fig. 2b) reveal
their polycrystalline nature with a good degree of
crystallisation. Indexations of the SAED patterns
confirm the presence of two metal oxide phases in
each catalyst, indicated by arrows in Fig. 2b.

Fig. 2. (a) Bright field TEM (50k) and (b) SAED patterns
of 20% C03O4—|\/IgO and 20% C0304'Bi203.

The particle size distribution of both composite
catalysts was close to normal (Gaussian), but being
more homogeneous in the 20% Cos0,-MgO sample
(not shown). Particle sizes in both samples were
mainly concentrated in the range of 7-20 nm. The
average crystallite size of 20% Co3;0,-MgO and
20% Co050,-Bi,05 was estimated to be 10.1 and 13.7
nm, respectively.

Wide-scan XPS spectra of the composite cata-
lysts show that both Co and Mg or Bi elements are
present on the surface (Fig. 3a). Deconvolution of
the Co (2p) envelopes (not shown) indicated that the
cobalt species were present in Co(ll) and Co(lll)
oxidation states at atomic ratio close to 2, which is
typical of Co;0,. A pronounced asymmetry of the
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O1s spectra implies for simultaneous presence of
two types of oxide particles in the composite cata-
lysts. Two subpeaks could be resolved with BE of
529.4 and 531.1 eV, which were assigned to lattice
oxygen and surface hydroxyl species, respectively
(Fig. 3b). Based on both peak areas, the ratio of
hydroxyl to oxide groups in the Co-Mg composite
was calculated to be 62:38 indicating that OH
groups dominantly covered the catalyst surface. The
relative content of the surface hydroxyl oxygen in
the Co-Bi composite was lower (ca. 21% of total
oxygen), but was twice higher than estimated for
C0504 (11%). A higher extent of surface hydroxy-
lation of the composite catalysts compared to the
Co30, could be due to a higher pHpzc of MgO
(11.8) and Bi,0O; (9.2) than that of non-modified
cobalt oxide (7.3). More surface basic sites available
of in composite catalysts can promote the formation
of surface Co(ll)-OH complexes that was consi-
dered crucial for radical generation in the sub-
sequent step of PMS activation [11].

Control experiments were conducted to compare
AO7 removal efficiencies by various processes. As
shown in Fig. 4a, no obvious degradation of AO7 by
PMS alone was observed in the investigated time
scale although PMS is a strong oxidizsing agent (¢°
= +1.82 V). Less than 1% colour removal was
reached after 8 h to imply that chemical oxidation
process is most likely to occur through a non-radical
mechanism. In the presence of composite catalysts
without PMS addition ca. 5% extent of decolourisa-
tion of the solution was attained in 10 min pointing
out that AO7 adsorption on the catalysts was less
effective to remove it from the water. Similar
decolourisation efficiency was observed with the
Bi,0:/PMS system showing that the pure Bi,O3
could not activate the PMS to degrade the dye.
However, AO7 degradation was found more sign-
ificant for the MgO/PMS system under the same
conditions with around 63% extent of oxidation
suggesting that bare MgO can decompose PMS into
active radicals. There was still 55% of AO7 remain-
ing after 15 min, when pure Co;0, was used as the
PMS activating catalyst, and a complete disco-
louration of the solution was achieved for 90 min.
However, when the composite oxides even with
lowest MgO or Bi,0; content (20 wt.%) were added
as a catalyst, the dye pollutant was oxidised rapidly
achieving up to 99% colour removal in 15 min even
at a very low catalyst concentration of 0.10 g/l.
These results confirmed that the degradation process
was a radical-involved process and the active radical
species were generated much faster in the presence
of hybrid catalysts than bare Co304 (100% active
phase).
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Fig. 4. AO7 degradation with time in different systems. Reaction conditions: 50 mg dm~ AQO7; 0.1 g dm™ catalyst
loading; PMS/AQ7 = 6/1; pH = 4.0. Co30,4 content in composite catalysts was 80 wt.%.

A much higher catalytic activity presented by
Co-Bi and Co-Mg composite oxides for AO7 degra-
dation suggests a synergistic effect of both oxide
components in the catalysts. The observed syner-
gism supports a hypothesis of the important role of
the basic dopants (Bi,O; and MgO) in facilitating
the formation of functional Co(ll1)-OH complexes
through direct interaction of surface cobalt species
with the nearby surface of dopant OH groups.
Besides, a better dispersion of the Co3O, active
species in the composites because of their smaller
size ensures more effective sites on the surface to
generate radicals.

The key role of close contact between metal
oxide components of the composite catalysts was
con-firmed by a much weaker -catalytic
performance exhibited by mechanical mixture of
bismuth oxide/magnesium oxide and Co30, (Fig.
4b). In fact, in the presence of 20% Co304-MgO
complete AO7 degradation was achieved in 10 min,
while for the same reaction period around 40% of
dye did not undergo conversion under the catalytic
action of matching mechanical mixture despite the
same amount of Co30,. The decrease in activity was
more pronounced for the mechanical mixture of
20% Co30, and 80% Bi,03 due to inability of the
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Bi,0O; to induce PMS activation to produce radicals.
For the 20% Co0304-Bi,Os/PMS system, 50 min
were required for complete discolouration of the dye
solution while for the same time only 43% removal
efficiency was attained using a mixture of both
oxides. Besides, a linear rate of AO7 decay over
mechanical mixture suggests that the rate-limiting
step of the oxidation process is decomposition of
PMS to radical species rather than destruction of the
dye molecules by the radicals formed.

It should be noted that the homogeneous
Co(Il)/PMS system showed faster oxidation kinetics.
At a concentration of Co(ll) ions equivalent to the
cobalt content in composites, complete discoloura-
tion of dye solution was achieved within 5 min.
Although the homogeneous approach is more
efficient for destroying dye molecules, its practical
application is restricted due to potential health
hazards caused by cobalt ions released in water as
well as to the inability to separate the catalyst from
the solution and reuse. The registered difference in
degradation kinetics of AO7 under homogeneous
and heterogeneous oxidation mode as well as negli-
gible cobalt leaching into the solution (less than 1%)
suggests that the activation of PMS is hetero-
geneously conducted on the catalyst surface.

Figure 5a shows the change in the UV-Vis
absorption spectra of the AO7 solution during 80%
Co050,4-Bi,03-mediated catalytic oxidation with PMS
as a function of reaction time. As the reaction
progressed the intensity of the absorption peak at
486 nm decreased due to degradation of the
chromophore azo bond. In addition, a simultaneous
decrease of the absorbance at 230 and 310 nm,
ascribed to m—m* transitions in the benzene and
naphthalene rings of dye, respectively, is considered
evidence of a break-up of the conjugated m-system
of the dye molecule. In the meantime, a new

absorbance band at about 255 nm appeared in the
ultraviolet region at the very beginning of reaction
(even at 2 min) and then started to drop slowly. This
indicate that a new structure unit was formed from
chromophore cleavage, which further was also
degraded. 1,2-Naphthoguinone was identified to
contribute to the peak by comparing spectra of the
reaction mixture and a standard solution containing
the expected degradation intermediates (Fig. 5b).
Similar UV-vis spectra profiles were observed also
in experiments carried out in the presence of other
composite catalysts.

Catalytic oxidation of AO7 over synthesised
composite catalysts follows first-order kinetics
model, thereby implying that the oxidation process
was not controlled by the radicals generation step.
Table 2 gives reaction rate constants (k) and corres-
ponding regression coefficients (R? of the model
fitting.

Table 2. Kinetic parameters of AO7 degradation in dif-
ferent catalyst — PMS systems

Catalyst Co30, Wt.9%)  k (min™) R?
C030, 100 0.039 0.992
C0304-MgO 20 0.315 0.991

50 0.334 0.989
80 0.237 0.991
C050,4- Bi,03 20 0.091 0.984
50 0.374 0.992
80 0.257 0.996

Because Co0s;0, is the component of the com-
posite catalysts that basically determines their PMS
activation functionality, the lowest AO7 degrada-
tion rate was observed for the samples with lowest
Cos0, content. However, the 20% Co0304,-MgO
catalyst produced faster and complete AO7
degradation with a rate constant being more three-
fold that using Co-Bi analogue.
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Fig. 5. (8) The UV-Vis spectral changes of AO7 in 50% Co050,-MgO/PMS process. (b) Comparative UV-Vis spectra
of the AO7 solution during oxidation over 80% Co30,-Bi,O3 and standard solutions of 1,2-naphthoquinone (NQ), and
4-hydroxybenzenesulphonic acid (4HBSA). Reaction conditions were the same as those indicated in Fig. 4.
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The difference in activity could be explained by
a stronger basic surface of MgO than Bi,0Os, which
provides formation of more Co(ll)-OH complexes
and consequently generation of more active radicals
for a shorter time. The increase of Cos0,4 content up
to 50 wt.% favoured the AQO7 degradation rate,
which was contributed to the higher activation rate
of PMS. A further increase of the Co3O, amount
caused a decrease in degradation activity that could
be attributed to a lesser amount of hydroxyl groups
on the catalyst surface as well as to aggregation of
Co30, particles resulting in less active sites for PMS
activation.

Catalytic activation of PMS mediated by tran-
sition metals or metal oxides could generate three
main types of reactive radicals, viz., sulphate (SO, "),
hydroxyl («OH), and peroxymonosulphate (SOs" )
[1,11]. Due to SOs" ~ very low redox potential, sul-
phate radicals and hydroxyl radicals were regarded
as active species in the catalytic PMS oxidation.

100 -
80 -
60 -
—N
G\i 0 scavenger
g 0. —e— EtOH/PMS=2000:1
—A— TBA/PMS=2000:1
20 A

50%C0304-MgO

0 5 10 15 20 25 30
Time (min)

Ethanol (EtOH) and tert-butyl alcohol (TBA)
were used as radical scavengers to evaluate the
contribution of SO, ~ and *OH in the oxidation.
According to the literature, EtOH readily reacts with
both hydroxyl and sulphate radicals at high and
comparable rates whereas TBA mainly reacts with
hydroxyl radicaland about 1000-fold slower with
sulphate radicals [1]. The inhibition of the degrada-
tion process brought by the two quenching agents is
shown in Fig. 6. It is obvious that addition of EtOH
to the reaction mixture inhibited AO7 degradation,
whereas the process was negligibly affected in the
presence of TBA. Based on the results it may be
concluded that sulphate radicals played a major role
throughout the AO7 degradation process on the
composite catalysts. The retarding effect of EtOH
can be explained by competitive reactions of gene-
rated radicals with AO7 and radical quenching
agent.
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Fig. 6. Influence of ethanol and TBA addition on the AO7 degradation efficiency in composite catalyst-PMS system.

CONCLUSIONS

In this study, Co0304-Bi,O; and Co0304-MgO
composite oxides with different Co;O,4 content were
synthesised and used as heterogeneous catalysts to
activate PMS for degrading AO7 in aqueous
solution. The formation of the composites was
confirmed by XRD and TEM characterisation. It
was found that the as-prepared catalysts manifested
a superior catalytic activity toward PMS than
pristine Co30,. Composites containing 50 wt.%
C030, exhibited the best catalytic performance. In
the presence of PMS, they induced fast and
complete degradation of AO7 (50 mg dm™) with the
rate constant being 8 times higher than that over
unmodified Cos0,4. The presence of Mg and Bi was
found to be beneficial for enhancing the content of

hydroxyl groups on the catalyst surface that form
Co(I)-OH complexes critical for heterogeneous
PMS activation. Radical quenching studies demon-
strated that sulphate radicals are the dominating
species formed by the catalyst-PMS interaction, and
hence those that are responsible for effective AO7
degradation.
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ITOBUIITABAHE HA PMS-AKTUBALITMOHHATA CITOCOBHOCT HA Co30,
YPE3 IOTUPAHE C Bi 1 Mg

B. B. UBanosa-Komuesa, M. K. CrosiHoBa*

Kameopa ,, Qusuxoxumus *, [lnogouecku ynusepcumem ,, Ilaucuii Xunenoapcku “, yn. ,,Lap Acen*, Ne 24,
4000 I1rnosous, bvreapus

Ioctenuna va 30 suyapu 2018 r.; IIpepabotena Ha 9 mapt 2018 .
(Pesrome)

Cunresupann ca cepus oT komno3utHu Co-Bi m Co-Mg okcuam 4pe3 MeToj Ha ChyTasBaHE M € H3CJIEABaHA
KaTaJUTUYHATA MM aKTHBHOCT 33 X€TePOreHHO aKTUBHpaHe Ha nepokcuMoHocyidar (PMS) 3a pasrpakaane na Kuceno
OpanxeBo 7 (AO7) BbB BoHM pa3TBopu. Karannzatopute ca oxapakrepusupanu uype3 XRD, XPS, TEM, u ICP-OES.
VYCcTaHOBEHO € CHIIECTBEHO yBEIMYaBaHEe Ha KaTaauTHuHaTa akTuBHOCT Ha Co30,4 upe3 mogudunmpane ¢ Bi,O3 u MgO.
Kommosurure ¢ 50% TternoBHo chabpxanue Ha CozO, moka3Bar Hal-BHCOKa KaTAIMTHYHA aKTUBHOCT, MOCTHIAWKH
bJTHO pasrpaxcaane Ha 50 mg dm ° AO7 B pamkute Ha 12—15 MEHYTH IpH KOHIEHTpaIKs Ha Katammsartopa 0.1 g dm®
u MoiHO croTHONIeHne PMS/AO7 = 6:1. TMoeumenata PMS-akTuBannoHHa ()YHKIIMOHATHOCT HA KOMIIO3HUTHHTE
KaTaJM3aTOPH Ce JIBJDKM Ha MO-BUCOKOTO CHIBPXKAHNWE HA TOBBPXHOCTHH XHJIPOKCHIIHU TPYIH BCIIEACTBHE MOTU(H-
UPAaHETO C Oa3sMYHUTE OKCHIW. XHUAPOKCHIHHWTE TPYHH BBPXY KaTalHW3aTOpPHATA IOBBPXHOCT ONarompHsATCTBAT
obpasysanero Ha moBbpxHOCTHH Co(l1)-OH KOMILIEKCH, KOETO YCKOpsiBa TeHEPUPAHETO Ha CyndatHu paaukamu (SRS)
ot PMS. Pasrpaxxpanero Ha AO7 ce moquuHsABa HAa KMHETHYHUTE 3aKOHOMEPHOCTH Ha PEaKIMM OT IIbPBH MOPSIBK.
ExcriepumenTHTe C n00aBsiHE Ha paJyKajl-yJaBsiy areHTH II0Ka3BaT, Yye OKUCIHUTENHOTO pasrpaxigaHe Ha AO7 e
panukanoB mporec, karo SRS ca momuHuMpamure pagukanoBu dactuiu. Co-Bi m Co-Mg xoMnosuTHHTE OKCHAN
JIEMOHCTPHUpAT YCTOIUMBA aKTUBHOCT ¢ HHCKa pa3TBopuMocT Ha Co JOpH B KHcCeNa cpeaa.
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Zeolite X has been successfully synthesised from fly ash produced by combustion of lignite coal at Maritsa Iztok 2
thermal power plant using a two-stage process: fusion with sodium hydroxide followed by hydrothermal treatment at
room temperature. NaX zeolite crystallisation started later by decreasing NaOH amount. In order to optimise synthesis
process a seed-assisted procedure was introduced. Preliminary synthesised zeolite X from pure chemicals was used as a
seed material. On the one hand, seed addition affected synthesis direction to the desired zeolite structure (a monophase
zeolite X product) and resulted in reduced synthesis time, but also reduced sodium hydroxide amount upon melting. In
this way, zeolitisation may increase cost-effectiveness and eco-efficiency.

Key words: zeolite X, fly ash, zeolite synthesis, seed, green synthesis.

INTRODUCTION

Coal-fired thermal power plants (TPP) are a
major source of fly ash (FA). Depending on the type
of source and composition of the combustion coal,
solid by-product components may vary signi-
ficantly, but all types of FA include large amounts
of silica (amorphous and crystalline) and alumina,
both of which are constituent parts of many coal
bedrocks. FA world production is over 750 million
tons per year [1]. The areas where the production
waste from the TPPs is deposited are huge terrains.
Due to dusting during drying and release of harmful
substances, FA represents an environmental hazard
for soils, waters, and air. Discharges of the ash
create environmental risks due to increased acid
content and infiltration of heavy metals and radio-
active elements in the soil. Toxic components in FA
depend on the specific structure of the deposit and
they may include a variety of the following elements
found in negligible quantities: arsenic, beryllium,
boron, cadmium, chromium, cobalt, lead, mercury,
selenium, thallium, and vanadium. Many approaches
to the use of FA have been developed, given their
composition and degree of crystallinity. Part of
deposited ash is used in the construction of roads
and buildings, in the form of gypsum, gypsum
board, cement, and concrete, in the ceramic indus-
try, and other building mixes. Zeolite synthesis is
another solution to utilise FA [2,3]. Zeolite produc-
tion from FA results in a good practice with higher
added value compared to ash usage as a cement

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

additive [4-6]. In recent years, many studies have
also been accomplished on zeolite synthesis from
other alternative sources of SiO, and Al,O3 because
the production of synthetic zeolites from pure silica
and alumina sources is quite expensive. For alter-
native sources of silicon and aluminium, industrial
waste or geothermal materials rich in Si and Al [7—
14] may be used, as well as FA, which is largely
composed of silicon and aluminium units. So natu-
rally, one of the approaches to use FA is their zeo-
litisation. Zeolites synthesised from fly ash have
many applications, including ion exchangers, mole-
cular sieves, and adsorbents, similar to the zeolites
obtained by conventional methods.

Generally, zeolites represent a group of natural or
synthetic crystalline microporous aluminasilicates
having a pore size of 0.3 to 2.0 nm [15]. Zeolite pores
form a system of channels and cavities with well-
defined shape and dimensions. These micro-porous
materials are used as adsorbents [16,17], for ion
exchange processes [18], and in catalysis [19-22].
Thus, from an environmental point of view the
synthesis of coal ash zeolites and their use as adsor-
bents, catalysts, and ion exchangers is considered
one of the most effective applications of fly ash.

FA is fine particles that are trapped by the TPP
filters. They are collected by electrostatic or mecha-
nical precipitation. The ash mainly contains amor-
phous and crystalline silica as well as hematite,
mullite, and magnetite [3,23-25]. It has been found
that different zeolite structures can be synthesised
from the same ash but under different crystallisation
conditions, the A, NaX, and NaY zeolites being of
utmost importance [26]. One of them, namely NaX
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zeolite, which is an analogue to the natural faujasite,
has a great ecological application. This zeolite, char-
acterised by a highly developed specific surface area
and numerous pores ranging in size from 5.0 to 7.5
A, facilitates adsorption of 3.2-A carbon dioxide
molecules. Primarily, NaX zeolite is used as a cata-
lyst in biodiesel production and CO, adsorption
[27,28].

The purpose of the present work was to syn-
thesise a NaX zeolite structure from fly ash obtained
after the combustion of lignite coal at Maritsa 1ztok
2 TPP by using a two stages process: fusion with
sodium hydroxide followed by hydrothermal syn-
thesis at room temperature. The first step, fusion of
the alkaline-ash mixture led to the formation of
soluble sodium aluminate and sodium silicate, en-
hanced zeolite formation, and facilitated the com-
plete utilisation of the waste as a raw material [29,
30]. Hydrothermal activation is the second stage,
which usually is held at a relatively high tempera-
ture (90-120 °C). The goal of the present study was
to perform this stage at room temperature. Synthesis
time at room temperature was between two weeks
and one month, whereas the crystallisation process
at 90 °C took a few hours (4-8). In order to reduce
crystallisation time, a seed-induced synthesis proce-
dure was applied. Prelimi-nary synthesised zeolite X
from pure chemicals was used as a seed material.

EXPERIMENTAL
Sample preparation

Ash residues, containing 52.66 and 23.37 mass%
of silica and alumina, respectively, were subjected
to a dual stage fusion-hydrothermal transformation.

Initially, the coal ash was thoroughly homoge-
nised with sodium hydroxide, and then the resulting
mixture was poured into a nickel pot. Melting was
carried out in a furnace at a temperature of 550 °C
for a period of 1 hour. Then distilled water and the
seed material were added to the preconditioned
sample, and the resulting mixture was placed into a
polypropylene vessel. Depending on the NaOH/fly
ash ratio and the amount of crystal seed added to the
resulting mixture the crystallisation of zeolite NaX
was conducted at room temperature from 15 days to
two months. The separated sample was filtered and
allowed to dry at room temperature. In order to
reduce crystallisation time and increase the yield, 1,
2, and 5 wt.% crystalline seed of zeolite NaX were
used. Weight percentage was calculated regarding
silica and alumina in the fly ash. The obtained solid
substance was carefully washed with distilled water
and then dried at 105 °C for an hour.

Zeolite seeds were synthesised at 90 °C for 8 h
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by using pure chemicals from initial gel with the
following molar composition: NaAlO,:4Si0,:
16NaOH:325H,0.

Samples characterization

Product morphology was observed by scanning
electron microscopy (SEM) on a JEOL JSM6390
microscope coupled with an energy-dispersive X-
ray (EDX) analyser (Oxford Instruments). Phase
identification was performed by X-ray diffraction
(XRD) technique on a Brucker D2 Phaser diffracto-
meter with CuK,, radiation and a Ni filter.

RESULTS AND DISCUSSIONS

The hydrothermal synthesis of NaX zeolite from
fly ash was carried out at room temperature. In these
experiments, synthesis duration varied between 15
and 60 days. Table 1 provides data on the crystal-
lisation time of zeolite X obtained from fly ash
without seed and with 1, 2, and 5% seed, respect-
ively, at a different NaOH/FA ratio. The NaOH/FA
ratios used were 1.2/1, 1.0/1, 0.8/1, and 0.6/1 (Table
1). Higher amounts of NaOH caused NaX zeolite
crystallisation to start much earlier. X-ray powder
patterns indicate that the best results were obtained
when the amount of sodium hydroxide was higher
with NaOH/FA ratio of 1.2/1 or 1.0/1. Such a result
could be expected because in this case sodium
hydroxide brings about larger amounts of soluble
silicates and aluminates from the silica and alumina
phases, respectively, present in the fly ash. The
latter phases increase their mobility to become able
to form zeolite nuclei around which crystal growth
takes place to build a zeolite structure. On using a
lower amount of sodium hydroxide, however, NaX
zeolite synthesis was not successful. X-ray powder
patterns of the resulting products synthesised at a
NaOH/FA ratio of 1/1 show that a crystalline phase
emerged around the 29" day after crystallisation at
room temperature (Fig. 1) and a high crystalline
product of this zeolite was only reached by the 45"
day of synthesis.

On employing a NaOH/FA ratio of 1.2/1 in the
studies, the crystallisation of NaX zeolite began
about 25 days after synthesis onset.

To reduce crystallisation time and direct syn-
thesis to the desired zeolite structure, a seed-assisted
synthesis of NaX zeolite from fly ash was applied
by means of 1, 2 or 5 wt.% crystalline NaX zeolite.
The weight percentage was calculated regarding the
total amount of silica and alumina in the fly ash.
NaX zeolite crystallisation at a NaOH/FA ratio of
1.2/1 started earlier on using 1, 2, and 5% seed.
Comparing seed-assisted with seed-free NaX zeolite
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synthesis, crystallisation with the latter started later
for the same NaOH/FA ratio. By applying 1, 2 or
5% by weight of crystalline seed crystals, zeolite
crystallisation started 21 days after synthesis onset
at room temperature.

Table 1. Dependence of the NaOH/FA ratio on the
crystallisation time of NaX zeolite synthesised from fly
ash in the presence of 1, 2 or 5% seed at room
temperature

1% crystal 2% crystal 5% crystal

NaOH/FA No seeds

seed seed seed
1.2/1 25 days 21 days 21 days 21 days
1 29 days 29 days 29 days 21 days
0.8/1 37 days 37 days 24 days
0.6/1 - 43 days 37 days
; 45 days
g
3.
E 29 days
E
25 days
T T T T T T T T T T
10 20 30 40 50 60
2 Theta ()

Fig. 1. X-ray powder patterns of NaX zeolite after seed-
free synthesis from fly ash at room temperature at a
NaOH/FA ratio of 1/1.

On employing a NaOH/FA ratio of 1.2/1 in the
studies, the crystallisation of NaX zeolite began
about 25 days after synthesis onset.

At a NaOH/FA ratio of 1.2/1 even small amounts
of seed made the synthesis of zeolite X most
sensitive. Upon addition of 1% seed, the crystallisa-
tion time decreased to 21 days, whereas without seed,
crystallisation arose after the 25" day. Use of 5 wt.%
seed led to a higher degree of crystallinity.

If the NaOH/FA ratio was 1/1 and crystallisation
occurred in the presence of 1 or 2% seed, the NaX
zeolite started to crystallise before the 29" day. At a
higher amount of seed (5%), the crystallisation
started earlier than the case with 1 or 2% crystal
seed. X-ray powder patterns of the synthesised
products give evidence that the NaX zeolite began
to crystallise before the 21* day of synthesis (Fig.
2). From these results, it can be concluded that the
use of a larger amount of crystal seed favoured a
significant decrease in crystallisation time.

WWMWM

21 days

e i TR

T T T T T T T T T

10 20 30 40 50 60
2 Theta ()

Intensity (a.u.)

Fig. 2. X-ray powder patterns of NaX zeolite synthesised
from fly ash at room temperature in the presence of 5%
seeds at a NaOH/FA ratio of 1/1.

Scanning electron microscopy (SEM) was applied
to investigate the morphology and size of the crystal
particles of NaX zeolite. In Figure 3, a SEM image
of NaX zeolite synthesised from fly ash and sodium
hydroxide at a ratio of 1/1 in the presence of 5%
crystalline seed is presented. From the micrographs,
it can be seen that aggregates were formed. The size
of the NaX zeolite aggregates varies between 1 and
10 um, whereas some aggre-gates have sizes in the

Fig. 3. SEM micrograph of NaX zeolite synthesised from
fly ash at room temperature in the presence of 5% of
seeds at a NaOH/FA ratio of 1/1 and crystallisation time
of 39 days. Bar length 10 pm, magnification 5000.

When the crystallisation time was extended to
about 70 days, a product of higher crystallinity was
formed. Figure 4 displays an X-ray powder pattern
of a product synthesised over a period of 70 days at
NaOH/FA ratio of 1/1 in the presence of 2% seeds.
It is observed that the product obtained exhibits a
higher crystallinity compared with those synthesised
for a shorter period.
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Intensity (a.u.)

u 70 days

T T T

20 40 60
2 Theta (')

Fig. 4. X-ray powder patterns of NaX zeolite synthesised
from fly ash at room temperature in the presence of 2%
seeds at a NaOH/FA ratio of 1/1.

On using less sodium hydroxide at NaOH/FA of
0.8/1 without seed, NaX zeolite synthesis failed
despite the long crystallisation period of 50 days
(Table 1). By adding 1 or 2% crystalline seed to the
reaction mixture, the NaX zeolite started to
crystallise on the 37th day after synthesis. By use of
a larger amount of crystalline seed (5%), significant
crystallisation of the zeolite began much earlier, as
of the 24™ day. Despite the use of a larger amount of
seed and crystallisation for nearly 50 days, a
completely crystallised NaX zeolite phase was not
observed. Figure 5 presents X-ray powder patterns
of products synthesised in the presence of 5% seed.

49 days

Intensity (a.u.)

24 days

T T T T T T T T T

10 20 30 40 50 60

2 Theta (')

Fig. 5. X-ray powder patterns of NaX zeolite synthesised
from fly ash at room temperature in the presence of 5% of
seeds at a NaOH/FA ratio of 0.8/1.

At a NaOH/FA ratio of 0.6/1, studies of NaX
zeolite synthesis without seed or in the presence of
1% seed were unsuccessful. In these experiments,
zeolite crystallisation was not observed despite the
long synthesis period of 50 days.
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Figure 6 shows X-ray powder patterns of the
resulting products synthesised in the presence of 5%
crystalline seed. Upon synthesis in the presence of
2% seed, the NaX zeolite started to crystallise only
43 days after synthesis. X-ray powder patterns of
the products synthesised in the presence of a higher
amount of crystalline seed (5%) indicate that zeolite
crystallisation started somewhat earlier, as of the
37th day. From the results obtained, it can be
concluded that a larger amount of seed contributes
to earlier formation of a zeolite phase.

oy
=
s
.:9 43 days
w
=
S
=
37 days
T v T T T T T T T
10 20 30 40 50 60

2 Theta (")

Fig. 6. X-ray powder patterns of NaX zeolite synthesised
from fly ash at room temperature in the presence of 5% of
seeds at a NaOH/FA ratio of 0.6/1.

It is evident that the lowest NaOH/FA ratio, at
which the NaX zeolite is successfully synthesised at
room temperature without the presence of seeds, is
1/1. Further reduction of the sodium base at this
ratio did not result in a crystalline phase of the
zeolite. It was found that by adding crystalline seed
to the reaction mixture it is possible to use less
NaOH in the zeolite synthesis at room temperature.
The results obtained with NaOH/FA ratios of 0.8/1
and 0.6/1 indicate that seeds may result in a
crystalline product for longer crystallisation periods
of 37-50 days.

CONCLUSIONS

Zeolite X was successfully synthesised from fly
ash produced by combustion of lignite coal at
Maritsa lztok 2 TPP using a two-stage process:
fusion with sodium hydroxide followed by hydro-
thermal treatment at room temperature. Added seed
directed synthesis to the desired zeolite structure
(mono-phase zeolite X), and reduced both synthesis
time and used sodium hydroxide amount upon
melting. In this way, the process of zeolitisation is
economically cost-effective and better eco-efficient.

Seed-assisted crystallisation at room temperature
using NaOH/FA ratios of 1.2/1, 1/1, and 0.8/1
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provided successful synthesis of the NaX zeolite.
Zeolite crystallisation started later on reducing the
amount of sodium hydroxide.
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3EJIEH CUHTE3 HA 3EOJIUT OT BBIJIMIHA IIEIIEJI B ITPUCBCTBUETO HA 3APOAMIIN

B. BapGog', 10. KbnBaues®*

1HHcmumym no munepanocus u kpucmanoepaghus, bvreapcka akademus na naykume, yiu. ,,Axao. I'. Bonwueg”, 0. 107,
1113 Coghus, Bvacapus
2 Hnemumym no kamanus, bvreapcka akademus na naykume, yi. ,,Axao. I'. bonueg”, 0. 11, 1113 Cogus, bvreapus

Tlocrprmna Ha 13 deBpyapu 2018 r.; ITlpepadorena Ha 21 mapt 2018 1.

(Pestome)

Vcenemso e CHUHTE3UpPAH 3COJIUT X ot BbIJIMIIHA NCIICI, MOJYyUC€Ha Ype3 MU3rapssHe Ha JIMTHUTHU BBbIJIMIIA B TEL[

,,Mapuia 3Tok 2%, n3moy3Baiiky JByeTarneH Mpolec - CTalsIHe ¢ HATPUEB XUIPOKCH]I, TIOCIEABAHO OT XUAPOTepMaJcH
CHHTE3 TIpU CTaiiHa Temmepartypa. [Ipu HamansBaHe Ha kKoiwmdecTBOTO Ha NaOH, kpucranm3amnusara Ha 3eoauT NaX
3armoyBa MO-KBCHO. 3a ONTHMH3WpAaHE Ha Tpolleca Ha CHHTE3 € BBBEACHA MPOLEAypa C W3MOJI3BAHE HA 3apOIHIIIH.
Kpucranu ot mpeaBapuTeTHO CHHTE3UPAH 30T X OT YUCTH XUMHUKAJH Cce M3MO0I3BaT KaTo 3aponuiu. /JobaBsHeTo Ha
3apOIUIIN BOIW HE CaMO /0 HACOYBAHETO HAa CHHTE3aTa KBbM JKEJaHAaTa 3€0JIMTHA CTPYKTypa (ToydyaBaHE Ha MOHO-
¢aseH 3conut X) M IO HAMAJsBAaHEe HA BPEMETO 3a CHHTE3, HO CHIIO U J0O HaMaisBaHe Ha koimdecTBoTo NaOH mpu
cramsHe. [1o To3u HaYMH NPOIECHT HA 3CONUTU3AIMS € UKOHOMHUYCCKH MMO-PCHTAOMICH U CKOJIOTHYHO C(PCKTHBEH.
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Porous inorganic materials have been extensively applied as enzyme carriers due to their high mechanic stability and
high specific surface area, resistance to microbial attack, stability in organic solvents, and stability upon heating. In
recent years, enzymes immobilised on nanosized materials have attracted scientist attention with regard to new
emerging applications such as biosensing and medical diagnostics. This research aims to investigate the potential of a
nanosized and mostly mesoporous zeolite (nano-Zeo) as a suitable carrier for lipase from porcine pancreas (PPL). For
comparative purpose, a hanosized MCM-41 silica material with spherical morphology was studied. The latter was used
as a starting material to prepare the nanosized zeolite by densification of the initial amorphous MCM-41 silica
nanospheres in presence of a diluted solution of tetrapropylammonium hydroxide, the nanospheres being further
transformed into MFI-type of zeolite via steam-assisted crystallisation. Both the starting material and the nano-Zeo
particles were characterised by means of X-ray diffraction, nitrogen physisorption, and scanning electron microscopy
techniques. Loaded protein amount was comparable for the two carriers: 64.0+2.3 and 80.4+3.4 mg/g for MCM-41 and
nano-Zeo, respectively. However, nano-Zeo showed over twofold higher specific loading with regard to the mesoporous
specific surface area of the studied materials. Besides, monolayer surface distribution and a higher specific lipase
activity were estimated for the nano-Zeo-PPL preparation, which is probably due to lipase molecules attached in a

proper orientation.

Key words: porcine pancreas lipase (PPL), nanosized zeolite carrier, MCM-41 silica nanospheres, immobilization.

INTRODUCTION

Lipases are industrially applied enzymes in lipid
modification, esterification, resolution of racemic
mixtures, epoxidation, and other processes [1]. How-
ever, they find a limited application due to their high
price and low stability under harsh process condi-
tions (presence of detergents, solvents, substrate or
product inhibition, high temperatures and low pres-
sures) [2]. On the other hand, adsorption or depo-
sition of the enzymes onto a porous support has
proved to be a useful technique for improving their
activity and stability [3]. Immobilisation facilitates
enzyme recovery from the reaction mixture and
allows multiple usages without a significant loss of
activity, which makes the process cost-effective. In
addition, enzymes immobilised on solid supports
have many advantages over their free counterparts,
namely, continuous performance and rapid termina-
tion of enzymatic reactions, controlled product for-
mation, and easy enzyme removal from the reaction
mixture. Compared with polymeric materials inor-
ganic enzyme carriers are structurally more stable,
environmentally tolerable, and resistant to organic
solvents and microbial attack [4]. Besides, in recent

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

years, enzymes immobilised on nanosized materials
have attracted attention with regard to new emerging
applications such as biosensing and medical dia-
gnostics [5].

The present study aims to investigate the poten-
tial of a nanosized and mostly mesoporous zeolite
(nano-Zeo) as a suitable carrier for lipase from por-
cine pancreas. For comparative purpose a nano-
sized MCM-41 silica material with spherical mor-
phology was studied, which was used as a starting
material to prepare the nanosized zeolite. This is a
new idea that utilises a simple procedure to prepare
zeolites with nano dimensions by transforming
already pre-prepared and geometrically well-defined
amorphous silica particles into crystalline entities of
similar shape, diminished size, and increased den-
sity [6]. Both initial MCM-41 and nano-Zeo mate-
rials were characterised by X-ray diffraction, nitro-
gen physisorption, and scanning electron micro-
scopy techniques. The activity of the immobilised
preparations was estimated using 4-nirophenyl pal-
mitate as a substrate.

EXPERIMENTAL
Materials

Nano-Zeo material was synthesised by a two-
step procedure. In the first step, MCM-41 silica with

156 © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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spherical morphology was synthesised using TEOS
as a silica source and hexadecyltrimethylammonium
bromide as a structure-directing reagent [7]. Then,
in the second step, the obtained MCM-41 spheres
were treated with a dilute solution of tetrapropyl-
ammonium hydroxide and densified for 24 h at 383 K
via a steam-assisted crystallisation under hydro-
thermal conditions [6]. Lipase from porcine pan-
creas (15-30 U/mg, 20% protein content) from
Sigma was used to assess protein absorption capa-
city of the novel zeolitic material and the initial
MCM-41 silica nanospheres.

Methods of characterization

Both the starting MCM-41 silica and the nano-
Zeo material were characterised by X-ray diffrac-
tion, nitrogen physisorption, and scanning electron
microscopy techniques. Powder X-ray diffraction
patterns were collected on a Bruker D8 Advance
diffractometer equipped with Cu Ko radiation and
LynxEye detector. Nitrogen sorption measurements
were recorded on Quantachrome NOVA 1200e and
Quantachrome Autosorb iQ MP instruments at 77
K. Before physisorption measurements, the samples
were outgassed overnight at 423 K under vacuum.
Pore size distributions and pore diameters were cal-
culated by non-local density functional theory
(NLDFT). Scanning electron microscopy (SEM)
images were obtained with FEI Quanta FEG 250
and JEOL-JSM-6390 scanning electron micro-
scopes. Lipase from porcine pancreas was immo-
bilised via physical adsorption. In a typical pro-
cedure, 20 mg of the carriers were gently shaken
with 1 mL of PPL (1-20 mg/ml) dissolved in
sodium phosphate buffer (pH 7.0) After 12 h in-
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cubation, the immobilised preparations were filtered,
washed twice with 0.5 ml of sodium phosphate
buffer, freeze dried, and their activity was tested in
assay reaction. Protein content in the initial PPL
solutions and in the supernatant after immobi-
lisation was estimated using Lowry’s method [8].
For both materials, the absorption capacity (1) and
the immobilisation yield (2) were determined fol-
lowing the equations:

Absorption capacity = % V, my/Qcarier (1)
Immobilisation yield = ="2100, 05 )

where C, and C; are the initial and final concen-
tration of the protein in the solutions in mg/ml,
respectively, V is the volume of the loading enzyme
solution in mL, and m is carrier weight.

The activity of the immobilised preparations was
estimated using 4-nirophenyl palmitate as a sub-
strate. One unit is the amount of protein, which
catalyses the conversion of 1 uM substrate for 1
minute at 25 °C.

RESULTS AND DISCUSSION

X-ray diffraction (XRD) technique was applied
to determine sample mesoporous ordering, crystal-
linity, and phase composition (Fig. 1). Small angle
X-ray diffraction patterns of the calcined materials
are presented in Fig. 1a. A MCM-41 sample shows
one main reflection (100) at 2.64 26 and two small
reflections with maxima at 4.64 and 5.28 20, res-
pectively, arising from quasi-regular long-range
hexagonal arrangement of the obtained mesopores
that are characteristic of the MCM-41 structure.
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Fig. 1. XRD patterns of the studied samples.
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At the same time, the pattern of the nano-Zeo  the nano-Zeo sample is also of type IV that is
sample displays no reflections of the initial MCM-  characteristic of mesoporous materials (Figure 2a).
41 material to indicate transformation of the latter.  Yet, a much broader adsorption/desorption step
However, two new reflections are observed at about  within 0.5-0.9 relative pressure was registered for
7.9 and 8.8 20 (Fig. 1a). Further information about  this sample accompanied by a hysteresis loop most
the newly found structure was obtained from wide-  probably owing to interparticle mesoporosity (Fig.
angle XRD pattern of the nano-Zeo sample (Fig.  2a). Besides, the nano-Zeo material loses part of the
1b). The observed reflections are characteristic of a  very high specific surface area of the initial MCM-
MFI zeolite structure [6]. Hence, a complete trans- 41 sample at the expense of the appearance of
formation of the initial amorphous MCM-41 silica  certain microporosity (270 m?g), however, the
material into a crystalline MFI-type zeolite was  mesopore volume increases to 0.68 cm*/g due to the
realised. To follow changes of the textural char-  presence of very broad pore size distribution and
acteristics of both studied samples two additional — much larger mesopores (Fig. 2b, Table 1). At the
techniques were used: nitrogen physic-sorption and  same time, the SEM image proves preservation of
scanning electron microscopy (Figs. 2 and 3). the spherical morphology accompanied by some
Besides, some physicochemical characteristics of  size reduction phenomena as expected during
the obtained samples are presented in Table 1. transformation from amorphous to crystalline phase

Data on nitrogen physisorption measurements of  (Fig. 3). However, larger spherical particles are also
the studied samples are displayed in Fig. 2 and  found with the nano-Zeo sample that we ascribe to
Table 1. The initial MCM-41 sample manifests a  agglomeration of some initial MCM-41 spherical
typical isotherm that is characteristic of this type of  particles during transformation (Fig. 3).
mesoporous silica materials with a narrow adsorp- 1,3-specific lipase from porcine pancreas was
tion/desorption step within 0.2-0.3 relative pressure  selected to evaluate the absorption capacity of the
(Fig. 2a). It is characterised by a high specific sur-  two silica supports. Industrial application of this
face area (985 m?/g), total pore volume of 0.47 enzyme is limited due to its lability in organic
cm®/g, and narrow pore size distribution with main  solvents and upon heating above 45°C; therefore,
pore diameter of 2.9 nm (Fig. 2 and Table 1). methods for PPL stabilisation are of current research

SEM analysis showed that this material is interest. The enzyme structure is compact with
composed of well-defined spherical nanoparticles of  dimensions ca. 4.6x2.6x1.1 nm®, and earlier studies
relatively equal size, most of which are in the range by other authors have shown that pore size is one of
of 400-600 nm (Fig. 3). However, after steam- the major factors that should be considered upon
assisted crystallisation certain changes occurred  selection or design of the excellent enzyme supports
with the MCM-41 starting material. The isotherm of  [9].

Table 1. Textural characteristics of the obtained materials

Sample SBET:a Vtotalvc Smicro,b Vmicrchd dDFT,e DSEM:f
m?/g cclg m?/g cclg nm nm
nano-Zeo 728 0.80 270 0.12 2.3;4.5;10.5 200-800
MCM-41 985 0.47 - - 2.9 400-600

a - BET specific surface area; b - Micropore surface area by t-method; ¢ - Total pore volume; d - Micropore volume by t-method; e - Main pore
diameter evaluated using NLDFT method, f - Particle sizes evaluated by SEM analysis.
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Fig. 2. Nitrogen adsorption/desorption isotherms (a) and pore size distribution (b) of the studied samples.
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Fig. 3. SEM images of MCM-41 (left) and nano-Zeo (right) samples.

Table 2. Amount of the immobilised porcine pancreas lipase on the two supports and biocatalyst activity

samole Absorption capacity, Specific capacity?, Specific activity, Immobilization yield,
P mg prot./g carrier mg prot./m? carrier U/mg prot. %
MCM-41 64.0+2.3 0.065 170 32
nano-Zeo 80.4+34 0.176 238 40

2 To estimate the specific capacity the absorption capacity of the carrier was divided by its specific surface area (M%/gearier)-

The absorption capacity of the two carriers is
given in Table 2. Novel nano-Zeo proves to be a
1.25-times more efficient support than the MCM-41
precursor, most probably due to higher porosity and
larger pore sizes. The two carriers were less efficient
as compared to literature data on PPL adsorption on
SBA-15 for which enzyme loading was between
100 and 920 mg enzyme per gram carrier regarding
carrier textural characteristics and reaction condi-
tions [10,11]. However, a monolayer deposition of
the PPL on nano-Zeo and MCM-41 was observed,
which resulted in a preserved (or even enhanced)
lipolytic activity of the nano-Zeo-PPL and MCM-
41-PPL in comparison with the free enzyme.

MCM-41-PPL and nano-Zeo-PPL were examined
in the reaction of 4-nitrophenyl palmitate hydro-
lysis. Tested in several consecutive cycles, a fast
drop of activity was observed even after the first
cycle with the two immobilised preparations, which
is due to enzyme leakage or desorption in the aque-
ous medium (Fig. 4). Functionalisation of the sup-
ports and subsequent covalent bonding of the PPL
or application of these biocatalysts in esterification
reactions in non-solvent or organic media could be a
possible solution to enhance enzyme performance.

CONCLUSIONS

Nanosized zeolite material with MFI structure
and spherical morphology was successfully synthe-
sised from MCM-41 mesoporous spheres via a
steam-assisted crystallisation under hydrothermal
conditions at 383 K. The novel zeolite material
exhibited high specific surface area and high total
pore volume due mainly to very high mesoporosity

characterized by broad mesopore size distribution
and high amount of mesopores. Over twofold higher
adsorption capacity for lipolytic enzyme from
porcine pancreas was found with the novel nano-
sized zeolite in comparison with the initial MCM-41
material regarding the specific mesoporous surface
area of both carriers. A higher adsorption capacity
and monolayer surface distribution and a higher
specific lipase activity was also estimated for the
nano-Zeo-PPL preparation, which is probably due to
lipase molecules attached in suitable orientation.
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Fig. 4. Relative activity of MCM-41-PPL and nano-Zeo-
PPL in the assay reaction of hydrolysis of 4-
nitrophenylpalmitate.
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[MOJIVUABAHE U IMTPMJIOXKEHUE HA HAHOPA3MEPEH 3EOJIMT KATO HOCUTEJI 3A JIMITA3A
M. /1. Jumurpos, M. I'yuuesa'*, JI. I'. Kopauesa®

Y Unemumym no opeanuuna xumus ¢ Llenmvp no gumoxumus, BAH, 1113 Copus, Bvncapus
2 Hnemumym no obwa u neopeanuuna xumus, bAH, 1113 Coghus, bvreapus

IMocternuna Ha 7 ¢epyapu 2018 r.; IIpepaborena na 20 mapt 2018 .
(Pestome)

INopecTuTe HEOpraHMYHU MaTepUalld CE€ IpUIAraT IIUPOKO KATO HOCUTENW HA €H3MMH, MOpPaJH TSIXHATa BUCOKA
MEXaHWYHa CTAOMJIIHOCT M BHCOKa ClielU(UYHA MOBBPXHOCT, YCTOWYMBOCT Ha MHKpoOmaiHa araka, cTaOMIHOCT B
OpPraHWYHUTE Pa3TBOPUTENM W CTAOMIHOCT NpH HarpsiBaHe. IIpe3 mocieqHnTEe TOOWHU SH3WMHTE, MMOOMIM3HPaHU
BBbpPXY HaHOpa3MEpPHH MaTepHald, ca aTPaKTUBHM OOEKTH 3a M3CIe/[BaHE OPaaAN pa3IIUpsSBAaHETO HA 00JacTTa UM Ha
MIPWIIOKEHNE, HAITPUMEpP KaTo OMOCEH30pH MIIN B MEUIIMHCKATA JUATHOCTHKA.

Hacrosmoro uscnensane e GokycupaHo BbpXy NpOydYBaHE Ha MOTEHIMAJa Ha HAHOPa3MEpeH M NpeolI1aaaBalio
ME30TI0PEeCT 3e0NuT (nano-Zeo) KaTo MOAXOAIl HOCHUTEN 3a juma3za oT cBuHCKM maHkpeac (PPL). 3a cpaBHeHue
MPOBEJOXME EKCIIEPUMEHTH U ¢ HaHopa3MepeH MCM-41 cunukat cbe chepruuna MOpGOIIoTus Ha YaCTUIIMTE, KOUTO €
M3XO0JIEH MaTepual 3a MoJlydaBaHe Ha HAHOPA3MEPHUS 3€0JUT MOCPEICTBOM MPOIEC HA “YITbTHSIBaHE Ha M3XOJHUTE
amopbarn MCM-41 HaHOYACTHIIM B IMPHCHCTBHETO HA pa3pelieH pa3TBOP HAa TETPAIPONMIAMOHHMEB XHUIPOKCHI U
HIOCJIEABAIIOTO UM MpeBpbliaHe B 3¢0auT Tunl MFI upe3 kpucranusanus B IpUChCTBUE Ha BOAHA napa. Martepuanure
ca OXapaKTepu3UpaHu ¢ MOMOLITA Ha peHTreHoBa Audpakuus, GusnyHa agcopOIMs Ha a30T U CKaHUPAIlA eJIEKTPOHHA
MHKpocKomnusi. KosmuecTBOTO Ha HATOBApEHUs NMPOTEHH € ChHU3MEPHMO 3a J[BaTa HOCHUTENS M € ChoTBeTHO 64,0 + 2,3
mg/g 3a MCM-41 un 80,4 + 3,4 mg/g 3a nano-Zeo. CtpyBa Jja ce 0TOeNexH, Ye HAaHO3EOJIUTHT MIOKa3Ba MOBeYe OT J[Ba
IBTH TO-TOJSIMO CIIEIM(UYHO HATOBapBaHE IO OTHOIICHHWE Ha ME30IlopecTaTa IOBBPXHOCT Ha H3CIICIBAHHUTE
Mmarepuanu. OcBeH TOBa, 3a Nano-Zeo-PPL 6sixa oTyeTeHH MOHOCIIOMHO MOBBPXHOCTHO pa3lpesielieHHe U 10-BHCOKa
crenuduIHa XUAPOIUTHYHA aKTHBHOCT, KOETO BEPOATHO CE ABIDKHM Ha 3aKPENBAHETO Ha JIMIIA3HUTE MOJIEKYJIH B II0-
MTOIXO/IAIIA OPUESHTAITHS 32 TO3H HOCHUTEI.
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Mg-doped co-precipitated Ni/SIG precursors were studied as edible sunflower oil hydrogenation catalysts applying
two types of commercial silica gels (SIG) as supports of different texture characteristics: a microporous type (SIG-A)
and a mesoporous type (SIG-C). It was found that texture parameters of both the silica gels and magnesium addition
allow obtaining of catalysts of various hydrogenation activities and fatty acid composition of the products. The results
reveal the highest hydrogenation activity of MgNi/SIG-C catalyst because of higher amount and accessibility of metal
nickel particles on the catalyst surface generated through reduction procedure. A dominant activity of MgNi/SIG-C
catalyst is ascribed to appropriate mesoporosity, which controls diffusion. It was established that Mg-doped Ni/SIG-C
possessed a capacity for use as an efficient edible vegetable oil hydrogenation catalyst due to high hydrogenation
activity, high saturation level of linoleic acid (C18:2cis), moderate amounts of C18:1trans fatty acids, and C18:0 stearin
acid formation in the partially hydrogenated sunflower oil.

Key words: Ni catalyst; silica gel; Mg additive; hydrogenation; sunflower oil; trans-isomers.

INTRODUCTION

Metal nickel (21-25 wt.% Ni) supported on silica
represents one proven and thereat widely produced
and practiced catalyst in the partial hydrogenation of
vegetable oils. The process continues to be applied
as universal method in modern food industry to
enhance oxidation and thermal stability of the
hydrogenated products by decreasing unsaturation
of the naturally occurring triacylglycerides and
changing solidification characteristics and plasticity
of the hydrogenated oils [1]. Nickel has been
selected due to its high activity, inert nature relative
to oil, availability, and economic price, which
makes it superior over other metals [2].

During hydrogenation of fatty acids (FAs),
several simultaneous processes can be distinguished,
such as saturation, migration, and geometric isome-
risation of double bonds. Some unsaturated FAs that
are normally in cis-configuration may be isomerised
into trans-FAs [3]. In the light of recent recom-
mendations issued by international food associ-
ations, the formation of trans-FAs during hydro-
genation using conventional nickel catalysts is
considered undesirable. Conventional partial hydro-

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

genation results in the formation of up to 40% of
trans-FAs in the hardened products. None of the
commercially available catalysts enable the
production of partially hydrogenated sunflower oil
having insignificant trans-FAs content [4].

While numerous studies have been focused on
improving catalyst preparation, there are only scarce
attempts to elucidate the role of additives or
modifiers on the structural and textural properties of
nickel catalyst precursors, particularly those, which
might form compounds similar to those of the parent
metal [4,5]. Moreover, the effect of dopants on the
catalytic performance in vegetable oil hydrogenation
is rarely discussed in the literature [6].

To promote cis-FA selectivity it is necessary to
dope Ni-containing catalysts with a suitable pro-
motor or modifier [7].

Alkaline, alkaline earth, and rare earth metals are
generally employed as promoters. The impact of
promoters is mostly related to the following aspects:
altering catalyst surface acid-base property, im-
proving dispersion of active species, and consi-
dering the type and extent of active species-support
interactions. An alkaline earth metal could affect the
reducibility, the morphology, and the electronic
properties of catalysts [8]. In this connection,
doping Ni-based catalysts by Mg alkaline earth
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metal may alter the structure, texture, basicity, and
reducibility of the Ni** ions, the overall impact on
catalyst hydrogenation activity, and its cis/trans-
selectivity.

Based on these considerations, a partial iso-
morphous replacement of Ni** with Mg?* ions in Ni-
phyllosilicate structure was accomplished aimed at
improving the performance of Ni/SiO, catalyst in
sunflower oil hydrogenation by increasing hydro-
genation activity and oleic acid selectivity, tuning
the level of cis-trans isomerisation, and minimising
stearic acid content in the products of hydro-
genation.

EXPERIMENTAL

Sample preparation

Two types of commercial silica gels (SIG) of
different texture characteristics, microporous SIG-A
and mesoporous SIG-C [9] of 0.8-1.0-mm size,
were applied as supports for sample synthesis.

The precursors were obtained with identical
composition (SiO,/Ni = 1.0 and Mg/Ni = 0.1) by co-
precipitation of aqueous solutions of nickel nitrate
hexahydrate, Ni(NO3),'6H,O, and magnesium
nitrate hexahydrate, Mg(NO;),-6H,0, with anhy-
drous sodium carbonate, Na,COs, over silica gels
suspended in distilled water. The initial salts of
analytical grade, provided by Alfa Aesar (USA),
were used as received without further purification.

By analogy with non-modified Ni/SIG samples,
the same preparation procedure was used which is
described in detail elsewhere [10]. It should be
noted that because of magnesium presence synthesis
procedure was performed at pH = 10.0.

After drying at 120 °C for 20 h the precursors
were designated as (Mg)Ni/SIG-X, where X is A or
C and represents the type of used silica gel.

This paper reports refined preliminary partially
published results [11-13] and new data on FA
composition and cis/trans-selectivity of non-doped
and Mg-doped Ni/SIG catalysts. The properties of
the Mg-doped precursors and catalysts were
compared with the non-doped counterparts. The
effects of magnesium modification on the structure,
texture, reducibility, and catalytic performance of
the materials will contribute to select a promising
candidate for an active edible vegetable oil hydro-
genation catalyst.

Sample characterization

Powder X-ray diffraction (PXRD) patterns were
recorded on a Bruker D8 Advance powder diffracto-
meter employing CuKa radiation. The crystalline
phases were identified using International Centre for
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Diffraction Data (ICDD) powder diffraction files.

FTIR spectra within the range of 4000-400 cm™*
were recorded on a Nicolet 6700 FTIR spectrometer
(Thermo Electron Corporation, USA) at 0.4 cm™
resolution and 50 scans, using KBr pressed disk
technique with sample concentration of ~0.5 wt.%.

Texture characteristics were determined by nitro-
gen adsorption—desorption measurements conducted
at a low temperature (77.4 K) with a Sorptomatic
1990 (Thermo Finnigan) apparatus. Specific surface
area (Sger) values were calculated according to the
BET method from the linear part of the N, adsorp-
tion isotherms. Mesopore volume (V) data were
acquired from isotherms adsorption branch by
means of the Dollimore-Heal method. Micropore
volume (Vmicro) Values were calculated using the
Dubinin-Radushkevich method.

Temperature-programmed reduction (TPR) expe-
riments were accomplished using a Thermo Scien-
tific TPRDO1100 system by a 5% H,/Ar gas
mixture at a flow rate of 20 cm*min and a heating
rate of 10 °C/min in the temperature range 50—-900
°C. Two TPR approaches were used: (i) normal
TPR and (ii) reTPR — TPR after reduction of the
samples at 430 °C for 2 h.

‘Dry reduction’ of preliminary dried precursors
(110 °C/16 h) was performed in a laboratory set-up
with a gas mixture of H,/N, (1/1 v/v), flow rate of
10 L/h, and a heating rate of 1.5 °C/min from 110 to
430 °C and held constant for 5 h to avoid sintering
of the reduced metal nickel. After cooling down to
room temperature in H,/N, stream, the gas line was
switched to argon. Then, the reduced precursors
were impregnated with argon-purged paraffin oil to
prevent oxidation of metal nickel.. Finally, after
vacuum filtration of paraffin oil excess, the resulting
catalysts (reduced precursor coated with some
amount of paraffin oil) were collected.

Partial hydrogenation of commercially available
refined edible sunflower oil was performed in a
1000-cm® jacketed glass reactor Series 5100 (Parr,
USA) with a computer coupled with Mass Flow
Controller F-201C and Pressure Meter F-502C
(Bronkhorst, Netherlands). In all experiments, the
conditions were the same: oil mass - 900 g; catalyst
concentration - 0.06 wt.% of Ni with respect to oil
amount; stirring rate of 1200 rpm; hydrogenation
temperature — 160 °C, and H; pressure of 0.2 MPa.
FA composition of a starting sunflower oil (mol%)
was: C16:0 = 7.2; C18:0 = 4.0; C18:1-cis = 26.0;
C18:1-trans = 0.02; C18:2-cis = 62.2; C18:2-trans =
0.06; C18:3-cis = 0.10; C20:0 = 0.22; C22:0 = 0.20.
The hydrogenation activity of the catalysts was
evaluated by measuring the changes in the
Refraction Index (RI) at 50 °C [13] (RX-5000a,
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Atago) of the starting oil and periodically collected
samples of partially hydrogenated oil in conformity
with 1SO 6320:2017 [14]. The quantity of the con-
sumed hydrogen during the hydrogenation process
was determined by post processing through inte-
grating the differential data from the mass flow
controller.

FA composition of the starting and partially
hydrogenated sunflower oils was quantitatively
determined using a Thermo Scientific Trace GC
Ultra gas chromatograph equipped with a FID and a
TriPlus auto sampler. The triglycerides were first
converted into their fatty acid methyl esters (FAME)
following the standardised procedure according to
AOCS Official Method Ce 2-66 (1997) [15]. Split
injection (split ratio of 1:80) of prepared 1 pl FAME
was performed with helium as a carrier gas at a flow
rate of 0.8 ml/min. The column temperature (fused
silica capillary column HP-88, 100 m x 0.25 mm i.d.
with a 0.20-um film thickness, J&W Scientific —
Agilent) was maintained at 170 °C for 75 min of
analysis time. The injection part and detector tempe-
ratures were 240 and 250 °C, respectively.

RESULTS AND DISCUSSION

PXRD patterns of the as-prepared non-Mg doped
samples (Fig. 1a) reveal the presence of a single
phase that can be attributed to nickel silicate
hydroxide (Pecoraite, NisSi,Os(OH),, ICDD-PDF
file 00-049-1859), a nickel analogue of Chrysotile.
Chrysotile (MgsSi,O5(OH),4), a monoclinic Mg-sili-
cate represents a group of polymorphous minerals of
the same chemical composition but different crystal
system, namely Lizardite MgsSi,0s(OH), (hexa-
gonal), Antigorite, Mg;Si,Os(OH), (monoclinic),
Pecoraite, NizSi,0s(OH), (monoclinic), etc.

The concept of Ni substitution for Mg is an
important phenomenon in the structure of nickel-
bearing minerals. Having isomorphous substitution
because of identical charge and close ionic radii of
Ni?* (r = 0.069 nm) and Mg** (r = 0.072 nm) ions
[16] it may be expected that Ni** ions can readily
replace six-coordinated Mg?* entities in hydrous Ni-
Mg silicates, such as Nepouite, (Ni,Mg)3Si,O5(OH),
(orthorombic). Nepouite and Pecoraite possess a
layered structure that consists of a tetrahedral sheet
joined to an octahedral one. In octahedral sites, a
complete solid solution is possible between divalent
cations of Mg and Ni with a general formula
(Mg,Ni)3 ,Si,05(0OH), [17]. Therefore, the patterns
of Mg-doped samples (Fig. 1a) show a simultaneous
occurrence of the Pecoraite and Nepouite phases
(ICDD-PDF file 00-025-0524). Because of turbo-
stratic structure of the registered phases [18], the

diffraction lines of all XRD patterns were not clearly
organised, however, they were better defined with
the Mg-doped samples, particularly in MgNi/SIG-A.
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Fig. 1. PXRD patterns (a) and FTIR spectra (b)
of the as-prepared precursors.

FTIR spectra of the studied precursors are
displayed in the frequency range of 1800-400 cm™
since variations in the absorption profiles
characterising the Ni-O-Si interactions are observed
in this region (Fig. 1b). Typical bands of the silica
network are absent [10]. A doublet at 1050 and 1005
cm’', and a band at ~660 cm' are related to
generated Ni-phyllosilicate structure (-Si—O-Ni-),
which covers the surface of the support particles
[17,19], formed most significantly in MgNi/SIG-A.
A low intensity band at ~900 cm™ can be ascribed
to the stretching vibrations of free Si-OH groups on
the solid surfaces. Bands assigned to CO3* anions
(~1380 cm) and to bending vibrations of H,O
molecules at ~1630 cm™ were also detected [19,20].

Close inspection of the bands gives evidence for
creation of different Ni®* species on sample sur-
faces. A well expressed band at ~1380 cm™ and a
weak one at ~834 cm ™ in the spectrum of Ni/SIG-A
are attributed to the presence of a basic nickel
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carbonate phase located on the surface of the Ni-
phyllosilicate [10,21]. However, these bands were
not registered with MgNi/SIG-A thus signifying the
formation of a strongly bonded Ni,Mg-phyllosilicate
phase.

The effect of Mg modification on the textural
properties of the Ni/SIG precursors was investigated
by N, adsorption—desorption analysis. It has been
shown that the SIG-A support is a microporous
material with Ib isotherm while the SIG-C support is
typically mesoporous with larger mesopores of 1V
type with H2 hysteresis loop from interconnected
network of pores being different in size and shape
[9]. Incorporation of Ni leads to a dramatic texture
transformation, therefore, the isotherm of Ni/SIG-A
(Fig. 2a) is characterised by complicated hysteresis.
Registered hysteresis discloses the formation of
mesoporous Ni-phyllosilicate phase on the SIG-A
microporous surface. Such isotherms are classified
as type Ilb with type H3 hysteresis generated from
aggregates of plate-like particles, which possess
non-rigid slit-shaped pores [22]. Mg dopant
provokes widening of H3 hysteresis for MgNi/SIG-
A as a bimodal porosity is preserved. This view of
isotherm confirms generation of a new mesopore
system from the Ni,Mg-phyllosilicate phase. The
isotherm type of the SIG-C support [9] was pre-
served in Ni/SIG-C (Fig. 2b) with observation of a
step-wise hysteresis character, namely a combina-
tion of H2 and H3 at higher and average pressures,
respectively. Isotherm type was preserved after
incorporation of Mg in the Ni-phyllosilicate
structure  (MgNi/SIG-C); however, the isotherm
position indicates a better filling of SIG-C pores
compared to the Mg non-doped Ni/SIG-C sample.

All these observations were confirmed from the
texture characteristics of the precursors collected in
Table 1, namely Sger for MgNi/SIG-A increased
relative to non-doped Ni/SIG-A due to formation of
additional micro- and mesoporous system, which is
presented by an increase in V micro and V peso.-

Table 1. Textural characteristics of the as-prepared
precursors

Sample SBET Vmicro Vmeso daver

(m%g)  (em’g)  (em%g)  (nm)
Ni/SIG-A 269 0.10 0.32 8.8
MgNi/SIG-A 341 0.13 0.35 9.2
Ni/SIG-C 367 0.13 0.46 10.2
MgNi/SIG-C 197 0.07 0.35 15.1

It can be seen that the Sggr surface area of
MgNi/SIG-C was diminished approximately twice
compared to Ni/SIG-C because of a two-fold
decrease in Vicro @S Well as a decrease in V meso.
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Fig. 2. Adsorption—desorption isotherms of the
as-prepared precursors

It is interesting to note that the presence of
magnesium provokes enlargement of the average
pore diameter (d.e) Vvalue to 151 nm for
MgNi/SIG-C unlike 9.2 nm for MgNi/SIG-A. The
explanation of da. growth in MgNi/SIG-C is illu-
strated on the differential curves by existence of
mesopores having sizes between 15 and 30 nm with
two maxima at 18 and 22 nm (Fig. 3). This finding
may enable better accessibility of bulky triglyceride
molecules to the catalyst surface.
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0.3 S Dif-MgNilSIG-C 1 =
S 1004 g
Gy . ] £
- N ©
o2t * Joos §
o * \ 1 o
> =
J002 S
L=
01+ |
Int-MgNi/SIG-A 10,01
- - ~Int-MgNi/SIG-C S ]
1 10 100
D (nm)

Fig. 3. Integral mesopore curves (Int) and pore size
distribution differential curves (Dif) of the Mg-doped
precursors.
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Pore size distribution (PSD) differential curves
(Fig. 3) show a different distribution of pores gene-
rated from the created Mg,Ni-phyllosilicate phase.
More pores in the range 4-10 nm were recorded for
MgNi/SIG-A unlike MgNi/SIG-C, which is in ac-
cordance with a higher Sger of MgNi/SIG-A.

Catalyst activity in the sunflower oil hydroge-
nation was evaluated by measuring the Refraction
Index (RI) at 50 °C. Experimental curves expressing
the change of crude oil RI (1.46365) as a function of
hydrogenation time are displayed in Figure 4.
Collected information discloses that the catalysts
hydrogenate the oil to different RI levels, consume
diverse amount of hydrogen, and need different
reaction time. Diminution of the crude oil RI value
at the end of the hydrogenation reaction follows the
order: MgNi/SIG-C (1.45495) > MgNi/SIG-A
(1.45582) > Ni/SIG-A (1.45674) > Ni/SIG-C
(1.45783), which corresponds to the quantity of
consumed hydrogen (cm®), namely: MgNi/SIG-C
(61395) > MQgNI/SIG-A (54868) > NiI/SIG-A
(48013) > Ni/SIG-C (40632).
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Fig. 4. Changes of RI value and amount of consumed
hydrogen vs. reaction time.

Hydrogen consumption of the Ni/SIG-A,
MgNi/SIG-A, and MgNi/SIG-C catalysts after 70
minutes of hydrogenation reveals higher values by
1.65, 1.87, and 2.23 times, respectively, with refer-
ence to the most inactive Ni/SIG-C catalyst. The
data point out a higher activity of the Mg-doped
catalysts and show the dominant behaviour of
MgNi/SIG-C.

As reported in own papers [9,10,23], differences
in hydrogenation activity of non-Mg doped catalysts
are ascribed to texture parameters of the carriers
which induce creation of two types of Ni?* species
in the precursors: Ni-phyllosilicate situated in the
pores of the supports and basic carbonate-like nickel
located on the Ni-phyllosilicate surface [9]. Such an
effect leads to a diverse coordination level of the
Ni?* ijons by the surface oxygen atoms resulting in
different Ni-O and Ni-O-Si bond strength, and

hence, different reducibility [10]. Thus, a lower
activity of the Ni/SIG-C catalyst was attributed to
hardly reducible or non-reducible Ni** species from
the Ni-phyllosilicate phase and to the catalyst pore
system, which does not favour accessibility of the
reactant molecules to the active Ni° sites. A higher
activity of the Ni/SIG-A catalyst was attributed to
facilitated reduction of the Ni** species at 430 °C
and to creation of adequate number of accessible Ni°
active sites on the catalyst surface. Obviously, the
SIG-A support (microporous-type) contributes to
the formation of readily reducible Ni®* species from
the basic nickel carbonate-type phases, which after
reduction at 430 °C generate a sufficient number of
accessible Ni° active sites on the catalyst surface.

A possible understanding of the demonstrated
activity of the Mg-containing catalysts could be
found in TPR experiments accomplished by two
consecutive procedures: normal TPR and TPR after
reduction of the samples at 430 °C for 2 h denoted
as ReTPR. The former procedure with MgNi/SIG-A
precursor resulted in a symmetric profile with a
temperature maximum T at 445 °C as well as a
high-temperature shoulder at ~600 °C (Fig. 5).
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Fig. 5. Normal TPR (1) and ReTPR (2) profiles of the
Mg-doped precursors.

The normal TPR profile of MgNi/SIG-C is
asymmetric and displayed a well-resolved Ty at
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430 °C and a negligible high-temperature shoulder
also at ~600 °C. Calculated total peak area of both
precur-sors showed higher reducibility of the Ni**
species in MgNi/SIG-C by 17.1% compared to
MgNi/SIG-A. Considering that chemical analysis of
the precursors confirmed a similar concentration of
Ni?* for both samples, a likely interpretation is the
existence of hardly reducible Ni®* species in
MgNi/SIG-A.

The aim of the ReTPR procedure was to indicate
catalyst status after reduction at 430 °C for 2 h,
namely the presence of unreducible or hardly
reducible species, and their quantity, etc. Actually,
ReTPR profiles propose a facilitated reduction of
the Ni%* species in MgNi/SIG-C up to 430 °C. A
smaller area of the ReTPR curve signifies a lesser
amount of unreducible species. This phenomenon
specifies higher reducibility efficiency in first run
(up to 430 °C) and a greater quantity of readily
reducible species. Calculations showed that only
11.8% of the Ni** species in MgNi/SIG-C precursor
remained unreduced vs. 26.1% for MgNi/SIG-A.
Bearing in mind that the final catalyst was obtained
after reduction also at 430 °C, it is correct to assume
that the higher MgNi/SIG-C activity originates from
a higher amount of metal Ni° particles generated
during reduction.

It is worth noting that the higher hydrogenation
activity of MgNi/SIG-C can be related not only to
the presence of a larger number of Ni° active sites
on the catalyst surface but also to a larger average
pore diameter of the MgNi/SIG-C precursor
compared to MgNi/SIG-A (Table 1). A larger pore
diameter permits a faster diffusion rate of the
reactant molecules through the pore system of the
catalyst reflecting on a higher reaction rate. In
addition, the polydisperse character of the PSD in
the whole mesoporous region for the MgNi/SIG-C
precursor (Fig. 3) may further contribute to a faster
rate of the reaction and a higher hydrogenation
activity. Moreover, a twofold smaller amount of
micropores  (Vmico) With  MgNi/SIG-C  than
MgNi/SIG-A (Table 1) may also affect hydro-
genation effectiveness. According to Balakos and
Hernandez [2], micropores inhibit the participation
of triglyceride molecules in the reaction because of
limited access to the active sites. In addition to the
diffusion limitations due to the presence of micro-
pore system, which does not contribute to reaction
progress, the lower activity of the MgNi/SIG-A
catalyst is explained by existence of hardly
reducible Ni** species, which was evidenced by the
TPR and ReTPR results.

The different activity of the catalysts reflects on
the different FA profiles and different FA composi-
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tions obtained during hydrogenation (Fig. 6). The
hydrogenation of linolenic acid (C18:3cis) was not
considered due to its low initial concentration in the
sunflower oil (0.1%)
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Fig. 6. FA composition obtained during hydrogenation
over non-doped catalysts (open symbols) and Mg-doped
catalyst (closed symbols).

The overall vegetable oil hydrogenation includes
consecutive saturation of linolenic acid (C18:3cis)
to linoleic acid (C18:2cis), then to oleic acid
(C18:1cis), and finally to stearic acid (C18:0).
Except increasing the hydrogenation activity, a goal
of this study was to decrease linolenic acid
(C18:3cis) and linoleic acid (C18:2cis) FA contents.
From this point of view, FA compositions obtained
after 70 min of hydrogenation (end-point of the
reaction over the MgNi/SIG-C catalyst) demon-
strated a decrease of the linoleic acid C18:2cis
(mol%) in the order: 1.4 (MgNi/SIG-C) < 1.9
(MgNi/SIG-A) < 9.4 (Ni/SIG-A) << 32.2 (Ni/SIG-C)
(Fig. 6). Apparently, modification of the Ni/SIG
systems by Mg increases the conversion of C18:2cis
FA. The results give evidence for a high selectivity
of the MgNi/SIG-C catalyst to C18:1cis, hydroge-
nation being almost complete. This finding could be
explained by much faster diffusion of the trigly-
ceride molecules through the pores. It is well known
that linoleic acid, C18:2cis, is one of the essential
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fatty acids. Small amounts are sufficient for human
nutrition and allowable in the edible hydrogenated
oils.

As mentioned above, along with saturation of the
double bonds during hydrogenation, two reversible
reactions of cis-FA to trans-FA isomerisation take
place: linoleic (C18:2cis) — (C18:2trans) and oleic
(C18:1cis) — (C18:1trans), which lead to a broad
product distribution [1,3]. Due to increasing concern
about the negative effect of trans-FA on human
health, it is desirable to reduce the formation of
trans-FA isomers [24] and significantly impede
stearic acid FA C18:0 formation in the hydroge-
nated vegetable oil. The latter is better exhibited by
the MgNi/SIG-A catalyst than MgNi/SIG-C (Figure
6) and is therefore a promising feature.

Concerning the content of all Cl8trans FA
isomers, the MgNi/SIG-C catalyst demonstrated a
lower value by 46% than MgNi/SIG-A under the
same operating conditions and for the same activity.
In this case, the activity was compared for approxi-
mately the same value of H, consumption, namely:
41 900 cm® for MgNi/SIG-A reached for 40 min and
40 723 cm® for MgNi/SIG-C reached for 30 min.
The content of all C18trans with MgNi/SIG-A for
40 min was 20.78 mol.%, whereas MgNi/SIG-C
manifested 11.22 mol.% for 30 min. It is known that
the trans-isomers are formed when the triglyceride
desorbs from the catalyst surface without being
hydrogenated [2]. The increase of trans-FA amount
with the MgNi/SIG-A catalyst could be explained
by mass-transfer limitations due to twofold higher
microporosity as compared to MgNi/SIG-C (Table
1). Veldsink et al. [3] who stated that an increase of
trans-isomer content might be caused by pore
diffusion resistance sustained this standpoint.

It was testified that modifying the electronic
density of the metallic phase may alter the
adsorption-desorption strength of reactants and/or
products [7,25]. A lower amount of C18:1trans FA
isomers formed by the MgNi/SIG-C catalyst relative
to the MgNi/SIG-A catalyst can be interpreted also
in terms of a greater number of Ni° sites on the
catalyst surface, which leads to higher electron
density of Ni because of an electron transfer from
the basic Mg promotor. The increase in electron
density of nickel induces a weak interaction of the
adsorbed and hydrogenated molecules, and makes
easier theirs desorption to minimise the transfor-
mation from cis- to trans-FA isomers [7,25].

It may be summarised that Mg-doping has a
measurable impact on the characteristics of the
catalysts affecting the hydrogenation activity as well
as the quality of the hydrogenated products.

CONCLUSIONS

Results obtained in this study reveal that both the
application of silica gels of different texture
parameters and magnesium addition results in
catalysts of different hydrogenation activity and
variation in fatty acid composition of the reaction
products.

A considerable effect of magnesium dopant was
established on the reducibility of Ni** ions from
MgNIi/SIG-C precursor thus contributing to a greater
quantity of readily reducible Ni** species and
generating a sufficient number of accessible metal
nickel active sites on the catalyst surface through
applied reduction procedure.

The role of the magnesium on catalyst perform-
ance in sunflower oil hydrogenation was clearly
demonstrated by the MgNi/SIG-C catalyst. A domi-
nant activity and lower amount of formed C18trans
isomers could be attributed to formation of suitable
catalyst mesoporosity, thereby, restricting diffusion
effects.

In conclusion, Mg-doping of Ni/SIG-C is pro-
mising for use to obtain an efficient edible vegetable
oil hydrogenation catalyst of high activity, high
saturation value of linoleic (C18:2cis) acid, and
moderate amounts of C18:1trans and C18:0 stearin
FA in partially hydrogenated sunflower oil
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PACTUTEJIHU MACIJIA: BJIUSAHUE HA TOBABKATA OT Mg
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[ocremmna Ha: 15 despyapu 2018 r.; Ilpepadorena Ha: 1 anpun 2018 1.
(Pesrome)

Uscnenpanu ca Ni-Mg/SIG kartanusaropu 3a XHAPOTCHHpPaHE Ha CITBHYOTIICZIOBO MACIO 33 XPAHWTEIHH IIENH,
II0JIyYEHU 4Ype3 ChbyTasgBaHE Ha IIPEKYPCOPU BBPXY HOCHUTENIM OT TBPrOBCKU CUJIMKAreJd C pPasjiddyHud TEKCTYPHHU
xapaktepuctuku - SIG-A (muxporopect tum) u SIG-C (Me3onopecTt Tuil). YCTaHOBEHO €, ue JBara Qakropa —
TEKCTypHHUTE MapamMeTpu Ha CHIHMKAreluTe W J00aBKaTa OT MarHe3uil — BOJST O IMOJydaBaHE HAa KaTallU3aToOpH C
pa3iHYHa XUAPOTCHHUpAIla aKTHBHOCT M PA3JIMYeH CHCTAaB HAa MACTHUTE KHCEIUHH B PEAKIUOHHHUTE MPOIYKTH.
[MonyueHute pe3ynratu pa3kpuBaT BHCOKa xujaporenupaiia aktuBHocT Ha Ni-Mg/SIG-C kartanuzatop kato pe3ynrat
OT IMO-TOJSIMO KOJIMYECTBO H JIOCTBITHOCT Ha METAJIHU HUKEIIOBH YACTHIM B KaTalM3aTopa, 00pa3yBaHU C MpoIeayparTa
Ha peaykius. [To-Bucokata aktusHOCT Ha MQNI/SIG-C karanuzaTop Moxe Jia ce OTAaJ e Ha HeroBara Me30MmopecTocT,
OnmaromapeHue Ha KosiTo ce m30srBar auy3uoHHUTE orpaHmdcHus. JloOaBkata or Mg momoOpsiBa kKadecTBaTa Ha
npekypcopa Ni-Mg/SIG-C 3a nosnyuaBane Ha e(pEKTHBEH KaTalM3aTop 3a XUAPOr€HHpPAHE HA PACTHUTEIHU Macjia 3a
XpaHUTEJIHH LEIH C BHCOKA AKTHBHOCT, BMCOKAa CTEIIEH HA HACHINaHe Ha JuHoioBata kucenuna (C18:2CiS) u
NPUCHCTBHE HA yMEpeHH KoyuuecTBa OoT ojenHoBa (C18:1trans) u creapuuoBa (C18:0) KHCEIMHH B YaCTHYHO
XUJPOTCHUPAHOTO CITBHYOIIIEI0BO MACIIO.
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Carbon-carbon bond formation is a fundamental reaction in organic synthesis, one of its most important applications
being synthesis of polymers and copolymers. Studies of the olefin metathesis reaction have resulted in extensive
knowledge regarding synthesis of molecules applied in agricultural, petroleum, and pharmaceutical industries. The most
commonly used catalysts for this purpose are ruthenium, molybdenum, and tungsten-based complexes.

Recently, Ludwig et al. have successfully conducted iron(lll)-catalysed carbonyl-olefin metathesis reaction for
synthesis of low molecular weight compounds.

In this study, we demonstrate for the first time that the carbonyl-olefin metathesis reaction, catalysed by anhydrous
iron(l11) chloride, can also be effectively applied in polymerization mode by using a single bifunctional monomer as
chalcone. Polymerization was performed in a simple and efficient way under mild reaction conditions in solvents of
various polarity, such as 1,2-dichloroethane and toluene. The average molecular mass of the synthesized oligomers
reached 5000 g.mol %, which was higher than reference values so far reported. In situ doping of the as synthesized
polyphenylacetylenes with FeCl; represents another advantage of selected synthetic approach.

Obtained products were characterized by gel permeation chromatography, *H NMR, and FTIR spectroscopy. The
structure of the obtained oligomers was studied by X-ray diffraction analysis.

Key words: carbonyl olefin metathesis polymerization, Iron(lll) chloride, polyphenylacetylenes, chalcone, catalyst

dopant.

INTRODUCTION

During the last decade, a new synthetic route for
the preparation of oligomeric products based on
carbonyl-olefin exchange reaction and reductive
coupling of conjugated compounds has been
developed using novel catalyst systems. The control
over the polymer structure provided by metathesis
polymerization makes fine-tuning of polymer
properties and functionality possible.

Carbonyl olefin metathesis (COM) has been
reported for the first time by Schopov et all. [1].
COM has been applied for polymerization of a,f3-
unsaturated carbonyl compounds in the presence of
WClg [2]. It has been shown that treatment of a,f3-
unsaturated carbonyl compound as 1,3-diphenyl-
prop-2-en-1-one (chalcone) with WClg resulted in
the formation of polyphenylacetylene. Using this
procedure several substituted o,B-unsaturated
carbonyl compounds were polymerized. A series of
substituted polyacetylenes (polyphenylacetylene,
polydiphenylacetylene, polymethylacetylene, poly-
camphor, etc.) was obtained. The most commonly
used catalysts for this purpose are ruthenium,

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

molybdenum, and tungsten-based complexes. Until
now, COM has not been widely applied. The
requirement of stoichiometric amounts of transition
metals with concurrent formation of inert metal oxo
species, which preclude regeneration of the active
metal catalyst, has probably been the main reason
for obscurity of the carbonyl-olefin metathesis reac-
tion [3]. Finding mild catalytic conditions to
perform carbonyl olefin metathesis has always been
a significant challenge.

Remarkable innovations have been made in the
field of olefin metathesis concerned with design and
preparation of new catalysts. Considerable break-
through has been achieved exploring iron(l1)-cata-
lysed carbonyl-olefin metathesis reactions. This
approach is characterized by operational simplicity,
high functional group compatibility, and region-
selectivity using anhydrous FeCls as a cheap, non-
toxic, and environmentally friendly compound.
Ludwig and co-workers have successfully demon-
strated iron(lll)-catalysed carbonyl-olefin ring-
closing metathesis reaction for synthesis of low-
molecular cyclic compounds [4, 5].

The goal of the present work was to synthesise
polyphenylacetylene by iron(lll)-catalysed carbonyl
olefin metathesis polymerization of chalcone. Struc-
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ture and chemical composition of the obtained
products were studied by GPC, 'H NMR, FTIR, and
XRD analysis.

EXPERIMENTAL
Materials and methods

Chalcone >98.0% (Sigma-Aldrich) was used as
received. Anhydrous FeCl; (98%) was purchased
from Alfa Aesar. 1,2-Dichloroethane and toluene
ppa grade were purchased from Valerus company,
Bulgaria. 1,2-Dichloroethane was dried over CaH,
and distilled; toluene was dried over CaH, and
stored with metal sodium wire.

Characterization

The products prepared by metathesis polymeri-
zation were studied by several analytical techniques.
'H-NMR (CDCl;, dioxane) spectroscopy was per-
formed on a Bruker Avance DRX 600 spectrometer,
600 MHz. FTIR spectra were recorded by means of
a Bruker-Vector 22 spectrometer using thin films
applied on KBr discs. GPC analysis was carried out
on a Shimadzu Nexera XR LC20ADXR liquid chro-
matograph equipped with a DGU-20A5R degasser,
a SIL-20ACHT auto sampler, a RID-20A refractive
index detector, and a set of PLgel GPC columns: 5
um 50 A, 500 A, and 10 um Mixed-B. Tetrahydro-
furan (THF) was used as eluent at a flow rate of 1
ml.min* at 40 °C. Samples were prepared as solu-
tions in THF. Molecular weight characteristics as
number average and weight average molecular
masses and polydispersity index of the copolymers
were calculated using a calibration curve constructed
with monodisperse polystyrene standards. Data
acquisition and processing were performed using
LabSolutions v.5.54 GPC software.

Morphology of the obtained oligomers was stu-
died by X-ray diffraction analysis. X-ray diffraction
patterns were recorded on a Bruker D8 Advance
ECO diffractometer in reflection mode with Ni-
filtered Cu Ka radiation over the 26 range of 10-60°
at 40 kV. ICDD database was used to establish the
phases.

Synthetic procedure

Polymerization was conducted in a Schlenk flask
equipped with a three-way stopcock under argon,
chalcone being dissolved at room temperature. Then
the solution was heated according to applied
medium: 60 °C for 1,2-dichloroethane and 90 °C for
toluene. Almost immediately after addition of the
FeCl; catalyst, a distinguished benzaldehyde smell
was perceived. Best results were obtained for reac-
tion time within 12-24 hours. At the first step 10
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wt.% chalcone solutions in 1,2-dichloroethane
(C,H4CIy) or toluene were obtained. Then anhydrous
FeCl; preliminary dissolved in an appropriate
amount of solvent was added. The solution imme-
diately turned brown-reddish in colour as the vis-
cosity was increased. Synthesis conditions are sum-
marized in Table 1.

Table 1. Preparation conditions of polyphenylacetylenes

Sample Solvent FeCl;, mole%  Yield, %
PA-1 1,2-dichloroethane 7.5 43
PA-2 1,2-dichloroethane 15 76
PA-3 Toluene 15 81
PA-4 Toluene 45 68

All experiments were carried out for 24 h.

The products were purified by precipitation in
methanol, filtering and abundant washing with conc.
HCI, washing with distilled water, neutralization
with 0.1M NaHCOs;, and final washing with water
to neutral pH of the filtrate (removal of catalyst and
reaction rests). Purified polyphenylacetylene powder
was pale yellow in colour while the FeCls-doped
product was reddish-brown.

RESULTS AND DISCUSSION

The aim of this study was to use anhydrous
FeCl; as a cheap and widely available catalyst for
metathesis polymerization of chalcone and to char-
acterize the obtained product — oligomeric poly-
phenylacetylene. Resonance structures of the syn-
thesized oligomeric polyphenylacetylene are given
in Scheme 1.

The products are stable in air, well soluble in
common volatile solvents like chlorinated hydrocar-
bons, and exhibit the physical properties of con-
jugated polymers. GPC analysis of PA-4 sample
showed a multimodal molar mass distribution with
dispersity index of 2.5. Representative GPC traces
are displayed in figure 1. It should be pointed out
that the molar mass of the obtained oligomers
strongly depended on the polarity of solvent used as
polymerization medium. The polymerization carried
out in 1,2-dichloroethane resulted in formation of
predominantly trimeric product, irrespective of cata-
lyst amount and polymerization time, while when
performing the reaction in solvent of lower polarity
like toluene, fractions of molecular masses up to
5000 g.mol " were registered.

FTIR spectra of the products are presented in
figure 2. All oligomers showed a band at 1656 cm™*
assigned to C=0 bond (conjugated ketone end
group). In the spectrum of PA-2 sample, the double
bond for -C=C- from the phenylene ring appeared
around 1597 cm!, the =C-H aromatic vibrations
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Scheme 1. Fe(l11) chloride catalyzed carbonyl olefin metathesis polymerization of chalcone.

uRIU

5.0

25+

0.0+

-2.5]

-5.0

7.5+

-10.0

e A e R B
0.0 25 50 75 10.0

e Y
15.0 175 200 25 25.0

Evolution time [min]

Fig. 1. GPC traces of sample PA-4 (eluent THF).

were in the range of 1180-1029 cm*, while the
=CH- vibration from the polymer backbone was at
1448 cm™ [6].
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Fig. 2. IR spectra of monomer, PA-2, PA-3, and PA-4.

'"H NMR spectra of the synthesized polyphenyl-
acetylenes are shown in figures 3 and 4. ‘H-NMR
(in CDCIl3) of PA-2 manifested a characteristic
chemical shift for double bonds at 5.37 ppm. Signals
in the region 7.3-8 ppm are assigned to protons
characteristic of aromatic rings. The chemical shifts
between 1.8-2.5 ppm are attributed to =CH- protons
from the backbone.

In the '"H NMR spectrum of dominating cis-
polyphenylacetylene PA-2, the peak characteristic
of proton attached to the cis-conformation of the
double bond was observed at 5.4 ppm. It is known
that if W, Mo, and Rh catalyse the polymerization
of arylacetylenes a cis-transoidal structure is mainly
obtained [7-9]. Sample PA-2 showed a singlet at
& = 5.37 ppm that has to be assigned to olefinic
protons in the cis-transoidal main chain.

X-ray diffraction pattern of the polymerization
product in toluene is displayed in figure 5. The
diffractogram shows a broad maximum around 26 ~
12.5°, which confirms predominant amorphous
structure of the sample. However, sharpening of two
peaks at 26.6° and 32.8° was observed. This indi-
cates that synthesized oligomer is susceptible to
some structural ordering. [10]. The area of these two
peaks is negligible in comparison with the amor-
phous halo. For this reason, the crystallinity is close
to zero.
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In previous pioneering studies, Jossifov et al.
performed carbonyl-olefin exchange reaction of 4000
chalcone using WCl, as catalyst and obtained poly- 3500
phenylacetylenes, however, the WClg catalyst is 2000 ]
expensive and toxic [11,12]. Binary systems like 2500
WClg + AICI;, WOCI, + AICI; and others were also 2
used as Friedel-Crafts type catalysts [11,12]. In our g "]
study, we performed polymerization of chalcone in 15001
solution using anhydrous FeCls. Iron(lll) chloride 1000 1
was selected as a cheap and green catalyst alter- 500
native to traditionally used tungsten-based catalyst ol
systems. Another advantage that could be empha- S A A S A
sized is conducting the metathesis polymerization in 20,1
common volatile organic solvents and using low
concentrations of FeCls. Fig. 5. XRD pattern of the polymerization product in

toluene.
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CHUHTE3 HA IOJIN®EHUJIALUETUJIEHU ITOJYYEHU YPE3 KAPBOHWJI OJIEOMMHOBA
METATE3HA INOJIMMEPU3ALINS HA XAJIKOH KATAJIM3UPAHA OT XXEJIE3EH(I11) XJIOPU/]
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Tocrprmna Ha 15 stayapu 2018 r.; [Ipepaborena na 22 mapt 2018 r.
(Pestome)

OOpa3yBaHETO Ha BBIJICPO-BHIVIEPOJHA BPb3Ka ¢ (hyHIAMEHTAIHA PEaKIUs B OPraHUYHUS CHHTE3 KaTO €IHO OT
Hai-BXKHUTE NPUIOKEHUS € IMOJy4aBaHETO Ha TMOJIMMEPU W ChIOIMMEpH. V3CiieBaHETO Ha peakuusaTa Ha
oneduHOBaTa MeTare3a BOJAU 10 33/IbJIOOUEHH MO3HAHUS 10 OTHOILICHHWE HAa CHHTE3a HA MOJIEKYJIUTE, NMpHIaraHd B
CEJICKOTO CTONAHCTBO, HeTeHaTta W (apMaleBTUYHATA MPOMHUILICHOCT. Haif-yecTo M3Mosi3BaHUTe KaTalu3aTopH 3a
Ta3| el ca KOMITJIEKCH Ha 0a3ata Ha pyTeHUMH, MOJUOIEH 1 BOJIppaM.

JlynBur u chTp. YCIEIIHO OCHIIECTBABAT KapOOHII oehrH MeTaTe3Ha peakuus, katamusupana ot xess3o(11D), 3a
CHUHTE3 Ha HICKOMOJICKYJTHU ChEIHMHCHUS.

B ToBa m3cnenBaHe HUE MOKAa3BaMe 3a MIBPBH BT, Y¢ KapOOHWI OJepHHOBA METaTe3HA PEaKIHs, KaTalu3upaHa OT
6e3BogeH xenesdeH(I1l) xmopun, MoXe YCHENmHO Ja ce Mmpuijara U B MOJUMEPH3AIMOHCH PSKUM Ype3 U3IOJI3BAHE Ha
Ou(yHKIIMOHAJICH MOHOMED - XaJkoH. [lomumepusaiusara ce U3BBPIIBA 10 HIPOCT U ¢)ECKTUBCH HAYMH MPH YMEPCHHU
PCaKIMOHHH YCJIOBUS B PA3TBOPUTEIHU C PA3IMYHA MOJIIPHOCT KaTo 1,2-muxiopoeran u ToiryeH. CpeiHaTa MOJICKYJIHA
Maca Ha CHHTEe3UpaHuTe oymroMmepu goctura 5000 g.molfl, KOETO € T0-BUCOKO OT MOCOYCHOTO B JINTEpATypaTa Jocera.
In-situ goTupaneTo Ha moxyueHute nonudenmnanerwienn ¢ FeCl; e mpyro mpeauMcTBO Ha M30paHUst OT HAC
CHUHTETHUYEH MOJXO/I.
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Adsorption of thiophene and its polyaromatic derivatives from model fuel on
pyrolyzed rice husks: kinetics and equilibrium
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Kinetics of fuel adsorptive desulphurisation was studied using a model fuel containing thiophene, benzothiophene,
and dibenzothiophene of initial total sulphur content (S;,) of 415, 218, and 111 wppm over pyrolyzed rice husks (PRH)
under batch mode conditions. Total sulphur content was determined by X-ray fluorescence analysis. Second order
kinetics, intraparticle diffusion model, and Elovich equation were used to analyse kinetic data. It was found that a
second-order kinetics model adequately described adsorption of the three sulphur compounds on pyrolyzed rice husks.
The equation provided the best fit between calculated and experimentally determined values of adsorption capacity.
Value differences varied between 1.3% for S;, 111 ppm and 5.9% for S;, 415 ppm. Adsorption affinity of the three
sulphur compounds as well as equilibrium adsorption capacity of pyrolyzed rice husks were investigated by deter-
mination of adsorption isotherm. Analysis of experimental data was conducted by using the isotherms of Langmuir,
Temkin, and Freundlich. Data from multiple linear regression analysis pointed out that Freundlich isotherm described
most adequately the adsorption equilibrium of polyaromatic sulphur heterocycles in the system fuel/PRH.

Key words: desulphurization, adsorption, aromatic sulphur heterocycles, pyrolyzed rice husks, kinetics, adsorption

isotherm.

INTRODUCTION

Depletion of the fossil fuel deposits, periodically
emerging economic or political crises, and environ-
mental pollution in recent decades imposed demand
and development of alternative energy sources.
However, the part of energy obtained from fossil
feedstocks remains significant, more than 82% and
half of them are produced from the crude oil [1].
Intense oil production worldwide leads to depletion
of old and commissioning of new oil fields, con-
taining increasingly high sulphur quantity. This in
turn leads to new challenges related to technological
and environmental problems in removal of the
sulphur compounds in oil refinery streams. Conven-
tional hydrodesulphurisation (HDS) of high sulphur
feedstocks is unable to ensure sulphur levels, close
to the limit ones whereas preserving other important
quality indicators, such as content of polycyclic
arenes, cetane number, density, etc. The process is
not effective with respect to the deep removal of the
polycyclic aromatic sulphur compounds such as
thiophene (T) and its derivatives. Hereby, the sul-
phur compounds are passed into the industrial and
automotive fuels. This leads to emissions of sulphur
oxides, with all the resulting harmful effects on the
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environment and human health. The presence of
organic sulphur compounds in the automotive fuels
also reduces largely catalyst system efficiency in
modern cars. In addition, the tendency in recent
years aimed at developing the so-called ‘hydrogen
economy’ is closely connected with the production
of fuel cells but they require <1 ppm sulphur-
hydrogen containing feeds [2]. Considering the
importance of the problem concerning the emissions
of sulphur oxides EU adopted a number of direc-
tives and decisions to control total sulphur in fuels
[3,4]. Implementation of these directives is a major
challenge and requires improving of the existing
purification technologies to minimize sulphur con-
tent in petroleum derivatives. In addition to their
effectiveness, the methods must ensure well-ba-
lanced prices of the final products. Research in the
field over the last decade has been focused on the
development of alternative methods for deep or
ultra-deep fuel purification from sulphur. Most often
these methods accompany conventional purification
by HDS and provide fuels production with a total
sulphur content of up to and below 10 ppm. The so-
called non-HDS based desulphurisation processes
refer to desulphurisation by extraction [5-8],
olefinic alkylation of thiophenic sulphur (OATS
process) [9], selective oxidative desulphurisation
[10], and desulphurisation via precipitation [11].

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Among the alternative methods for the purification
of fuels, particular attention is given to the method
of adsorptive desulphurisation (ADS), which is
based on selective adsorption of organic sulphur
compounds from the fuel onto different by nature
solid adsorbents [12-14]. The process is provided
under soft conditions, such as moderate temperature
and atmospheric pressure. Additional advantages of
the process are high efficiency, molecular hydrogen
free process, simple technology and equipment,
complex, inexpensive capital and operating costs,
and high level of labour safety. Extraction of the
adsorbed organic sulphur compounds and their sub-
sequent utilization provide a real ecological solution
for regulation of a part of the refinery hazardous
wastes. Recently published results concerning
adsorptive desulphurisation confirm that heteroge-
neous adsorption is an attractive method for im-
proving the quality of hydrocarbon fuels [15-22].
The method provides low content of sulphur and
polyaromatic compounds content in the fuels in
order to meet the requirements of modern quality
standards. The ADS method is also attractive by the
fact that various inexpensive and available raw
materials are increasingly used for production of ef-
fective adsorbents [16-22]. From this point of view
processing of rice husks waste to obtain proper ma-
terials for selective adsorption of aromatic sulphur
compounds from fuels is of interest. Kumagai and
co-workers have reported removal of dibenzothio-
phenes from kerosene on rice husk activated carbons
in terms of their textural and chemical character-
istics [23]. Uzunova et al. [24] have investigated
some factors of influence upon selective adsorption
of thiophene on pyrolyzed rice husks (PRH).

The purpose of the present study was to deter-
mine adsorption Kinetics of a model fuel mixture of
thiophene, benzothiophene (BT), and dibenzothio-
phene (DBT) of different initial sulphur concentra-
tion in solution onto pyrolyzed rice husks. Some
kinetic models were used, such as second order
kinetics; intraparticle diffusion model, and Elovich
equation for data analysis to determine phenome-
nological adsorption mechanism of aromatic sulphur
heterocycles (ASHSs) onto pyrolyzed rice husks. The
kinetics is directly related to achieving adsorption
equilibrium in the system PRH/fuel. Adsorption af-
finity with respect to the mixture of the three sul-
phur compounds and equilibrium adsorption capa-
city of pyrolyzed rice husks were determined by use
of adsorption isotherm.

Such an investigation deep inside the nature of
the adsorptive desulphurisation by pyrolyzed rice
husks offers a possibility to optimize the process
from laboratory conditions to industrial scale-up.

MATERIALS AND METHODS

Preparation and characterization of pyrolyzed
rice husks

The material used in the investigation was pre-
pared by slow pyrolysis of rice husks provided from
Pazardzhik region (Bulgaria). Rice husks prewashed
several times with water and dried at 110 °C were
pyrolyzed at 480 °C in a fixed bed stainless steel
reactor under vacuum of 1.33 Pa. The heating rate
was 4 °C.min"', the retention time being 3 h. Porous
structure of the material was determined by mercury
porosimetry. For the purpose, a Micromeritics Auto-
Pore 9200 apparatus was used. The specific surface
area was assessed by BET nitrogen adsorption
measured by a Strohlein Area Meter static volu-
metric device. Ash content of the pyrolyzed rice
husks was determined by thermogravimetric analy-
sis on a SETARAM LABSYS Evo apparatus in a
corundum crucible at a heating rate of 10 °C.min""
in air. Structural characteristics of the pyrolyzed rice
husks are summarized in table 1.

Table 1. Characteristics of the pyrolyzed rice husks

Characteristics Value
total pore volume, cm®.g™* 1.05
porosity, % 57.1
total pore surface, m’g™ 5.9
average pore diameter, um 0.72
bulk density, kg.m™ 102
BET specific surface area, m>.g™ 253
mass yield, wt % 38
carbonaceous material/ash wt. ratio 0.96

As can be seen, the samples are characterized by
high specific surface area, over 50% porosity, and
total pore volume of 1.0 cm®.g”". A differential pore
size distribution shows that the porous structure of
the pyrolyzed rice husks is formed predominantly
by mesopores and macropores (Fig. 1) [25].

26% 35.7%
10.7% C1004-104m
C110-100,m
27.6% [ 10,0 - 40.0 um
[CJ>40um

Fig. 1. Percentage of pore size distribution vs. total pore
volume.

Adsorptive desulphurisation

Preparation of model fuel. To determine the in-
fluence of initial sulphur content and contact time
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on adsorption kinetics, model fuel (MF) samples con-
taining total sulphur of 415, 218, and 111 wppm
were prepared by mixing thiophene, benzothio-
phene, and dibenzothiophene in octane at a 1:1:1
mass ratio. Fuel samples containing total sulphur of
415, 950, 1945, and 4600 wppm were prepared for
determination of adsorption isotherm. The mixtures
were percentage of pore size distribution having in
mind that sulphur content in the thiophene, benzo-
thiophene, and dibenzothiophene was 38.1, 23.9,
and 17.4 mass%, respectively.

The three sulphur compounds and octane were
Sigma Aldrich pure grade. Initial solutions were
prepared by placing the required amount of thio-
phene, benzothiophene, or dibenzothiophene in a
flask and octane was added up to a total weight of
100 g. Sulphur percentage in the solutions was
determined by Sindie OTG Sulfur Analyzer using
monochromatic wavelength dispersive X-ray fluo-
rescence.

Adsorption in batch mode. Adsorption experi-
ments were carried out at a constant temperature of
20 °C. Batch mode adsorption was provided by con-
tacting 25.00 ml model fuel (specific gravity of 0.7
g.cm™) with 3.00 g of adsorbent placed in a stop-
pered Erlenmeyer flask. The suspensions were agi-
tated on a rotary shaker for 120, 240, 360, 480, and
1440 min. An adsorption isotherm was obtained in
order to investigate PRH adsorption capacity and
affinity at equilibrium. The time required to reach
adsorption equilibrium in the system fuel/PRH at 20
°C was determined by kinetic study.

The mixtures were agitated by shaking for 24 h
to attain the equilibrium state. After that, the mix-
tures were filtered and the filtrates were analysed by
XRF to determine adsorbed sulphur amount on the
pyrolyzed rice husks. All measurements were per-
formed in triplicate and the arithmetic average S,
was calculated.

The adsorption capacity at equilibrium, a,, was
calculated according to the following equation:

— (Sin_Seq)M

ae ™

,mg/g 1)

where S;, and Seq are the initial and equilibrium sul-
phur concentration in the fuel (ppmw-S), respect-
ively, M is fuel mass (kg), and m is adsorbent mass
(9.

A quantitative measure of PRH efficiency and
adsorption capacity is the degree of desulphurisa-
tion, ¢, which was calculated by the formula:

_ (Sin_seq)

in

-100, % )
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Kinetic equations. Phenomenological kinetic
models are used to establish the rate-limiting step of
the adsorption process. Rate-limiting processes for
adsorption, occurring in the system liquid/solid usu-
ally are diffusion, mass transfer, or possibly chemi-
cal interaction between adsorbent and adsorbate.
The accuracy of each kinetic model is a function of
independent (input) parameters that affect output
(measured) parameters. To select the most appropri-
ate kinetic equation for which theoretically calcul-
ated and experimentally determined data have the
best fit, the multiple linear regression (MLR) method
is most commonly used. By establishing the adsorp-
tion Kinetics, it is intended to optimize the process
via regulating the conditions for its performance.

Second order kinetics. A second order equation
is applicable to the kinetic region [26]. It usually
describes bimolecular reactions with both reactants'
concentrations decreasing with time. In this case,
one can accept the second decreasing concentration
is that of the surface active sites of the adsorbent.
The mathematical expression is:

d;[tzkz(ae—aty, (3)

where k,is the second order rate constant of
adsorp-tion, mg.g *.min ™.
After integrating equation (3) one obtains:

LIV D Y S
a (k-a’) (a) @

Initial rate of sorption (k.-a.”) and second order
rate constant (k; were determined through linear
regression method by the slope and interception of
the dependence t/a, = f(t).

Intraparticle diffusion model. Adsorption velo-
city depends on the diffusion of the sulphur com-
pounds toward and from the surface of the adsor-
bent. Mass transfer rate is a function of the concen-
tration gradient in the liquid/solid system. In the
case when diffusion is a rate-depending step, the
process is described satisfactorily by the Weber-
Morris equation [27]:

a‘tzkid'\/f_'_c J (5)

where Cis a coefficient accounting the bonding
effect between layers and ki; is a process rate
constant, mg.g ~.min™"2 The values of C and ki are
determined by the plot dependence a; = f(t?).

Elovich equation. This is one of the most often
used models to describe chemisorption kinetics (Eq.
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6) [28]. It is also successfully applied to describe the
initial adsorption step and multilayer adsorption on
a high heterogeneous surface area. The equation is
empirical and does not refer to any particular me-
chanism:

dil‘:a-exp(—bat), (6)
dt

where « is the initial rate of sorption, mg.g™-.min*,
and b is desorption constant, g.mg®. Chen and
Clayton [29] developed further the equation of
Elovich, accepting the assumption (a.b.t) >>> 1. For
the boundary conditions a;=0att=0and a; = a. at
t=te, EQ. 7 was derived:

a, =(i)-ln(ab)+@j-lnt, (7

where: b is a constant referred to surface coverage
and activation energy of chemisorption mg.g*, a is
equilibrium rate constant, mg.g.min". The
constants o and b in the exponential equation (7) are
determined from the intercept and the slope of the
dependence a; vs Int. In the case when the cor-
relation between the adsorption capacity and the
constant b is negative it is assumed that the adsor-
bent does not retain the adsorbate.

RESULTS AND DISCUSSION

Adsorption kinetics

Adsorption ability of pyrolyzed rice husks from
model solutions containing different initial amount
of thiophene, benzothiophene, and dibenzothiophene
is presented in figure 2.
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Fig. 2. Adsorption kinetics of aromatic sulphur hetero-
cycles from model fuel on pyrolyzed rice husks.

The type of kinetic curves shows that the process
of adsorption of a mixture of thiophene and its aro-
matic derivatives from fuel on pyrolyzed rice husks
was carried out at two distinct stages. The first of
them had duration of about 240 min. and is charact-
erised by a sharp increase in the rate of adsorption.

During this stage, a desulphurisation rate between 28
and 54 mass% was achieved depending on the initial
content of total sulphur in the fuel. The second stage
is related to saturation of the active adsorption sites
giving rise to reduction in velocity of the process and
establishment of adsorption-desorption equilibrium.
The degree of desulphurisation varied between 1 and
12 mass%. The observed relationships are directly
related to the structural characteristics of pyrolyzed
rice husks. The rate to achieve adsorption-desorp-
tion equilibrium determines adsorbent effectiveness,
i.e. duration of the first stage is of practical signifi-
cance.

In order to investigate the dependence between
input parameters (initial sulphur concentration in the
fuel and contact time between adsorbent and adsor-
bate) and adsorption rate (output parameter) the
above-mentioned four kinetic models were applied
to analyse the experimental data. These phenomeno-
logical models describe the mechanism by which the
adsorption of aromatic sulphur heterocycles from fuel
on pyrolyzed rice husks occurred. Model parameters
and multiple linear statistics are presented in table 2.

Table 2. Kinetic parameters for thiophene, benzothio-
phene, and dibenzothiophene adsorption from model fuel

Initial sulphur content ,wppm

Kinetic constants

415 218 111
Second order kinetics
e cale M. " 1.033 0.602 0.366
Qe expy MO0 0.971 0.581 0.361
kp, g.mg t.min* 0.0110 0.033 0.177
R? 0.998 0.999 1.000
Elovich equation
b, mg.g* 6.794 13.49 43.74
1/b 0.1472 0.074 0.029
o, mg.g t.min™t 0.096 0.197 210.1
R? 0.876 0.692 0.601
Intraparticle
diffusion model
0.244 0.174 0.137
Kig, mg.gt.min2 0.0245 0.014 0.005
R? 0.757 0.671 0.567

According to the linear regression statistics
obtained, high values as 99% of the determination
coefficient indicate that adsorption is best fitted to a
second order kinetics equation for different initial
sulphur concentrations in the fuel. For this kinetic
model, a very good match was observed between
calculated and experimentally determined values for
adsorption capacity, a.. Value deviation varied from
1 to 6%. On increasing the initial sulphur content in
the model fuel the rate constant k, decreased by more
than one order of magnitude. This is probably due
to: (i) competitive adsorption of the three sulphur
compounds and (ii) mutual hindrance (steric effects)
in the occupation of the active sites on the surface.
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Furthermore, with increasing the initial sulphur
concentration in the fuel the electrostatic interaction
between active adsorption centres decreased causing
a decrease in adsorption affinity between adsorbent
and adsorbate. As a result, the adsorbed amount de-
creased from 56% (111 wppm) to 40% (415 wppm).
The second order Kkinetics model indicates that ad-
sorption probably takes place also with the partici-
pation of valence forces, i.e. by specific interactions
between adsorbent active sites and adsorbate.

Low values of the determination coefficient for
the diffusion kinetic model indicate that diffusion
cannot be considered a rate-limiting step. The general
conditions, when the mass transfer of adsorbate to
the adsorbent surface and into its porous structure is
rate-determining, are the following: the correlation
coefficient (R?) values are close to 1, and the graphic
dependence passes through the origin of the coor-
dinate system, the constant C value being negative.
If the experimental data describe not a straight-line
dependence, but in fact, a multi-linear one as in the
case, this means that sorption is influenced by two
or more rate-determining steps, i.e. the process occurs
in the Kinetic or in the transition region.

Positive values of the constants calculated by
Elovich equation give evidence that an active sorp-
tion process is really proceeding [29].

Adsorption isotherms

A quantitative measure for maximum depth of
fuel purification from sulphur compounds is the ad-
sorption capacity value in equilibrium state. An expe-
rimental adsorption isotherm obtained in the concen-
tration range from 415 to 4600 wppm of total sulphur
is presented in figure 3. It is obvious that the amount
of sulphur adsorbed on pyrolyzed rice husks in-
creased as sulphur initial concentration was in-
creased.

T T T T T T T
0 500 1000 1500 2000 2500 3000 3500
Seq, ppmw-S

Fig. 3. Adsorption isotherm for simultaneous adsorption
of thiophene, benzothiophene, and dibenzothiophene
from model fuel.

Adsorption data were analysed using three
models:
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Langmuir isotherm model. The Langmuir model de-
scribes nonlinear adsorption and it is based on the
assumption that the process is carried out on a
homogeneous surface through the formation of a
monolayer by the adsorbate without any interaction
between the adsorbed molecules. Langmuir equation
has the form:

Seq _ 1 | Seq

Ae K] .aso Aeo

(8)

where Sgq, ppmw-S; a, mg.g'l; a, IS maximum
adsorption capacity required to form a monolayer on
the adsorbent surface, mg.g™; K- is Langmuir con-
stant, kg.mg*, related to the energy of adsorption.
The values of K_ and a, are determined by the
relationship:

Seq/de = f (Seq) ©)

Freundlich isotherm model. This empirical model is
based on the assumption that the distribution of
adsorption heat on the surface of the adsorbent is
not homogeneous. Eq. 10 represents the linear form
of the Freundlich isotherm:

loga, = logKe + (1/n).10gSq , (10)

where Kg, mg.g™, is the constant of Freundlich iso-
therm and it is an approximate indicator of adsorp-
tion capacity; 1/n is a function of adsorption strength.
The values of 1/n and K¢ are determined from the
slope and intercept of the following relationship, Eq.
11:

loga, = f (logS.,) (11)

Values of adsorption intensity, n, between one and
ten indicate favourable physical adsorption [31,32].

Temkin isotherm model.

The model of Temkin is based on the assumption
that the energy of all molecules adsorbed in the
monolayer decreases linearly in height. The linear
dependence of the model is the following (Eqg. 12):

a. = B.InA + B.InS, (12)

The values of the isotherm constants 4 and B
were determined from the slope and intercept of the
graphical dependency (Eqg. 13):

a. = (InSey), (13)

where B is coefficient related to the heat of ad-
sorption (J/mol) and A is Temkin isotherm equilib-
rium binding factor (kg/qg).

Values of the adsorption constants, coefficients
for each adsorption isotherm as well as coefficients
of determination, R? calculated by the multiple
linear regression method and standard deviation,
Sge, are given in table 3.
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Table 3. Isotherms constants and statistical criteria for
the adsorption process

Isotherm Parameters
Langmuir
Ay 8.33
K, 4.1x107*
R 0.906
Sge 62.4
Freundlich
Ke 0.019
n 1.39
1/n 0.72
R? 0.987
Sge 0.05
Temkin
B 2.2
A 5.2x107
R? 0.952
Sre 0.67

According to statistical data, the adsorption of
thiophene and its derivatives from fuel is reasonably
described by the Freundlich and Temkin isotherms.
As can be seen both models provide good correla-
tions for the adsorption, however, the Freundlich
isotherm describes the process more adequately. The
Freundlich model is valid for heterogeneous surfaces
and predicts an increase in concentration of the
species adsorbed on the solid surface if species con-
centration in the liquid phase is increased. Therefore,
the adsorption of thiophene and its derivatives on
pyrolyzed rice husks obviously takes place on a
heterogeneous surface, which may expose various
adsorption sites having different affinity to thio-
phene, benzothiophene, and dibenzothiophene. The
equilibrium heat capacity, B, calculated from Temkin
isotherm is low. The heterogeneity parameter, 1/n,
determined from the Freundlich isotherm is > 1,
which indicates favourable adsorption of aromatic
sulphur heterocycles onto pyrolyzed rice husks. The
process is carried out with predominant participation
of non-specific interactions between adsorbent and
adsorbate.

4. CONCLUSIONS

The material obtained by slow pyrolysis of renew-
able agricultural waste as rice husks can success-
fully be used for additional purification of fuels by
adsorptive desulphurisation as a concomitant method
of conventional hydrodesulphurisation.

Adsorption of a mixture of thiophene and thio-
phene aromatic derivatives from model fuel in the
studied concentration range predominantly occurred
in the kinetic region and is adequately described by
a second order kinetics equation. Calculated and
experimentally obtained values for adsorption capa-
city of pyrolyzed rice husks varied from 1 to 6%.

An increase of the initial sulphur content in model
fuel caused a decrease of the rate constant of the
process by more than one order of magnitude. Pro-
bably, this is due to competitive adsorption of the
three sulphur compounds and steric effects upon
occupation of the active adsorption sites. As a result,
adsorbate affinity to the adsorbent was decreased
and the adsorbed amount was reduced from 55.6%
to 40%.

The equilibrium adsorption of thiophene and its
derivatives from fuel was reasonably described by
Freundlich isotherm. According to the theory, the
model is valid for heterogeneous surfaces and pre-
dicts an increase in adsorbate concentration on the
solid surface when the concentration of adsorbing
entities in the liquid phase is increased. Therefore,
adsorption of thiophene and its derivatives on pyro-
lyzed rice husks takes place on a heterogeneous sur-
face, which may expose various adsorption sites
having different affinity to thiophene, benzothio-
phene, and dibenzothiophene.
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AJZICOPBIIA HA TUODEH 1 HETTOBU APOMATHU ITPOM3BOAHM OT MOJIEJIHO 'OPMBO
BBHPXY ITNPOJIN3UPAHU OPU30BU JIFOCITNU: KWHETMKA U PABHOBECHUE

C. A Y3yH0Ba1, 1. M. Y3yH0B2*, n. Pp. HBaHOBl, . b. Amnrenosa’

! Xumurxomexnonoauuen u Memanypauuen yuusepcumem, 6yn. ,, Kn. Oxpuocku“ Ne 8, 1756 Cogus, Bvreapus
2PIHcmumym no obwa u neopeanuyna xumus, BAH, ya. ,,Axao. I'. bonues*, 6n. 11, 1113 Coghus, Bvacapus

Tlocrprmna Ha 23 stayapu 2018 r.; [pepaborena na 13 mapt 2018 r.
(Pestome)

W3cnenBaHo e ancopOIMOHHOTO jecyndypupaHe HAa TOpHBA 4Ype3 M3IOJ3BaHE HAa MOJEIHO TOPHBO, ChIBPIKAIIO0
cMec oT THo(deH, 6eH30THO(EH 1 THOEH30THO(DEH TPH H3XO0IHO O0II0 ChabpKaHue Ha cspa (Si,) 415, 218 u 111 wppm
¢ nupomusupanu opuszoBu moctu (IIOJI) B cratmurm ycnoBus. OOIMIOTO ChIABpKAHHE Ha cspa B pa3TBopa Oemre
OIIpEe/IeNICHO Upe3 PEeHTreHOB-(IyopeclieHTeH aHanu3. KuHernkaTa Ha mporeca Oe ompelenieHa Ype3 H3IOJA3BaHE Ha
YpaBHEHHE OT BTOPH MOPSIBK, TUPY3UOHEH MOJIeT M ypaBHEHHETo Ha EnoBuY. YCTaHOBEHO €, Y€ KHHETHYHUSAT MOJIEN
OT BTOPH TOPSABK OIKCBA a/ICKBATHO aJCOPOLMATA HA TPUTE CEPHU ChEIMHEHHs BbPXY MHUPOJIM3UPAHU OPU30BU
moctiy. ToBa ypaBHeHHE OCHTYpsiBa U Hail-100po ChBIIAJEHUE MEXK/Ty IPECMETHATHTE U €KCIIEPUMEHTAITHO ONpe/IesICHN
CTOMHOCTH Ha ajcopOIMOHHUS KananuTeT. Pasznukara mexxay 14X Bapupa ot 1.3% npu Sj, 111 ppm no 5.9% 3a Sy, 415
ppm. AncopOUMOHHUST aQUHHUTET HAa TPUTE CEPHHU ChEAWHEHUS, KAKTO M PAaBHOBECHUSAT a/ICOPOIIMOHEH KaNaluTeT Ha
MIUPOJIM3UPAaHU OPU30BH JIIOCTIH, OsiXa ONpeiesIeHH Ype3 CHEMaHe Ha aJcopOunMoHHa n3otepMa. ONUTHUTE JaHHM Osixa
aHAJIM3MPaHH Ype3 M3I03BaHe Ha n3orepmure Ha Jlanrmrop, @poiinanux n TboMkuH. JlaHHH OT pEerpecHOHHNS aHAIN3
NoKasaxa, 4e u3oTepMara Ha OpolHUIMX Hail-aJIeKBaTHO ONMCBA aJCOPOLMOHHOTO PaBHOBECHE Ha ITOJIMApOMATHHTE
CEpHHU XeTePO-LUKIMYHU CheINHEHNs B cucTeMara ropuso/I10JI.
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Study of FesMosN catalyst for ammonia decomposition
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A novel synthesis route, using citric acid as a chelating agent, for the preparation of high surface area y-Mo,N and
FesMosN bulk samples and their application as catalysts for hydrogen production via NH; decomposition reaction were
investigated. Successful formation of high surface area pure bulk phase of FesMosN (Sger = 24.9 m*g ™) was confirmed
by using XRD, XPS, SEM-EDX, and HRTEM techniques. The FesMosN catalyst showed moderate catalytic activity
for ammonia decomposition reaction. It demonstrates 100% conversion of NH3 at 600 °C at 6000 h™! GHSV. At lower
reaction temperatures the FesMosN catalyst has higher catalytic activity than y-Mo,N.

Key words: Ammonia decomposition, y-Mo,N, FesMo3N, Citric acid, Chelating agentn

INTRODUCTION

The high level of environmental pollution and
the craving for alternative sustainable clean energy
sources is currently a global issue. Hydrogen is a
potential alternative fuel due to CO,-free emissions
and its versatility as an energy carrier. Hydrogen has
been used as the primary energy source for internal
combustion engines or for fuel cells. The problem of
using hydrogen as a transportation fuel arises due to
the difficulties for finding a proper hydrogen storage
system, i.e. as compressed gas or in cryogenic form.
Researchers intensively are looking for a suitable
hydrogen storage material with high hydrogen
density and mild release conditions, which can be
safely used in transportation vehicles.

Ammonia, whose synthesis is well matured and
in worldwide commercial practice, has been
considered as a potential source for the production
of hydrogen free of CO,. NH; molecule contains
17.2 wt.% H, and agrees with the DOE’s criteria to
be considered as a commercialisable hydrogen
storage material for fuel cell driven transportation
vehicles. The cracking of NHjz an endothermic
reaction, must be pursued via a heterogeneous
catalytic route. Big number of materials has been
tested as catalysts for ammonia decomposition.
Unfortunately, ruthenium has been reported to be
the most active catalyst [1]. For a short period of
time the efforts of the researchers were focused on
the ruthenium-based catalysts for ammonia decom-
position but considering the cost benefit, the bulk

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

price of ruthenium, which is 50000 times higher
than that of iron, thereby calls for the need to
develop cheap transition metals-based catalysts with
high catalytic performance [2].

Iron is one of the early studied transition metals
extensively studied as a catalyst for the decomposi-
tion of ammonia reaction for better understanding of
ammonia synthesis kinetics over iron based catalysts
[3,4]. Very few investigations on iron catalysts for
the decomposition of ammonia were reported due to
its much smaller activity and stability in contrast to
the ruthenium catalysts. This was related to the very
strong iron-nitrogen interaction unlike the ruthe-
nium-nitrogen interaction [5]. This strong Fe-N,
interaction leads to formation subnitrides (stable
nitrides) or even bulk nitrides, which were consi-
dered in the early studies to be the inhibitors for the
ammonia decomposition reaction and eventually
deactivating of the catalysts [6-8]. The ammonia
decomposition kinetic study reviles that the rate
limiting step is the associative desorption of
nitrogen over Fe based catalysts [7]. The kinetics
follows a Temkin—Pyzhev type rate equation [9].

In this study, we are presenting results of
investigation of hydrogen production via ammonia
decomposition reaction over high surface area bulk
v-Mo,N and FesMosN (pure phase) catalysts.
Catalysts were prepared using sol-gel method, i.e.
using citric acid as a chelating agent. The prepared
catalysts were properly characterized using BET,
XRD, XPS, SEM-EDX and HRTEM techniques to
identify the textural and chemical properties of the
prepared catalyst samples.
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EXPERIMENTAL

Used chemicals and methods for catalysts
preparation

Ammonium heptamolybdate (NH,)sM0,024.4H,0,
purity > 99.9%, was received from Fluka Chemical
Industry. Iron(ll) nitrate hexahydrate Fe(NO3),.6H,0,
purity > 99%, was received from Sigma-Aldrich.
Citric acid CgHgO7, purity > 99%, was received
from Techno Pharmchem Industry, Haryana, India.
All chemicals were used as obtained.

The sol-gel method using citric acid (CA) as a
chelating agent, with molar ratio of CA:Metal = 3,
was used to prepare both the y-Mo,N and FesMo;N
catalysts. FesMosN (3.00 g) was prepared by
dissolving a desired amount (3.78 g) of ammonium
heptamolybdate  (NH,;)sM070,,.4H,0, Fe(NOs),
(8.68 g) and citric acid (24.00 g) in 100 cm® of
deionized water each in separate beakers. Each
beaker was placed on a hotplate at 90 °C and stirred
uniformly with the help of magnetic stirrer for 30
min. Fe salt solution was then added to the Mo salt
solution drop wise and afterwards followed by drop
wise addition of CA. The solution mixture was kept
on stirring for 4 hours at 90 °C and then the tempe-
rature of the hotplate was increased to 150 °C and
waited until the solution was turned into a jelly-like
substance. The jelly-like solution was then put in a
water-bath at 90 °C and aged for 24 hours. After
aging, the sample was dried in an oven at 100 °C for
24 hours. The dried sample was pulverized and
calcined at 500 °C for 5 hours in stagnant air. The
temperature was established by a ramping rate of 5
°C.min?' to form FeMoO, precursor. Then the
precursor underwent nitridation by ammonia to form
the FesMosN catalyst.

The nitridation reaction was performed via
temperature programmed reaction in pure ammonia
stream. The process was carried out in a packed bed
quartz reactor filled with 1 g of the precursor
charged in the reactor at room temperature. Then
pure argon was flown at a flow rate of 30 cm® min™
through the reactor. The temperature was ramped at
10 °C.min™* until it reached 120 °C. Then the gas
was changed to pure ammonia at a flow rate of 400
cm®.min™ and temperature was increased with a 1
°C.min"* ramping rate till it reached 350 °C. After
that the temperature ramping rate was changed to
0.5 °C.min"* and temperature was increased till it
reached 700 °C. This temperature was maintained
for 2 h keeping the ammonia flow unchanged. Then
the gas flow was changed to argon at 700 °C and the
reactor temperature was cooled down to room
temperature at a ramp rate of 30 °C.min". After
reaching the room temperature, the mixture of O,/Ar
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containing 1.0% O, was flown over the catalyst to
create a passivated oxidic layer to protect the
catalyst from ambient oxygen prior to its exposure
to the atmosphere and subjected to catalyst charact-
erization and activity testing experiments.

For the preparation of 2.0 g of y-Mo,N catalyst,
3.77 g of ammonium heptamolybdate salt was
dissolved in 100 cm?® deionized water and drop wise
addition of CA solution (16.70 g in 100 cm® deion-
ized water) in it. Rest of the preparation method
follows the similar steps as for FesMosN catalyst.

Characterization Methods

A Nova 2000 Win32 Quantachrome (USA)
apparatus was employed to analyze the BET surface
area and pore-size distribution of the prepared
samples. Each catalyst was degassed at 200 °C for 2
h under vacuum before conducting the measure-
ment.

The Powder X-ray diffraction (XRD) was per-
formed using an Inel Equinox 1000 power diffracto-
meter equipped with a CPS 180 detector (filtered
Mo Ka radiation, 40 kV, 30 mA, spinning sample
holder). Powder pattern analysis was processed
using Match Crystal Impact software (v.1.11e) for
phase identification (using both COD and ICSD
database), IMAD-INEL XRD software for Rietveld
analysis. Data were collected under the same
condition for all the samples under investigation.
The scanning range was 0 < 20 < 120 with a step
size of 0.0284° at an approximate counting time of 1
second per step.

The XPS measurements were carried out in an
ultra-high vacuum multi-technique surface analysis
system (SPECS GmbH, Germany) operating at a
base pressure of 10° bar range. A standard dual
anode X-ray source SPECS XR-50 with Mg-Ka
(1253.6 eV) was used to irradiate the sample surface
with 13.5 kV, 150 W X-ray power and a take-off-
angle for electrons at 90° relative to sample surface
plane. The high energy resolution or narrow scan
spectra were recorded at room temperature with a
180° hemispherical energy analyzer model
PHOIBOS-150 and a set of nine channel electron
multipliers MCD-9. The analyzer was operated in
Fixed Analyzer Transmission (FAT) and medium
area lens modes at pass energy of 20 eV, step size of
0.05 eV and dwell time of 0.3 sec. As the standard
practice in XPS studies, the adventitious hydro-
carbon C1s line at Binding Energy (BE) of 284.6 eV
corresponds to C—C bond has been used as BE
reference for charge correction.

TEM analyses of all the catalyst samples were
performed using a Tecnai G2 F20 Super Twin
device at 200 kV with a LaB6 emitter. The
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microscope was fully equipped for analytical work
with an energy-dispersive X-ray (EDX) detector
having an S-UTW imaging. The scanning trans-
mission electron microscopy (STEM) imaging and
all analytical work were performed with a probe size
of 1 nm? resulting in a beam current of about 0.5
nA. The TEM images and selected- diffraction area
(SAD) pattern were collected on an Eagle 2K HR
200 kv CCD camera. The HAADF-STEM EDX
and CCD line traces were collected fully auto-
matically using the Tecnai G2 user interface and
processed with Tecnai Imaging an Analysis (TIA)
software version 1.9.162.

Catalytic activity measurements

Catalytic activity tests were performed at atmo-
spheric pressure in a PID Eng&Tech automated
reactor system (Spain) using a fixed bed quartz tube
reactor with an external diameter of 6.0 mm. The
reactor was charged with 0.10 g of catalyst mixed
with 0.1 g of quartz beads to increase the reaction
contact area and was held at the center of the
heating zone of the reactor furnace. Prior to the
reaction, catalysts were activated at 500 °C under
nitrogen flow for 1 hour. This was followed by
reduction with hydrogen for 5 hours and flushing
again with N, for 1 hour at the same temperature.
After catalyst activation, the reactor temperature
was reduced to 300 °C and pure ammonia gas
(reactant) was introduced into the reactor at GHSV
of 6000 h™*. Then, the temperature was increased
stepwise by 50 °C at a ramping rate of 10 °C.min™".
The catalytic test experiments were carried out
within the temperature range of 300-600 °C. At
each temperature, the reaction was carried out until
a steady state regime was established, verified by a
relative percentage difference of less than 5% for
two successive runs of effluent gas analysis.
Effluent gas analysis was performed using an
online-connected gas chromatography (GC-450
Varian, USA) equipped with a thermal conductivity
detector and a 2.0 m long Porapak Q column.

RESULTS AND DISCUSSION
Catalyst Characterization

The textural properties of the freshly prepared
v-Mo,N and FesMozN catalysts were studied using
N,-physisorption. The obtained isotherms and the
pore size distributions for FezMosN and y-Mo,N
catalyst are shown in Fig. 1. The BET surface area
and the pore volume of y-Mo,N were 110.0 m’.g™*
and 0.071 cm® g*. For FesMosN catalyst they were
24.9 m?.g* and 0.033 cm®.g™", correspondingly. Our

preparation method has allowed us obtaining

FesMo3N samples with eight times larger surface
area compared to the method used by Srifa et al.
[10], in which case they have observed BET surface
area 8.8 m%.g". The increase in surface area is the
result of using CA as a chelating agent in the
preparation method used by us. CA presence leads
to formation of small micelles of metals far apart
from each other and thus upon nitridation forming
the micro/mesoporous structure.

XRD was used to analyze and identify the phases
and crystallinity of the catalysts. Fig. 2 shows the
XRD patterns of freshly prepared y-Mo,N and
FesMosN catalysts (nitridited and passivated). From
the analyzed XRD patterns, y-Mo,N and MoO,
phases were registered in the bulk y-Mo,N sample.
The Mo,N catalyst had mixed phase of y-Mo,N with
diffraction peaks (ICSD no. 158843 at 20 = 43.72,
50.95, 91.00, and 96.27°) and MoO, with peaks
(ICSD no. 80830 at 26 = 30.35, 43.31, 63.09, 63.17,
71.29, and 79.36°). The oxidic phase (MoO,) may
arise from the reaction with oxygen present in the
atmosphere and also while passivating of the
catalysts.

For FesMosN catalyst, only the pure phase of
FesMo;N (PDF# 01-089-4564) was recorded. No
other oxidic or separate Mo or Mo nitride phase was
detected as also reported by previous researchers
[10,11]. Fig. 2 shows the XRD patterns of fresh and
spent y-Mo,N and FesMosN catalysts. There are no
considerable changes in the structure of FesMosN
catalyst except broadening and or increase of the
intensity of peaks at some points suggesting that
crystallite growth took place in the spent catalyst.

The XPS analysis was done for the freshly
prepared nitride catalysts to gain insight view into
the oxidation states at the catalyst surface. The XPS
spectra for Mo3d region of y-Mo,N and FesMosN
are shown in Fig. 3a and 3b. The Binding Energies
(BE) are tabulated in Table 1. The predominant Mo
oxidation states in the y-Mo,N catalyst were the
Mo?" and/or Mo®" which is similar to what was
reported by Podila et al. [12]. There was also the
detection of Mo** and Mo®* oxidation states in the
3d region. Previous reports [13-15] showed that
Mo?*" and Mo®" oxidation states represent molyb-
denum nitride. The Mo*" state correspond to MoO,
while the Mo® depicts the oxidized form of y-Mo,N
phase. The piroforic nature of y-Mo,N require the
sample passivation with 1% O,/Ar mixture to form a
protective layer for the bulk catalyst before it is
exposed to the oxygen in the atmosphere for the
activity testing and characterization tests, which will
inevitably lead to formation MoO, phase due to
reaction with oxygen.
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Fig. 1. BET and pore size distribution of y-Mo,N and FesMo3N catalysts.
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Fig. 2. XRD pattern of fresh and spent FesMosN and fresh Mo,N catalysts.
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For the Mo3d XPS spectra of FesMozN (Fig. 3b)
showed typical mixed oxidation state of molyb-
denum. Higher oxidation states Mo®>* and Mo®* are
more pronounced compared to y-Mo,N sample. The
deconvoluted peaks for Mo3ds, positioned at BE of
227.2, 228.33, and 230.83 eV correspond to Mo°,
Mo**® and Mo™ oxidation states [16]. According to
Perret et al. [17] the peak with lower BE of 228.33
eV corresponds to the presence Mo*? ions which
represents FesMosN phase and similar conclusion
was also drawn by Hada et al. [14]. Fig. 3c (values
tabulated in Table 1) shows the Fe2p XPS spectral
region, which has a notably split spin-orbit compo-
nents with a range of 15 eV. The BE of 706.8,
708.23, 709.97, and 711.41 eV are assigned for Fe’,
Fes0, (Fe'*?), FeO (Fe™) and Fe,O4(Fe*™®) oxida-
tion states respectively. The ratio of areas of FeO
and Fe,O; oxidation state signals is 1:1, which
might have resulted in the formation of highly
dispersed FesMosN. The dominant phase occurs at
BE of 709.97 eV and is due to possible presence of
iron in trivalent state, i.e. Fe,0s.

Mo 3d oxidation states
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Fig. 3. XPS spectra: a - Mo3d of y-Mo,N;
b - Mo3d of FesMosN; ¢ - Fe2p of FesMosN.

Table 1. Comparison of the oxidation state of Mo3d with
their BE for FesMosN and Mo,N catalysts.

Oxida- Mo BE of catalysts, eV

St;gtr; Fe,sMosN y-Mo,N Fe2pas
3dy, 3dsp  3dy, 3ds); Oxida- 2psp

tion state

Mo® 2309 2278 x X X X

Mo*  x  x 23159 22844 X X

Mo®" 231.85228.75 232.39 229.39 Fe? 706.8

Mo* 233.54 230.44 234.01 230.68  Fe**  709.97

Mo®* 235.04231.94 x X Fe?"®  708.23

Mo®* 236.34233.24 23523 232.61  Fe* 71141

SEM-EDS analysis for Fe;MozN catalyst are
shown in Fig. 4. EDX elemental analysis showed
that the atomic ratio of Fe:Mo is ~1.17. The results
suggest the possible formation of Fe-Mo-N species
by the chemical interaction of molybdenum nitride
with Fe species.
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Fig. 4. SEM-EDX analysis of FesMo3N catalyst.

HRTEM and selected-area electron diffraction
(SAED) pictures of FesMozN are shown in the Fig.
5. The nanodomain of the FesMo3N with an average
particle size of 5 nm was clearly seen. The selected-
area electron diffraction (SAED) pattern of a small
representative of FezMosN particle is shown in the
bright-field image confirms the existence of (511),
(400), (311), and (331) planes, which are belonging
to FesMosN. The average particle size of FesMozN
measured by HRTEM is 5 nm which is close to the
average crystallite size measurement (5.5 nm) using
XRD (Mo ka = 0.71 A) half width data in Scherrer
equation.
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SADE image
Fig. 5. HRTEM and SADE image of FesMosN.

Catalytic activity measurements

The catalytic activity for ammonia decompo-
sition reaction of y-Mo,N and FesMos;N catalysts
was investigated at GHSV of 6000 h™* as a function
of temperature at atmospheric pressure. The obtained
results are depicted in Fig. 6a. Ammonia decom-
position, being an endothermic reaction, showed an
increase of ammonia conversion with the increase of
temperature. A sharp rise in NH; conversion at the
beginning of the reaction at 300 °C was observed
for FesMo3N catalyst, which was not noticed for y-
Mo,N sample until the reaction temperature reached
above 450 °C. At 550 °C the recorded NH; conver-
sion over FezMosN, was 78.2%, which is a little
better conversion when compared to that reported by
Srifa et al. [10] at the same temperature and space
velocity. On the other hand, at this temperature,
v-Mo,N catalysts gave only 71.9% conversion.
Table 2 shows the experimental data for some
previously reported catalysts and the results
obtained in this work at 550 °C. The conversion of
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ammonia at 600 °C on both the FesMo;N and y-Mo,N
catalysts showed approximately equal value with
97.1% and 97.9% NH; conversion, respectively.
The better results observed in our work might be
attributed to the sol-gel preparation method using a
chelating agent which gave higher surface area.

Table 2. Activation Energies and NHj conversions on
different catalysts at 550 °C and GHSV 6000 h™.

Ammonia Activation energy
Catalyst conversion, % Ea, kimol™ Ref.
FesMo;zN 78.2 72.9 This work
FesMo;zN 75.1 88.9 11
y-Mo,N 69.2 97.4 11
y-Mo,N 719 131.3 This work

Experimental results of catalytic activity tests of
FesMosN catalyst especially at lower temperatures
showed that this catalyst had higher activity
compared to y-Mo,N catalyst which was an indirect
indication that the reaction was actually promoted
by the addition of Fe as a catalyst component.
Consequently, we can come to the conclusion that
adding Fe in the molybdenum nitride structure is the
key reason for obtaining the high activity for
ammonia decomposition reaction. This effect was
connected with lowering the nitrogen association
energy over the catalyst induced by the electronic
distribution disruption of y-Mo,N by the addition of
Fe. Also at lower temperatures below 500 °C
nitrogen association on the surface is the rate
limiting step for the NH; decomposition reaction as
evidenced by kinetic and DFT investigation of
several researchers proposing the following rate
equation a for NH; decomposition:

2
PNH3

T, < [18].
PI-312PN2Keq synthesis

rdecomposition -

Dissociative adsorption of N, over Fe based
catalyst hindered the ammonia decomposition
reaction, whereas Fe modified with Mo and N in the
structure enhances the reaction at temperatures
about 300 °C suggesting N, association is promoted
with this structure configuration, i.e. the recombi-
nation of N, atoms were performed over Fe-Mo-N
sites. More experimental evidence is required to
confirm the above observation. On the other hand,
Srifa et al. [10] also reported the decrease in N,
association energy over (TM),MozN (TM = Fe, Co,
Ni) surfaces compared to Mo,N surface, which may
attribute to the high activity of these bimetallic
nitrides compared to y-Mo,N for this reaction. This
is also in agreement with our observation.

With the increase of temperature higher than 550
°C the inhibition of activity comes from hydrogen
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association over the surface (N, recombination is no
longer a rate limiting step), a well-known pheno-
menon known as hydrogen poisoning, being the rate
limiting step and the two catalysts behave in almost
the same way. This is evidenced by kinetic studies
conducted by several researchers over different
catalysts including Fe based catalysts [7] where
ammonia decomposition rate is a function of NH;
partial pressure of and H, only.

The relationship plot of the degree of NH;
conversion versus temperature for FezMosN and
v-Mo,N catalysts (Arrhenius plot) is depicted in Fig.
6b. y-Mo,N has higher activation energy of 131.29
kJ.mol™ compared to Fe;MosN, for which the acti-
vation barrier drastically reduced to 72.88 kJ.mol™.
This may be the main reason for the high activity of
FesMo;N. Srifa et al. [10] reported. The activation
energy of 88.9 kJ.mol ™ for FesMo;N, which is little
higher compared to what we have attained.
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Fig. 6. Catalytic activities (A) and Arrhenius plots (B)
of FesMosN and y-Mo,N catalysts.

CONCLUSIONS

Ammonia decomposition reaction was investi-
gated using y-Mo,N and FesMosN catalysts which
were successfully prepared by using sol-gel method
and citric acid as a chelating agent. Pure FesMosN
phase was successfully obtained from this method
of preparation and gave a high surface area of 24.9
m?g’. The catalytic activity of this sample was
higher compared to catalytic activity of y-Mo,N at
temperatures below 600 °C.
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N3CJIEABAHE HA KATAJIM3ATOP FesMosN 3A PA3JIAT’AHE HA AMOHSK

1. @. 3aman*, JI. A. XKomnanozo, A. A. An-3axpanu, 5. A. Anxamen, C. [loguna, X. Unpuc, M. A. Hayc,
JI. TletpoB

Henapmamenm no XuMuuno uHICEHEPCMeo u mamepuanosuanue, Uuocenepen paxynmem,
Yuusepcumem ,, Kpan A6oynazuc“, n.x. 80204, 21589 /ceoa, Cayoumcka Apabus

Mocrenuna Ha 5 depyapu 2018 r.; Ilpepaborena Ha 23 mapt 2018 .
(Pesrome)

[pennoxkeH e HOB MeTo[ 3a cuHTe3 Ha MacuBHU Y-MO,N u FesMozN o6pa3uu ¢ Bucoka creruduiHa NOBBPXHOCT
NP W3M0JI3BaHe Ha xenarH. [[oMydeHnTe KaTali3aTopy ca M3CIICNBAHN B PEaKIMsITa Ha pasfiaraHe Ha aMOHSK C el
[0JIy4aBaHe HA YUCT BOZOPOA Ge3 chabpxkanne Ha CO. INomyuaBaHeto Ha oGpasew FesMosN (Sger = 24.9 m*.g™h) ¢
BUCOKa crieliu()uuHa MOBBPXHOCT € MOTBBpAeHO 4pe3 u3nonzBaHero Ha XRD, XPS, SEM-EDX, u HRTEM wmeronu.
KaranusaTopbT nputeskasa 106pa aktusHocT. [Ipi 600 °C 1 GHSV 6000 h™ komBepcusita Ha amonsik goctura 100%.

[pu o HUCcKH Temmepatypu katanmsarop FesMosN e mo- aktusen ot y-Mo,N.
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DRIFT study of the mechanism of methanol synthesis from CO, and H,
on CeO,-supported CaPdZn catalyst
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This article reports results of mechanistic DRIFTS study of methanol synthesis from CO, and H, on CaPdZn/CeO,
catalyst. The catalyst exhibited superior catalytic performance with ~100% selectivity to methanol and 7.7% conversion
of CO, at 30 bar and 220 °C. In situ DRIFTS measurements were carried out under experimental conditions and the
presence of various surface reaction intermediate species and their subsequent conversion to methanol were carefully
monitored. The catalyst was characterised by BET, CO chemisorption, CO,-TPD, and HRTEM to evaluate the
physiochemical properties and structure morphology of fresh and spent samples. DRIFTS investigation confirmed the
formation of mono- and bidentate formates, CH,O, and CH3O intermediate species suggesting that the reaction
mechanism follows formate pathway for the synthesis of methanol from CO, hydrogenation over CaPdZn/CeQ,.

Key words: CO, hydrogenation, methanol, CaPdZn/CeOQ, catalyst, DRIFTS, reaction mechanism.

INTRODUCTION

Carbon dioxide utilisation as a feedstock for
industrial production of valuable chemicals has
recently been involved as an active area of catalysis
research. The utilisation of CO, was addressing the
possible solution of critical issues like global warm-
ing, depleting of high quality fossil fuel sources, and
availability of a cheap and abundant CO, raw mate-
rial for the synthesis of different chemical products
[1,2]. Carbon dioxide hydrogenation to methanol is
the most viable route for application of the former.
Methanol serves as an excellent energy storage
material alternative to traditional fossil fuels as well
as a fuel for direct methanol fuel cell [3-5].

Palladium-based catalysts have exhibited supe-
rior catalytic performance in recent years, especially
in the reaction of methanol synthesis from CO, and
H, [6-9]. The properties of these catalysts are strongly
influenced by preparation method [10-12] and cata-
lyst reduction procedure [7,8,12,13] as well as by
type of support [14-17] and promoter [18,19]. Syn-
ergic effects and chemistry of the strong metal sup-
port and metal-metal interaction of Pd and ZnO
have also been widely studied. Pd/ZnO system ap-
peared to be highly active towards methanol forma-
tion from CO, [6-9,12,14,20]. The observed high
catalytic activity of this system is associated mainly
with the formation of PdZn bimetallic alloy, which
was formed due to electrons transfer from Pd to

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

ZnO at elevated temperatures over 500 °C of cata-
lyst reduction [6-9,12].

In the present study, we report results of DRIFTS
study of methanol synthesis from CO, and H, on
CaPdzn/CeO, catalyst. A reaction mechanism was
proposed based on evidences obtained from spectro-
scopic registration of the formation of various
intermediate species over the catalyst surface during
the reaction of methanol synthesis from CO,and H,.

The catalyst was prepared by the chelating
method employing citric acid as a chelating agent.
This method was previously used for synthesising
nanosized high surface area CeO, particles. The
citric acid was used as a chelating agent for its well-
known positive contribution in controlling the
morphology of the metal particles size and useful
assistance to avoid sintering of synthesized nano-
materials [21-23].

EXPERIMENTAL
Catalyst preparation

A typical preparation procedure of 2.0 g of
CaPdzn/CeO, sample is presented in the following
lines.

Needed amounts of desired catalyst component
salts were dissolved in separate beakers containing
30 cm® deionised water, i.e. 0.2165 g of Pd (palla-
dium(Il) nitrate hydrate >99.9%-metal basis, Alfa
Aesar), 0.4549 g of Zn (zinc nitrate hexahydrate
>98%, Aldrich Chemical Company), 0.059 g of Ca
(calcium nitrate tetrahydrate, Techno Pharmchem

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 189



A. S. Malik et al.: DRIFTS study of the methanol synthesis from CO, and H, on CaPdZn/CeO,

>99.0%), and 4.516 g of Ce (cerium(lll) nitrate
hexahydrate >99.0%, Fluka Analytical).

An aqueous solution of 8.2702 g citric acid
(299%, Techno Pharmchem, India) at a 1:3 molar
ratio of metal ion (Pd, Zn, Ca and Ce) present in a
particular catalyst sample to citric acid, was added
dropwise into Ce salt solution and heated at 50 °C
for 15 min under continuous stirring. Later, Pd, Zn,
and Ca salt solutions were added dropwise into the
mixture of Ce salt and citric acid and heated at 90
°C for 6 h until a brownish yellow gel-like mixture
was formed. The resulting mixed gel was aged for
24 h at 90 °C in a water bath and later placed into an
oven for 18 h at 110 °C resulting in a completely
dried solid residue. Afterwards, it was crushed into
powder and calcined in dry air at 300 °C for 2 h and
then at 500 °C for 3 h.

Catalyst characterisation

BET surface area and pore size distribution were
analysed by N, adsorption-desorption method at
liquid nitrogen temperature with N, as adsorbate.
NOVA 2200e (Surface area & Pore size Analyzer,
Quantachrome Instruments) apparatus was used.
Before each analysis, samples were dried at 300 °C
for 2 h under vacuum.

X-ray diffraction patterns were collected in order
to identify the crystal phases contained in the cal-
cined, passivated, and spent samples. An Equinox
1000 (Inel, France) XRD equipment (Co Ko = 1.789
A X-ray source and generator settings: 30 kV, 30
mA) with the real-time acquisition in 26 range of 0—
110° for 7200 s were used for these measurements.

H,-TPR experiments were conducted to study the
reduction behaviour of the calcined catalysts using
Pulsar automated chemisorption analyser (Quanta-
chrome Instruments). In general, 0.1 g of sample
was loaded into U-type quartz reactor. Then the
temperature was raised and maintained at 120 °C
under helium flow for 1 h to remove any entrapped
moisture. After cooling the sample back to 40 °C, a
5% H, in N, mixture was introduced at 15 cm®min™
and the temperature was linearly raised to 800 °C at
a5 °Cmin ' ramping rate. A TCD detector was used
to analyse the effluent stream.

CO,-TPD measurements were employed to exa-
mine catalyst sample basicity using Pulsar auto-
mated chemisorption analyser (Quantachrome Instru-
ments). Prior to CO, adsorption, catalyst samples
(0.1 g each) were first reduced at 550 °C under H,
flow (20 cm®min™) for 1 h and then brought to room
temperature under He flushing (15 cm®min™) for 2
h. The reduced samples were then saturated with
15% CO,/N, mixture (20 cm®min™) for 1 h. After-
wards, TPD analysis was prompted at a heating rate
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of 10 °C/min under He flow (15 cm®minn) and de-
sorbed amount of CO, was detected by a mass spec-
trometer. The amount of desorbed CO, was calcul-
ated by comparing the integrated peak area of CO,-
TPD curve to the area of the CO, calibration pulse.

In order to understand and identify the inter-
mediate species and general reaction mechanism, in
situ IR spectra were recorded on a Tensor Il FTIR
spectrometer (Bruker) installed with DRIFT acces-
sories, Harrick praying mantis, and zinc selenide
window capable of achieving pressure up to 40 bar.
In general, 0.1 g of calcined sample was placed in
the IR cell and reduced at 550 °C under H, flow (20
cm®min’?) for 1 h. Subsequently, the temperature
was lowered back to 230 °C under Ar flow (15
mimin™) and a background IR spectrum was re-
corded after 3 h of Ar flushing of the reaction cham-
ber at reaction temperature. Then, CO, and H, mix-
ture flow (20 cm®min?) was introduced with an
applied pressure of 30 bar. Totally 91 DRIFT spec-
tra were collected for 3 h at 2 min time interval.
Each spectrum was an average of 100 scans at 4 cm*
resolution.

To investigate the catalyst structure and morpho-
logy at nanoscale, HRTEM and EDX analyses of
freshly reduced CaPdzn/CeO, catalyst were also
performed employing a 200 kV D1234 Super Twin
microscope (Technai, Netherlands).

Catalytic activity tests

Activity tests of CaPdZn/CeQO, catalysts were
carried out in a MA-Effi reactor (PID Eng & Tech,
Spain) equipped with Bronkhorst mass flow
controllers and temperature sensors and controllers.
A reaction mixture at a flow rate of 20 cm®min™* and
pressure of 30 bar and composition of CO,:H, = 1:3
was used. The reactor was charged with 0.5 g of
catalyst. Prior to each test, the sample was reduced
in situ at 550 °C with 20 cm®min™ H, gas flow for
one hour at atmospheric pressure.

The reaction products were analysed using an
Agilent 7890 A gas chromatograph equipped with a
TCD detector with HayeSep Q packed column for
CO,, CO, and CH,4 analysis and a FID detector with
HP-Pona capillary column (19091S-001E) for me-
thanol and higher hydrocarbons analysis. Reported
data on conversion and selectivity were obtained by
an average of three independent readings with an
error range of £3% taken after 3 h of reaction run.
CO, conversion and selectivity of products were
defined as follows:

__ (Moles CO; jp—Moles CO; oyt )X100
- Moles CO; gut

Moles CH30H x 100
Moles (CH30H+CO+CH,) in product stream

CO,conv % (1)

CH5OH sel =

% (2)
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RESULTS AND DISCUSSION
Structural properties and catalytic performance

Figure 1 shows XRD profiles of calcined and
reduced CaPdZn/CeO, samples. Diffraction peaks
for CeO, phase [PDF 00-034-0394] were observed
at 20= 33.28, 38.61, 55.74, 66.48, 69.86, 82.77,
92.19, 95.32, 108.13, 118.38, 138.48, 155.87, and
165.31° for calcined and reduced CaPdZn/CeO,
sample. For reduced CaPdzn/CeO, sample, intense
peaks at 20 = 48.19 and 51.74° were detected
reflecting the presence of PdZn alloy phase with
(111) and (200) crystal planes [PDF 03-065-9523].
This confirms the formation PdZn alloy phase as
shown in figure 1. At a higher reduction temperature
(>500 °C), metal-to-metal interaction causes the
transfer of electrons between metallic palladium and
ZnO, hence forming the PdZn-bimetallic alloy.
Several previous studies asserted that PdZn alloy
phase served as the catalytically active phase for
con-verting CO, to methanol [6-8, 20].

CaPzC PdZn Alloy
C902 .
I
|
(‘H‘ ,x (111‘)(200)/\\ \ Reduced
)
Calcined

20 30 40 50 60 70 80 90 100 110
20 (degree)

Fig. 1. XRD profile of calcined and reduced
CaPdZn/CeO, catalyst.

Table 1 lists the physiochemical data and cata-
Iytic performance of ceria carrier and CaPdZn/CeO,
catalyst. Catalyst surface area was 67 mg, being
much higher compared to the support CeO, which
had a surface area of 52 m’g .

Table 1. Textural and -catalytic properties of the
CaPdzn/CeO, and Ce0,

Surface Pd Desorbed CO, CH3;0H
Disper- CO, conver- Selecti-
Catalyst area Sger . . .
meg sion sion vity
% pmole/gea % %
CaPdzn/CeO, 67 7.6 88.0 7.7 100.0
CeO, 52 - 42.0 - -

The increase of surface area with the insertion of
various metals over CeO, support might be attri-
buted to the chelating preparation procedure. Basi-
city of the CaPdZn/CeQO, sample was also enhanced
as the desorbed amount of CO, from the catalyst (88
umolgcat’l) was much larger than the amount of CO,
desorbed from catalyst support, CeO, (42 pmolge ).

Figure 2 displays a HRTEM image of reduced
CaPdzn/CeO, sample. PdZn alloy particles, formed
at high temperature reduction, were well dispersed
and uniformly distributed over CeO, support which
was confirmed by HRTEM. Figure 3 illustrates the
EDS image of reduced CaPdzZn/CeO, -catalyst
enlisting elemental composition of Pd, Ce, Zn, and
Ca, which agrees with the amounts used for catalyst
synthesis.

Pdzn alloy

W Pdzn alloy

Pdzn alloy

Fig. 2. HRTEM image of reduced CaPdZn/CeO, catalyst.

cps/eV
18

16
14
12

10

Energy [kev]

Fig. 3. EDS of reduced CaPdZn/CeO, catalyst. (Bruker
Quantax XFalsh 6 solid angle of a 30-mm? active area
chip energy resolution 123 eV at Mn Ka,
45eV at C).
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Catalytic activity testing

The catalytic activity of CaPdzZn/CeO, samples
was tested at different temperatures in the range of
220-270 °C and pressure of 30 bar. The conversion
of CO, was improved appreciably with the increase
of temperature but methanol selectivity was de-
creased as presented in Table 2. Methanol selec-
tivity decrease may have occurred mainly due to
reverse water-gas shift (RWGS) reaction, forming
CO as a by-product at elevated temperatures above
220 °C. Generally, at higher temperatures, RWGS
reaction (Egn. 3) dominates and hinders methanol
formation due to thermodynamic constrains [21].

COz(g) + Hz(g) > CO(g) + HzO(g); AHygs « = 41 kd/mol
(©)
Table 2. Catalytic activity of CaPdZn/CeO, catalyst

220°C 230°C 250°C 270°C

Conversion (%X) 1.7 8.3 10.8 11.25
Methanol selectivity (%S) ~100  97.4 90.0 78.0

(Reaction conditions: Catalyst weight = 0.5 g; Pressure = 30 bar,
reaction mixture composition Hx:CO, = 3:1, flow rate = 20 cm®min™.
Reduction temperature 550 °C)

In situ DRIFTS analysis

We have selected the temperature of 230 °C for
DRIFT mechanistic study as at this point, we have
observed moderate CO, conversion and high metha-
nol (>97%) selectivity. In situ DRIFTS analysis was
carried out to evaluate the emergence of various
intermediate species formed over the catalyst sur-
face with time at 230 °C and pressure of 30 bar for
CO, hydrogenation to methanol. DRIFTS results
assisted in developing a perception of the actual
reaction sequence occurred over the surface of the
tested catalyst and helped to distinguish the surface
species relevant to the mechanism of selective for-
mation of methanol.

DRIFT spectra, which were registered for reac-
tion time of 180 minutes at interval of 5 minutes,
exhibited unique characteristics of emerging inter-
mediate surface species as presented in figure 4.
Surface concentrations of the intermediate species
were gradually increased at the beginning of the
reaction and reached a maximum for 90 minutes
after introduction of the reaction mixture to the
DRIFT chamber. The DRIFT spectral range of ac-
quisition was divided into five regions (R1-R5 as
shown in figure 4) based on the unique band char-
acteristics of various detected surface species. Figure
5 shows an enlarged image of IR spectral acqui-
sition at different time intervals with the evolution
of different surface species. Carbonates (bridged,
monodentate and bidentate) and inorganic carboxy-
late species, which usually appear at low tempera-
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ture CO, adsorption on ceria [24], could not be
observed as they normally were converted to cor-
responding formate species at temperature above
200 °C in a very short time [25].

At the beginning of the registration of IR spectra,
no characteristic bands due to the presence of for-
mates were registered. After 5 min onward, IR bands
appeared at 1640, 1575, and 1340 cm* (Region R2)
indicating the emergence of monodentate (m-
HCOO) and bidentate (b-HCOOQO) formate species
[26-28] attributed to hydrogenation of carbonaceous
species at elevated temperature. IR bands at 1746
and 2843 cm™ corresponded CO-stretching vibra-
tions (Region R3) and CHy-stretching vibration
ascribed to gas phase CH,O species. IR bands at
2831, 2942, and 3077 cm™* (Region R5) may be as-
signed to methoxy (CH3O) species [26,29,30], which
was evolved by stepwise hydrogenation of formate
and CH,O species. A strong feature for CO, (gas
phase non-dissociative adsorption over CeO, sur-
face) can also be observed between 2250 and 2400
cm™ (Region R4). Band intensity in this region was
consistent throughout the reaction time showing a
strong interaction of CeO, with acidic CO,. IR bands
appearing at 2090 and 2177 cm™* (Region R3) may
be attributed to linearly adsorbed CO (CO,) on Ce™
[24] and gas phase CO, respectively, due to the
adsorption of CO, on oxygen vacancies over the
surface of ceria support. Formation of gaseous me-
thanol was also evident (almost after 5 min of intro-
ducing reaction mixture at reaction conditions) from
the bands arisen at 1005, 1031, and 1055 cm* (gase-
ous methanol) and 2844 cm™ (gas phase CHj s-
stretching), and 3000 cm™ (gas phase CH; d-stret-
ching) corresponding to methanol formation.

Transmittance (a.u.)

3000 2500 2000 1 1500 1000
(Wave Number (cm ™)

Fig. 4. DRIFT spectral acquisition at different time
intervals of reduced CaPdZn/CeO, catalysts at
230 °C and 30 bar.

Figure 5 presents the appearance of gaseous
CH3OH species with time during the CO, hydro-
genation reaction. The band at 1055 cm™ was used
to analyse the dynamics of CH3;OH rise with time
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(Fig. 6). It has been reported that PdZn alloy forma-
tion assists the selective formation of methanol
[7,8]. It is well known that the type of preparation
method, used support, and promoters may influence
strongly the catalytic performance of the catalyst.
Metal-support interaction also enhances the catalytic
performance in the case of supported Pd catalysts

and this phenomenon was also observed in our
CaPdzn/CeO, catalyst [6,9]. It may be assumed that
the adsorption ability of CO, and oxygen-containing
intermediate species (such as OH", HCO", H,CO,
H,COO, HCOO, and HsCO) is higher at

CaPdzn/CeO, interface. A density functional study
is required to prove this claim though.
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Fig. 5. Identification of various surface species for methanol synthesis from CO, using CaPdZn/CeO, catalysts
at 230 °C and 30 bar pressure.
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Fig. 6. Band intensity of gaseous methanol in the reaction

products as a function of reaction time over
CaPdZn/CeO; catalyst.

Reaction mechanism

In situ DRIFT study provided the necessary evi-
dence required to propose a general reaction mecha-
nism of CH;OH formation over CaPdZn/CeQO, cata-
lyst. Formation of m-HCOO, b-HCOO, CH,0, and
CH30O were kinetically favourable over the catalyst
surface. Furthermore, no clear evidence of COOH
species formation was observed indicating that the
CaPdzn/CeO, system inhibits the RWGS reaction

and leads the reaction sequence to follow the for-
mate pathway. Dissociative adsorption of hydrogen
on Pdzn alloy generated activated H adatoms,
which ultimately lowered the reaction energy barrier
for HCOO pathway. A strong metal support inter-
action (SMSI) between PdZn bimetallic alloy and
CeO, allowed activation of CO, over the catalyst
surface and facilitated spillover of H adatoms onto
the support thereby increasing the hydrogenation
rate of adsorbed carbonaceous species. These results
were in line with previous reports on Pd-based sys-
tems for CO, hydrogenation [25,31,32]. Based on
our findings, we may suggest a dual-site (bifunc-
tional) reaction mechanism for CO, hydrogenation
over CaPdZn/CeO, yielding CH;0OH and CO only as
also discussed elsewhere [25,31,33]. Adsorbed carbo-
naceous species (monodentate, bidentate, and poly-
dentate carbonate, etc.) over CeO, were stepwise
hydrogenated to formates (m-HCOO and b-HCOO)
with the supply of H adatoms from the dissociation
of H, on PdZn alloy. This formate species was
further hydrogenated to CH,0O, methoxy CH30 spe-
cies, and finally to methanol and CO. A general reac-
tion mechanism is illustrated in Scheme 1.
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H;

CH;OH

H,O

Scheme 1. Proposed reaction mechanism based on in situ DRIFTS data on methanol synthesis
from CO, and H, over CaPdZn/CeO, catalyst.

CONCLUSIONS

The CaPdzn/CeO, catalyst exhibits ~100%
selectivity to methanol and 7.7% of CO, conversion
at low temperature of 220 °C and pressure of 30 bar.
The reason for this excellent selectivity and activity
lies in the strong H, dissociation ability of Pdzn
alloy to actively hydrogenate the adsorbed carbon-
aceous species as well as the strong adsorption of
CO, over CeO, support as it provides a platform and
stability to carbonaceous species formed over the
catalysts surface. In situ DRIFT analysis confirmed
the formation of formate species and its subsequent
conversion to methoxy species, and then finally to
methanol, suggesting a formate pathway for metha-
nol synthesis from CO, hydrogenation using
CaPdZzn/CeO, under tested reaction conditions.

Acknowledgment: The support of Deanship of
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the Postgraduate Scholarship for International
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N3CIHEABAHE C 1O0MYC HA MEXAHU3MA HA CMHTE3 HA METAHOJI OT CO, 1 BOJIOPOJ

C KATAJIM3ATOP CaPdZn/CeO,

A. C. Mamuk*, 1. @. 3aman’, A. A. An-3axpann, M. A. Jlayc, X. Unpuc, JI. A. Ilerpos

Jlenapmamenm no undicenepra xumust u mamepuanosnanue, Unoicenepen gpaxynmem,
Yuusepcumem ,, Kpan A60oynasuc*, n.x. 80204, 21589 [xceoa, Cayoumcka Apabus

Ioctenuna Ha 2 ¢pepyapu 2018 r.; Ilpepabotena Ha 23 mapt 2018 .

(Pesrome)

B Hactosmata pabora ca npencraBenu pesynrata oT DRIFTS m3cnensane Ha MexaHu3Ma Ha CHHTE3 Ha METaHOJ OT

CO; u H, Bbpxy karamusarop CaPdZn/CeO,. KaranuzaTopbT NpHTekaBa NPEBB3XOAHH KaTATUTHYHH CBOHCTBA.
CenexruHoctTa Ha npoueca npu 220 °C n nansrane 30 arm. e 100% npu 7.7% xousepcus Ha CO,. M3mepBanusra ¢
DRIFTS ca mposenenu in Situ mpu wamsrase 30 aT™. U ca IPOCIIECHH BbB BPEMETO MPOMEHHTE B KOHIICHTPAIIUHUTE Ha
MOBPXHOCTHUTE MEXKIUHHU CheluHeHus. KaTaau3aTopbT W M3IMOJI3BAHUAT HOCHTEN Ca OXapaKTepPH3MPaHU C METoJa
BET, xemocopo6iust Ha CO, TIIJ] Ha CO,, peHTreHOCTpYyKTYypeH aHann3 1 TEM ¢ BHCOKa pa3fenuTeTHa CIIOCOOHOCT.
YcranoBeHo e hopMHupaHeTo Ha MOHO- U OujeHTanTHH popmuat, CH,O 1 CH30, koero coun e cuHTE3a HA METaHOI
npotuya npe3 GopmupaneTo Ha Gopmuartu. [IpeasioxkeH e U BEpOsSTEH MEXaHU3bM Ha Mpolieca Ha CMHTE3 Ha METaHOII
ot CO, 1 BOIOpOA.
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This study is aimed to investigate the catalytic activity of freshly prepared gold catalysts supported on three metal
oxide supports CeQ,, ZrO, and mechanically mixed CeO,+ZrO, (DOS) for the CO oxidation under atmospheric
pressure. The catalytic activity of both Au/CeO, and Au/DOS were nearly the same and far higher than that of an
Au/ZrO, sample. The higher catalytic activity of both the Au/CeO, and Au/DOS catalysts is attributed to the presence of
Au* and Ce™ ions as well as to enhanced CeO, oxygen mobility in the presence of ZrO..

Key words: gold catalyst, ionic gold, ceria, CO oxidation.

INTRODUCTION

Traditionally, gold was considered one of the
most stable metals [1]. In 1987, Haruta et.al found
that gold nanoparticles have high catalytic activity
for the CO oxidation, and overturned the conven-
tional paradigm about the gold [2,3]. Currently gold
catalysts has become one of the most studied
catalysts, due to their high activity in many
oxidation reactions at low temperatures [4]. This
allows reduction of energy costs in the industry and
offers low-cost solutions of many global environ-
mental issues [5-9]. Additionally, the gold catalysts
exhibit unusual selectivity in many important reac-
tions [10,11]. Further, it is also cost-effective to use
the gold catalysts for the industries [4,12].

It has been widely accepted that the performance
of the gold catalysts depend on the size distribution
of the gold particles, gold-support interaction and on
the electronic properties of both gold and support [1,
4, 13-18]. Also, many other parameters such as
nature of the support [3,19-21], preparation method
[1,22,23], calcination conditions [24-28], as well as
the pH [29] and the precipitating agent [30, 31] have
strong influence on the catalytic behavior of the
gold catalysts.

CO oxidation is one of the most widely studied
fields of application of the gold catalysts [32-36]
because of many important applications for this
reaction at low temperature, such as gas sensors
[37], carbon monoxide laser [30] and air purification
[38], etc. Among the catalyst supports, ceria is one
of the most widely studied carriers for gold
catalysts, due to its ability to maintain high Au

* To whom all correspondence should be sent
E-mail: amsali@kau.edu.sa
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dispersion. In addition, stabilized cationic Au
species on the CeO, surface, and ceria redox
property to exchange the available oxygen are very
useful to produce a strong promoting effect on gold
oxidation state [39-42]. Further, the catalytic
performance of Au/CeO, can be improved by
several methods such as doping with other metals,
nano-crystallisation and mixing with other metal
oxides [39,40,43]. Among these, mixing ceria with
other metal oxides is found to be beneficial for the
enhanced catalytic activity of gold catalysts. For
example, the catalytic performance of Au/CeO,-
Co50, in the CO oxidation has been reported to be
much higher than that of Au/CeO, [44]. Zirconia is
another interesting metal oxide to mix with CeO,,
because it can retard ceria degradation, improve the
redox property of the latter, and preserve the oxygen
defects in the metal oxide structure [45].

Based on available literature and as per author’s
best knowledge, none of the study results have been
reported on the possible catalytic activity of gold
catalysts supported on a mixture of two metal oxides
(CeO, and ZrO,) and/or their comparison to each
metal oxide as support during CO oxidation.

Therefore, the aim of this study is to investigate
the impact of support type and the possible role of
ionic gold during CO oxidation on the gold catalyst.

EXPERIMENTAL
Catalyst preparation

Precisely calculated 10 g of each pure CeO,
(Rhodia) and pure ZrO, (Rhodia) or 10 g DOS
[CeO, : ZrO, = 3:1] were mechanically mixed in a
Power Sonic instrument. Well-dried support at 120
°C was further used in a Mettler Toledo Labmax
reactor for gold deposition. 13.5 cm® of 0.1M KOH

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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and 3.86 cm® of deionised water (DIW) for each
gram of the support were added to the reactor.
Under controlled temperature (60 °C) and pH of 8.5,
HAuCI,.3H,0 was used as the gold precursor. The
system was aged for 1 h at 60 °C and 180 rpm. The
freshly prepared sludge was rinsed multiple times
with lukewarm DIW under vacuum to remove any
chloride ions. Details on six different freshly
prepared catalysts are enlisted Table 1.

Catalytic activity testing

The catalytic activity studies were performed in a
PID Microactivity Reference reactor system. The
CO oxidation was carried out in a 4-mm-ID quartz
reactor charged with 0.5 g of catalyst at 12000
GHSV under different temperatures. Gaseous flow
rates were controlled by Bronkhorst mass flow
controllers. A ramping rate of 10 °C/min was used
to increase the reaction temperature. The catalytic
activity at a particular temperature was measured
under steady state temperature regime throughout
the catalytic experiment by applying PID Micro-
activity Reference software. The concentrations of
both CO and CO, reaction products were monitored
by employing an online Agilent 7890A gas chroma-
tography instrument. A GC ChemStation” B.04.03
(54) was applied to analyse and process the reaction
data obtained by using HayeSep Q (8 ft) columns
and N, as carrier gas. In addition, all the catalysts
were tested twice to check reproducibility under set
parameters of the PID Microactivity reference
reactor.

Catalyst characterisation

Catalyst surface area was measured by means of
Quantachrome Nova 2000 under standard operating
conditions (see Table 1).

The XPS method was applied to identify the
possible oxidation states of each element by using
multi-technique surface analysis system (SPECS
GmbH, Germany). The sample was irradiated with
13.5 kV under electron take-off-angle perpendicular
to the sample surface plane. The charge correction
was performed by sing Cls line (284.6 eV). A

Table 1. Summary of the prepared catalysts

SPECS XR-50 with Mg-Ka was used as an X-ray
source.

XRD analysis was conducted by Equinox system
Inel CPS 180 powder diffractometer. X-ray dif-
fraction patterns were obtained from CoKa under 30
kV and 30 mA. Both COD and ICCD databases
were used to identify existing phases.

RESULTS AND DISCUSSION
Catalytic activity results

The catalytic activity of three samples of CeO,,
ZrO,, and DOS supports is shown in Fig. 1. Up to
175 °C, all the studied supports showed practically
negligible catalytic activity. However, in the tempe-
rature range of 175 to 250 °C, the catalytic activity
of both ceria and DOS started to increase, whereas
the catalytic activity of zirconia did not show any
significant change. Up to 250 °C, the CO conver-
sions over both CeO, and DOS were ~7%, whereas,
at temperatures up to 250 °C, the zirconia sample
manifested only ~3% CO conversion. In the tempe-
rature range of 250-300 °C, the CO conversion over
the three supports reached almost 85% and remained
almost stable upon further temperature rise. In
general, the catalytic activities of both ceria and
DOS were almost the same and were higher that of
zirconia.

100

80 g
c /
2 i
£ 60 DOS -e-Ce02 -+ Zr02 #
: /
o
o g
E I

20

_____ 4
0 P T £

25 75 125 175 225 275 325 375 425
Temperature °C

Fig. 1. Catalytic activity of the gold catalysts supports:
DOS, CeO,, and ZrO,.

Surface area

Catalyst Composition Notation

Gold particle size

Gold dominant

(m?g™h) (nm) oxidation state
100% CeO, CeO, 131.1 - -
100% ZrO, Zr0, 80 - -
75% CeO, + 25% ZrO, DOS 118.9 - -
1% Au-CeO, Au/Ce0O, 132 ~51 AW, Au*t
1% Au-ZrO, Au/ZrO, 80.3 ~45 AW, Autt
1% Au-Ce0,-Zr0, Au/DOS 120.1 ~40 AW, Autt, AUt
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CO conversions on three gold catalysts Au/DOS,
Au/Ce0O,, and Au/ZrO, are shown in Fig. 2. The
gold catalysts are much more active in comparison
with used metal oxide supports. In addition, catalyst
carrier nature plays a crucial role to catalytic acti-
vity of the supported gold catalysts. In the case of
Au/ZrO, catalyst, the conversion of CO was signi-
ficantly increased. A maximum conversion was
obtained above 150 °C. The Au/CeO, catalyst exhi-
bited a much higher activity as to that of the
AU/ZrO, catalyst.

The Au/DOS catalyst had almost similar cata-
Iytic activity with regard to the Au/CeO, catalyst.
This is an indication that the addition of zirconia to
the catalyst support slightly improves the catalytic
activity of Au/DOS. In general, Au/DOS showed a
maximum CO conversion at 150 °C.

100

80

60 / -= AWDOS

% Conversion

-a- Au /Ce02

40
o= AWZro2

0 50 100 150 200 250

Temperature *C

Fig. 2. Catalytic activity of the gold catalysts: Au/DOS,
Au/Ce0, and Au/ZrO,.

XPS study

A detailed comparison of the overlay Au 4f XPS
spectra of the Au/CeO,, Au/ZrO,, and Au/DOS
catalysts is shown in Fig. 3. The binding energy

A

N

S <

(¢

Intensity (a.u)

|~

925 915 905 895 885 875
Binding Energy (eV)

—Ce02
—Au/Ce02

—DOS
—Au/DOS

(BE) for metallic gold (Au®) is 84.0 eV. While the
oxidized Au species Au** have a BE of 85.5 eV,
Au*® shows a BE of 86.3 eV [46]. Metallic gold
(Au®) and ionic gold (Au*') were the only species
present in all the studied gold catalysts. The binding
energy of the Au®/CeO, and Au’/DOS catalysts was
found to be almost the same. Nevertheless, the
binding energy of the Au/ZrO, catalyst was about
0.4 eV lower than that of the Au/CeO, and Au/DOS
catalysts.

According to the literature [47], it is evident that
the concentration of oxidized gold on the Au/ZrO,
catalyst is lower as to that of the Au/CeO, and
Au/DOS catalysts. Cerium is mainly present as Ce**
in all the gold catalysts. It is well known that ceria
can be partially reduced under X-ray radiation in the
XPS instrument. However, the Ce** ions are formed
also by influence of both gold species and zirconia.
This result confirms that ceria can easily exchange
oxygen with medium, and zirconia can improve the
redox property of ceria, which play a key role in the
CO oxidation.

XRD study

XRD analysis of all the gold catalysts (see Fig.
4) exhibited almost similar patterns as to that of
support. It was found that after thermal treatment in
the preparation procedure zirconia and ceria interact
and form a mixed oxide Cey50Zr5750.. The
amount of the latter oxide is very small. This phase
was registered after 24 h scanning of the sample.
However, the addition of gold does not impart any
significant changes to crystal structure. Therefore,
only the Au oxidation states are the key reasons to
enhance the catalytic activity of the studied gold
catalyst.

—Au/Ce02
—Au/Zro2
—Au/DOS

92 90 88 86 84 82 80
Binding Energy (eV)

Fig. 3: Comparison of overlay XPS spectra: A - Ce 3d in CeO,, DOS, Au/CeQ,, and Au/DOS catalysts;
B - Au 4f for Au/DOS, Au/CeO,, and Au/ZrO, catalysts.
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i Au/DOS

"

AU/ZrO,

Intensity (a.u)

.............

it Au/Ceo,
LJL A A

20 30 40 50 60 70 80
20 (°C)

Fig. 4. XRD comparison of Au/DOS, Au/ZrO,, and
Au/CeO, catalysts.

CONCLUSIONS

All the studied gold catalysts showed a higher
catalytic activity in comparison with applied
support. Both the Au/CeO, and Au/DOS catalysts
exhibited nearly the same catalytic activity for the
CO oxidation at low temperature under atmospheric
pressure, which was much higher than that of
Au/ZrO,. Under similar reaction conditions, the
catalytic activity of the three supports (CeO,, ZrO,,
and DOS) was nearly zero. The higher catalytic
activity of both Au/CeO, and Au/DOS is because of
the presence of ionic gold Au*™ and Ce*™. Zirconia
presence slightly improved ceria redox ability in the
presence of gold. Further, this is helpful in pro-
moting the oxidised gold species, which lead to
enhanced catalytic activity.
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3JIATHU MOHU U KATAJIMTUYHA AKTUBHOCT HA 3JIATHU KATAJIM3ATOPU 3A
OKUCJIEHME HA CO

A. M. Ammm

Jlenapmamenm no unocenepua xumusi u mamepuanu, Huscenepern chaxyimem, Yuusepcumem ,, Kpan A6oynasuc*,
n.x. 80204, /[rxceoa 21589, Kparcmeo Cayoumcka Apabus

Tocrprmna wa 31 stHyapu 2018 r., [Ipepaborena Ha 14 mapt 2018 1.

(Pesrome)

W3cnenBanu ca NpsICHO NPUTOTBEHHU 3JIATHU KAaTaJIM3aTOPH HAHECEHU BBbPXY TpU okcuaHu Hocutelds CeO,, ZrO; u
TsaxHa MexanudHa cmec CeO,+ZrO, (DOS) kato karanu3atopu 3a peakimsara Ha okucieHue Ha CO mpu aTMochepHO
nansirade. Karanutuanata aktuBHOCT Ha o6pasiu ot Au/CeO, u Au/DOS e npuOIM3UTeTIHO paBHA U € 3HAUYUTETHO I10-
BHCOKa OT aKTHBHOCTTA Ha Au/ZrO, kaTamu3aTop. AKTHBHOCTTA HA M3CJCIBAHUTE 3JIATHH KATAIU3aTOPH CE ABJDKU Ha
MPUCHCTBUETO HA 37aTHU Au*! iionn, va Ce* u Ha BucOKaTa MOGHITHOCT Ha KHCJIOPO/Jia B LIEPUEBUS AUOKCHUI.
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Density functional theory (DFT) calculations were performed to generate the potential energy surface of ammonia
decomposition over a Mo3N, cluster by investigating elementary surface reaction steps of the dehydrogenation pathway
of NHs. Ontop adsorption of NHx (x = 0-3) species over an Mo atom was found to be the most favourable adsorption
arrangement. The rate limiting step for NH; dissociation was the abstraction of the 2nd hydrogen according to the
following surface elementary reaction (NH,*ad — NH*ad + H*ad) with an activation energy of 41.2 kcal/mol and an
endothermic heat of reaction of 28.05 kcal/mol. The Nitrogen dissociation energy 35.19 kcal/mol over the cluster is

much higher than over the Ru(0001) surface.

Key words: DFT, NH; dissociation, MosN, cluster, adsorption energy, potential energy surface.

INTRODUCTION

Hydrogen is the ideal fuel that can mitigate
environmental problems connected with energy
production, since the water is the only combustion
product. The use of clean hydrogen containing low
(< 10 ppm) concentration of CO as a fuel in proton
exchange membrane fuel cells (PEMFC) is a very
effective way to produce eclectic energy with
efficiency up to 60% [1-3]. The fuel cell generators
are noiseless devices, which have no harmful
emissions generation. The main obstacle for
practical application of hydrogen as a fuel for on
board devices is the very low energy capacity per
unit hydrogen gas volume. Therefore, the hydrogen
storage is a problem of crucial importance for the
future practical use of hydrogen in on board devices.
One of the possible ways to overcome this negative
circumstance is the production of clean hydrogen by
NH; decomposition in on board catalytic reactors.
NH; molecule is the richest for hydrogen molecule.
It contains 17.8 wt.% hydrogen. This means that at
20 °C and 8.6 bar from one m® liquid NH; 108 kg
H, can be produced [4]. The use of liquid NH; as a
hydrogen storage also offers a number of techno-
logical advantages. Because of the fact that obtained
hydrogen does not contain any traces of CO. Thus
the use of NH; for on board preparation of clean
hydrogen is very promising technology. Thermo-
dynamic data shows that at atmospheric pressure
and 400 °C the possible achievable degree of
conversion of NH; is 99.0%. However, in the cata-
Iytic experiments with different types of catalysts

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

obtained degrees of conversion are lower at much
higher temperatures.

Supported Ru is the most active catalyst [5], but
Ru scarce availability in nature and very high price
make it not suitable for wide applications. The
decomposition catalysts have different chemical
nature i.e. metals from Group VIII (Fe, [6-9] Co, Ni
[10-13], Ru [13-20] or supported on oxides or on
MWCNTSs, metal carbides and nitrides like MoNXx,
VCx, MoCx, VNXx, etc. Therefore, it is of great
importance to receive information about some of the
elementary steps of the mechanism of this reaction.
NH; decomposition is a reversible endothermic
reaction given by the following equation:

NH; = 0.5 N, + 1.5 H, [AHr = +46 kJ/mol]

Recently, the reaction of NH3; decomposition has
attracted much attention. Several studies have been
reported results from ammonia dissociation studies
on different catalyst surfaces using DFT approach
[22-28]. Interestingly, no DFT work is reported for
Mo,N based catalysts.

This paper presents the results of DFT study of
the ammonia dissociation mechanism on a simple
MosN, cluster. This cluster was selected for two
reasons. (i) The MosN, cluster can be used as a
simple model of the Mo,N catalyst surface.
Therefore, by the studying MosN, cluster we can
obtain reliable information about surface reaction
steps and we will be able to determine the potential
energy surface (PES) for this dissociation reaction.
(i) The use MosN, cluster leads to substantial
reduction of the computational cost.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 201
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CALCULATION PROCEDURE

The DMol3 module of Material Studio (version
7.0) from Accelrys Inc. (San Diego, CA, USA) was
used to perform the DFT calculations. Accordingly,
the electronic wave functions are expanded in
numerical atomic basis sets defined on an atomic-
centered spherical polar mesh. The double-nume-
rical 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 cutoff radius of 4.9 A, allowing for efficient
calculations without loss of accuracy. The Kohn-
Sham equations [29] were solved by a self-consist-
ent field procedure using PW91 functional with
GGA for exchange correlation [30-32]. 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.
The optimization convergence thresholds for energy
change, maximum force and maximum displace-
ment between the optimization cycles were 0.00001
Ha, 0.002 Ha/A and 0.005 A, respectively. The k-
point set of (1x1x1) was used for all calculations.
The activation energy of interaction between two
surface species was identified by complete linear
synchronous transit and quadratic synchronous
transit search methods [33] followed by TS confir-
mation through the nudge elastic band method [34].
Spin polarization was imposed in all the calcula-
tions. The adsorption energy of an element (i.e.
molecule or atom) was found according to the
following formula:

Ead = 1/n [Eslab+element - {Eempty slab + Eelement}],

where n is the number of adsorbed species.

MozN, CLUSTER FORMATION

The MosN, cluster, comprising of five atoms, is
depicted in Fig. 1, where Mo atoms are indexed as
Mo, Mo and Mo, and nitrogen atoms as N
and N). The cluster structure was optimized using
geometric optimization imposing no constraints on
atomic position. After geometric optimization the
cluster atomic position was fixed to investigate NH;
decomposition. The optimised distance between
MO(l)—MO(z) is 2.236 A, MO(]_)—MO(3) 1s 2.753 A,
MO(z)*MO(g) s 2.842 A, MO(l)*N(A,) 1s 2.042 A, and
MO(l)—N(5) is 2.042 A. The angle, L MO(]_)—N(4)—MO(2)
is 66.95°, 2 MO(l)—N(4)—MO(3) is 88.36°, £ MO(z)—
N(4)*M0(3) 18 92.26°, £ MO(l)*N(4)*MO(2) 18 66.57°, £
MO(l)*N(4)*M0(3) is 88.37°, £ MO(Q)*N(5)*MO(3) is
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92.28°. The reaction sequence investigated on
MosN, cluster is as follows:

NHz*ad — NH,*ad + H*ad Q)
NH*ad — NH*ad + H*ad (2
NH*ad — N*ad + H*ad 3

Also the nitrogen molecule decomposition over
the cluster was investigated

N,*ad — N*ad + N*ad. (4)

N

Fig. 1. The optimized MosN, cluster structure with atom
indexing.

AMMONIA (NH;) ADSORPTION ON THE
CLUSTER

Ammonia molecule was placed on the three
different Mo atoms of the cluster (indexed as 1, 2, 3)
to seek the preferred adsorption position or the
minimum energy configuration (Fig. 2). It was found
that NH; was absorbed on-top position over Mo
atom. The adsorption energy on different Mo atoms
indexing (1), (2) and (3) was —25.35 kcal/mol,
—21.49 kcal/mol, and —20.48 kcal/mol, and the bond
length between Mo, and N atom (of NH;) was 2.33
A, 2.34 A and 2.36 A, respectively. Moy atom is
the preferred adsorption location for the NH; mole-
cule. The adsorption arrangements are shown in Fig.
2. Researchers previously reported the value of NH;
adsorption energy on Ni (110) surface of 20.75
kcal/mol [35], 17.29 kcal/mol on Ni (111) surface
[36], 15.78 kcal/mol on Co (111) surface [36] and
on an Fe cluster 8.83 kcal/mol [37]. So NH3 is more
strongly adsorbed on the Mo3N; cluster compared to
other potential NH; decomposition catalyst surfaces.
Table 1 shows the charge distribution on the cluster
atoms and on the N atom of NH, (x = 1-3) species
prior to and after being adsorbed on the cluster.
After adsorbing NH; on the cluster at the Mo ;) atom
there was a decrease in positive charge on Mo, ,, 3)
atom of the cluster, and the negative charge on the
N@ and N atoms decreased compared to the
empty cluster. The negative charge on the N atom of
NH; increased upon adsorption. Clearly electron
transferred from the Ng) and Ny atoms (of the
cluster) to the nitrogen atom (NH; species) and Mo
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atoms of the cluster during the surface bond forma-
tion.

FIRST HYDROGEN ATOM ABSTRACTION
FROM AMMONIA

The abstraction of the 1st hydrogen (Fig. 2) was
investigated according to the elementary surface
reaction NHz*ad — NH,*ad + H*ad. NH; adsorbed
on Moy atom was taken as the reactant confi-
guration as it has the lowest energy configuration.
The NH, species was adsorbed on Mo, atom. Pre-
ferred hydrogen co-adsorption location was inves-
tigated on Mo and Mog and Ny atom. The
[NH,*ad + H*ad] configuration had the lowest
energy configuration when NH, species was ad-
sorbed on Mo, and the H atom adsorbed on Mo,
with an adsorption energy of —77.70 kcal/mol. The
distance between Moy, and N of NH, species is
2.007 A and Mo, and H is 1.791 A. A very similar
adsorption energy, —77.41 kcal/mol, was found when
the H atom was adsorbed on Mo,. The distance
between Mogy and N of NH, species is 2.07 A and
Moy and the H is 1.787 A. The H atom is adsorbed
on Ny atom showed the largest adsorption energy

NH; on Moy, of MosN; cluster

NH; on Moy, of MosN, cluster

among the three arrangements, —70.99 kcal/mol, and
is least favourable. The transition state search was
performed for the first two arrangements. Fig. 2
shows the adsorption configuration and adsorption
energies and atomic distances.

The activation barrier for the product arrange-
ment NH, on Mo, and H on Mo was found to be
18.41 kcal/mol with an exothermic heat of reaction
of —16.47 kcal/mol. The activation barrier for the
product arrangement NH, on Moy and H on Mo,
was found to be 18.19 kcal/mol with an exothermic
heat of reaction of —15.88 kcal/mol. The energy
difference is very small but for the 2nd arrangement
where the H atom is adsorbed on Moy, less acti-
vation energy is required. Hence it is a much more
favourable dissociation path for the 1st H ab-
straction. The activation barrier of the 1st hydrogen
abstraction on Ni (110) surface it is 22.14 kcal/mol
[35], on Co (111) surface it is 23.29 kcal/mol [36],
on an Fe cluster it is 34.13 kcal/mol [37] and on Pt
(111) surface 26.76 kcal/mol [38]. The MozN,
cluster is more reactive towards first hydrogen
abstraction compared to other active catalysts for
ammonia dissociation, which is an important char-
acteristic of the MosN; cluster.

NH3 on Moy, of MosN; cluster

E.q = -25.35 kcal/mol
dMo(l) N~ 2.33 A

E.q = -21.49 kcal/mol
dMo(l)— N = 2.34 A

E.q = -20.48 kcal/mol
dMo(l)— N = 2.36 A

NH; on Mo, and H atom on Mo, of  NH; on Mo, and H atom on Mo of  NH, on Mo,y and H atom on N4, of
MozN, cluster

MosN, cluster

E.q = -77.41 kcal/mol
dMo(l) N 2.007 A
dMo(Z) _H™ 1.787 A

E.q =-77.71 kcal/mol
dMO(l) N T 2.007 A
dMo(Z)—H =1.791 A

MozN, cluster

“A

E.q =-70.99 kcal/mol
dMo(l) NT 2.020 A
dMo(Z) -H™ 1.029 A

Fig. 2. Reactant and product configuration, adsorption energies and atomic distance for 1st hydrogen abstraction
from NH; over MosN..

203



S. F. Zaman: A DFT study of ammonia dissociation over MosN, cluster

NH, ADSORPTION ENERGY

The NH, species was strongly adsorbed ontop of
the Mo, atom of MosN, cluster (Fig. 3), compared
to NH; molecule, with an adsorption energy of
—92.33 kcal/mol. The distance between Mo and N
(NH; species) is 2.022 A. A bridge adsorption mode
of NH,, where the N atom (of NH, species) was
bound to Moy and Mo, has adsorption energy of
—80.11 kcal/mol, which is much less than on-top
adsorption mode. NH, species prefer a bridge posi-
tion having an adsorption energy of —73.33 kcal/mol
on Ni (110) surface [35], on Fe(110) surface adsorp-
tion energy is —73.10 kcal/mol [38], on Co (111)
surface adsorption energy is —63.78 kcal/mol [36]
and on Ni (111) surface adsorption energy is —62.95
kcal/mol [36]. NH, species is more strongly bound
to the Mo;N, surface. The charge distribution over
the cluster atoms and NH, species are reported in
Table 1. There is an increase in positive charge over
the Mo atoms suggesting electron transfer from the
Mo atoms of the cluster for the surface bond for-
mation which is confirmed by the increase in

NH, on Mo, of MosN;
cluster

Mo, of Mo3N, cluster

E.q = -92.33 kcal/mol
dMo(l) SNT 2.022 A

E.q4 = -81.35 kcal/mol
dMo(l)—N =1.818 A
dMo(Z) _H™ 1.775 A

NH on Mo of Mo3N,
cluster

N on Mo and H atom on
Moy, of MogN, cluster

‘;7»
E.q = -105.91 kcal/mol
dMo(l)—N =1.828 A

E.q = -82.40 kcal/mol
dMo(l) SN~ 1.728 A
dMo(2) “H™ 1.766 A

negative charge on the N atom (of NH; species).
The charge on the cluster N atoms undergoes a
small increase in negative charge compared to the
empty cluster.

Table 1. Mulliken atomic charge over the atoms in the
MosN, cluster and the adsorbed species during ammonia
decomposition.

Atom (index) Empty Adsorbed  Adsorbed Adsorbed
in the cluster Cluster NH; on NH, on NH on
and adsorbed €] Mo, Mo, Mo,
species [e] [e] [e]
Mo (1) 0.585 0.447 0.783 0.858
Mo (2) 0.420 0.355 0.442 0.486
Mo (3) 0.585 0.528 0.656 0.655
N (4) -0.711 -0.717 -0.729 -0.728
N (5) -0.711 -0.571 -0.730 -0.728
N (Adsorbed
NH, species - -0.571 -0.786 -0.701
on Cluster)
N (Free NH, 0430 0331  -0.167
Species)

E.q = -81.95 kcal/mol

E.q = -83.14 kcal/mol

NH on Moy and H atom on NH on Mo;) and H atom on NH on Moy and H atom on N
Mo, of MozN, cluster

of MosN, cluster

4

E.q = -78.77 kcal/mol
dMo(l)— N = 1.830 A
dMo(Z)— H™ 1.028 A

dMo(l) N~ 1.820 A
dMo(Z) “H™ 1.787 A

N on Mo;y and H atom on N on Moy and H atom on N4 of
Mo, of MogN, cluster

MosN, cluster

&

V4R

E.q = -81.60 kcal/mol
dMo(l)— N~ 1.772 A
dMo(z)- H™ 1.029 A

dMo(l) N~ 1.723 A
dMo(Z) “H™ 1.749 A

Fig. 3. Reactant and product configuration, adsorption energies and atomic distance for 2nd and 3rd hydrogen
abstraction fromNH; over MosN,.
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SECOND HYDROGEN ATOM ABSTRACTION

The abstraction of the 2nd hydrogen was inves-
tigated according to the elementary surface reaction
NH,*ad — NH*ad + H*ad. NH* species adsorbed
on the Mo;) atom was taken as the reactant confi-
guration (Fig. 3). For the product configuration,
three different surface arrangement were investi-
gated with NH species on Moy and H on three
different positions, Mo), Mog and Ny atom. The
binding energies are -95.98 kcal/mol, 81.95
kcal/mol and —78.78 kcal/mol, respectively. Hence
NH species on Mo, and H atom on Moy, is ener-
getically the most favourable product configuration
where the atomic distance between Moy and N (NH
species) is 1.818 A and between Moy and H atom is
1.775 A. Fig. 3 shows the adsorption configuration
and adsorption energies and atomic distances. A
transition state search found that the dissociation
energy barrier is 41.20 kcal/mol with an endo-
thermic reaction energy of 28.08 kcal/mol. X. Duan
et al. [35] reported an activation barrier of 37.59
kcal/mol over Ni(110) plane, over Pt (111) surface
the barrier is 36.09 kcal/mol [38], over Co (111)
surface the barrier is 4.84 kcal/mol [36] and over Fe
cluster the barrier 20.75 kcal/mol [37].

NH ADSORPTION ENERGY

The NH species is strongly adsorbed ontop of the
Mo, atom of the MozN, cluster (Fig. 3) compared
to NH; and NH,, with an adsorption energy of
-105.91 kcal/mol. The distance between Moy and N
(NH species) is 1.828 A. A bridge adsorption mode
of NH, where the N atom is bound to Mo, and
Moy, has an adsorption energy of -94.79 kcal/mol,
which is much less than the on-top adsorption mode.
The NH species prefer a bridge position having an
adsorption energy of —91.08 kcal/mol on Ni(110)
[35], on Co(111) surface, the hcp location has
adsorption energy of -106.76 kcal/mol [36] and on
Ni(111) surface, the fcc location has adsorption
energy of —105.38 kcal/mol [36]. There is an
increase in positive charge over the cluster Mo
atoms, especially on the Mo;) and Mo, suggesting
the electron transfer from the Mo atoms of the
cluster for the surface bond formation with NH
species, which is confirmed by the increase in
negative charge on the N atom (of NH species). The
charge on the cluster N atoms undergoes small
increase in negative charge.

THIRD HYDROGEN ATOM ABSTRACTION

The abstraction of the 3rd hydrogen atom from
NH; was investigated according to the elementary
surface reaction NH*ad — N*ad + H*ad (Fig. 3).

The NH species adsorbed on the Mo, atom was
taken as the reactant configuration. For the product
configuration three different surface arrangements
were investigated with N species on Mo,y and H on
three different positions, Mo, Mo and N,y atom
with binding energy —82.40 kcal/mol, —83.14
kcal/mol and —77.41 kcal/mol, respectively. Hence
the N species on Mo, and the H atom on Moy, is
energetically the most favourable product configu-
ration where the atomic distance between Mo, and
N (NH species) is 1.723 A and Moy and H is 1.749
A. Fig. 3 shows the adsorption configuration, ad-
sorption energies and atomic distances. A transition
state search found that the dissociation energy
barrier is 33.89 kcal/mol with the endothermic
reaction energy of 28.38 kcal/mol. Duan X. et al.
[35] reported an activation barrier 20.52 kcal/mol
over Ni(110) plane, over Pt(111) surface the barrier
is 34.42 kcal/mol [38], over Co(111) surface the
barrier is 24.44 kcal/mol [36] and over Fe cluster
7.84 kcal/mol [37]. Charges on atoms of the cluster
and on the adsorbed molecules are tabulated in
Table 1.

POTENTIAL ENERGY SURFACE OF NH,
DISSOCIATION

The activation barrier and reaction energies of
the surface elementary reactions of ammonia
decomposition for the MosN, cluster and some other
potential surfaces are tabulated in Table 2 and the
potential energy surface on the MosN, cluster is
depicted in Fig. 4, taking free MozN, cluster and
free NH; molecule as the zero energy reference.
Only the 1st hydrogen abstraction step is exothermic
(-15.88 kcal/mol) and the other two are highly
endothermic (28.05 and 28.35 kcal/mol for the 2nd
and 3rd abstraction respectively), make the overall
hydrogen abstraction process highly endothermic
(15.12 kcal/mol). The activation barrier has the
highest value for the 2nd hydrogen abstraction step
(NH,*ad — NH*ad + H*ad), 41.2 kcal/mol (172.21
kJ/mol), and this is the rate limiting step for NH;
dissociation over MosN, cluster. Offermans et al.
[38] also reported the 2nd hydrogen abstraction as
the rate limiting step for Pt (111) surface and also
found the same rate limiting step was reported by
Duan et al. [36] for Ni (110) and by Mhadeshwar et
al. [39] over Ru (0001) plane. Lanzania [37]
reported the 1st hydrogen abstraction as the rate
limiting step for NH; dissociation on nanosized iron
cluster and Duan et al. [36] reported the 3rd
hydrogen abstraction step as the rate limiting step.
MosN, cluster resembles Pt (111), Ru (0001) and Ni
(111) plane regarding the rate-limiting step.
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E,=28.05
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H

2nd H abstraction

15t H abstraction

Fig. 4. Potential energy surface of ammonia dissociation over Mo3N2 cluster.

Table 2. Activation and reaction energies of hydrogen abstraction step for ammonia dissociation

MosN, cluster Pt(111) [38] Ni(110) [35] Fe cluster [37] Co(111) [36]
Elementary Activation Reaction Activation Reaction Activation Reaction Activation Reaction Activation Reaction
reaction energy  energy  energy  energy  energy  energy  energy  energy  energy  energy

(AER) (AER) (AEn) (AER) (AE,) (AER) (AEa) (AER) (AEa) (AER)
[kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol]

NHi_';*NH; 182  -1647 2677 1625 2214  -576 3413 277 2329  -3.23
NH," ;’*NH* * 412 2808 3609 215 3759 1245 2076 853 484  -10.15
NH’ o N+ 338 2838 3442 1888 2052 668 784  -876 2444 231
N, N"+N" 35.19 22.44 X X 38.74 0.59 X X 42.89 14.30

N atom adsorption on Moy, N, adsorption on Moy,

Dissociative adsorption of N, Transition State

Ea = -106.35 kcal/mol Ea = -19.75 kcal/mol Ea =-103.17 kcal/mol
dMo(l) SNT 1.70 A dMo(l) SNT 1.24 A dMo(l) INT 1.73 A

Fig, 5. Nitrogen adsorption and dissociation over MosN, cluster.

AEa = 35.19 kcal/mol
AEr =49.31 kcal/mol
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NITROGEN ADSORPTION AND
DISSOCIATION

Fig. 5 depicts the adsorption and dissociation of
the nitrogen molecule. Atomic adsorption of the N
atom on the Mo, atom of the cluster is —106.35
kcal/mol and when two N atoms adsorb on two
different Mo atoms, Mo, and Moy, the adsorption
energy is —103.73 kcal/mol, showing a small
decrease due to interaction effects. The N, molecule
adsorbed on the Moy atom making a bond with two
N atoms has an adsorption energy of —19.75
kcal/mol. The molecular nitrogen dissociation
energy has an activation barrier of 35.19 kcal/mol
and an endothermic reaction energy of 49 kcal/mol.
The dissociation barrier of the N, molecule is 38.78
kcal/mol on Ni (110) surface [35], 43.82 kcal/mol
on terraces of Ru (0001) surface [40], and 9.42
kcal/mol on steps of Ru(0001) [40] and 9.42
kcal/mol on V(110) surface [41]. Nitrogen disso-
ciation is much more difficult on the MosN, cluster
compared to the other promising catalyst surfaces,
which suggests that the ammonia decomposition
follows the Tamaru mechanism over the MosN,
cluster, where ammonia activation and nitrogen
desorption are rate limiting, similar to VN catalysts
reported by Oyama et al. [42].

CONCLUSIONS

A DFT study was employed to determine the
adsorption energy of NH, (x = 1-3) and the
transition state and the activation barrier of NH;
dehydrogenation and N, dissociation over the
MosN, cluster. The results of calculations have
shown that On-top adsorption configuration was the
preferred adsorption arrangement for NH, species
over an Mo atom. The rate-limiting step for NH;
decomposition is the second hydrogen abstraction
step according to the following surface elementary
reaction (NH,*ad — NH*ad + H*ad) having an
activation energy of 41.2 kcal/mol with an endo-
thermic heat of reaction of 28.05 kcal/mol. Nitrogen
dissociation has a barrier of 35.19 kcal/mol on the
MosN,, which is much higher than on Ru and V
catalysts.
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N3CJIEJABAHE C T®IT HA JUCOLMALIMATA HA AMOHSK BbPXY KIITBCTEP MosN,

III. &. 3aman

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

IMocrernuna Ha: 5 ¢pepyapu 2018 r.; IIpepaborena Ha: 4 mapt 2018 T.
(Pestome)

C meroga Ha TOIl e m3cnenBaH MexaHW3Ma Ha Tpolleca Ha paszjiaraHe Ha aMoHsAK BBPXYy MosN, KibCTep.
MogenupaHu ca eleMeHTapHUTE CTaJUK Ha MOBBPXHOCTHHUTE peakiuu ciien aacopouus va NHy (X = 0-3) wacTuiu “on-
top” Bepxy Mo aromu. Ta3u koH(UTYypalus Ha TOBBPXHOCTHUTE aKTHBHH KOMIUIEKCH € €HEPTHTHYHO HaW-H3TOJHA.
CKOpOCT ONpeeNsIusT CTaauil Ha pasiaradetro Ha amonsika (NH,*ad — NH*ad + H*ad) e ¢ akruBupaia eneprus ot
41.2 kcal/mol u engorepmuuna torumHa Ha craaus 28.1 kcal/mol. Exeprusita Ha qucouusiius Ha ajcopoupanus Nj e
35.19 kcal/mol u e 3HauuTENHO MO-BUCOKA OT Ta3u Ha N, agcopbupan Ha Ru(0001).
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Rapid synthesis of (3-bromopropyl)triphenylphosphonium bromide or iodide
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A novel rapid method for the preparation of (3-bromopropyl)triphenylphosphonium bromide was developed. The
synthesis was accomplished by microwave irradiation of 1,3-dibromopropane with triphenylphosphine at a ratio of 1:1
for 2 minutes in xylene or toluene or without any solvent. The target compound was isolated in good yield (81-93%)

and high purity.

Key words: 1,3-dibromopropane, triphenylphosphine, (3-bromopropyl)triphenylphosphonium bromide, (3-bromo-
propyl)triphenylphosphonium iodide, solvent effect; microwave irradiation.

INTRODUCTION

(3-Bromopropyl)triphenylphosphonium bromide
is a useful compound which can be applied as novel
insoluble bactericidal ceramisite filler [1]. Its anti-
bacterial activity is used against heterotrophic bac-
teria in simulated industrial recirculation water. After
regenerating, the reused bactericide ceramisite could
still purify contaminated water [1]. Agueous solu-
tions of bromoalkyltriphenylphosphonium bromides
react with zero-valent metals, causing their dissolu-
tion [2]. The reaction initially follows second-order
kinetics, with the rate depending on both metal and
bromide concen-trations. Zero-valent metals similarly
react with aqueous methylmercuric acetate and other
dissolved organo-metals [2]. Positive ion fast atom
bombard-ment (FAB) mass spectra were reported
[3] for a representative series of mono- and bis-
phosphonium halides derived from triphenylphos-
phine. The use of laser micro-probe mass spectro-
metry (LMMS) for structural characterization of
thermolabile quaternary phosphonium salts has been
evaluated [4]. From 793 screening compounds with
evaluable data, 158 were found, including (3-bro-
mopropyl)triphenylphosphonium, bromide to have
significant inhibitory effects on ovarian cancer
stem-like cells (CSC) [5].

In a paper were reported the synthesis and struct-
ural characterization of a new family of stable
R3P*(CH2)nS,03— (R = Ph or Bu, n = 3, 4, 6, 8 or
10), which behave as cationic masked thiolate
ligands with application to the functionalisation of
gold nanoparticles having potential as new dia-
gnostic bio-recognition systems [6]. The hexaflu-

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

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

orophosphate salt of the (3-bromopropyDtriphenyl-
phosphonium compound was synthesized by Guarr
etal. [7].

In this paper we report a rapid (only for 2 min)
method for the preparation of (3-bromopropyl)tri-
phenylphosphonium bromide by microwave irra-
diation. The conversion of bromide salt into iodide
salt was performed in water that is the most popular
green solvent [8].

EXPERIMENTAL
Materials

Unless otherwise stated, all reagents and solvents
used in the synthesis and analysis were obtained
from Sigma-Aldrich (St. Louis, MO, USA), Alfa-
Aesar (Haverhill, MA, USA) as commercial
products of analytical grade and applied without
further purification.

Instrumentation

NMR spectra were recorded on a Bruker Avance
11 500 MHz instrument (Rheinstetten, Germany)
using CDCl; at 25 °C. () are reported in ppm and
referenced directly to the chemical shift of the TMS
peak. Chemical shift of *'P signal is not referenced.
Melting point temperatures were determined on a
Kofler bench apparatus (DDR, Berlin, Germany)
and are uncorrected.

Experimental procedure for the preparation of
(3-bromopropyl)triphenylphosphonium bromide
or iodide

A 100 ml Erlenmeyer flask was charged with
triphenylphosphine 2 (13.10 g, 0.05 mol), 1.3-dibro-
mopropane 1 (5.10 ml, 0.05 mol, ratio of 1:1), and 5
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ml xylene or toluene. The flask content was heated
in MW oven for up to 2 min at 450 W (stop on every
10 s with intervals of 10 s). A vigorous exothermic
reaction was observed. Heating was stopped until
the exothermic reaction ceased. After cooling to
room temperature the reaction mixture was diluted
with 20 ml of acetone and 75 ml of diethyl ether.
The precipitate was filtered and air-dried. Yield:
81-93%, m.p. 226227 °C (lit. m.p. 229230 °C [2]).

The anion of (3-bromopropyl)triphenylphospho-
nium bromidre could readily be exchanged with
iodide. The white precipitate of (3-bromopropyl)tri-
phenylphosphonium bromide (1 g) was dissolved in
5 ml of ethanol and added to 0.012 mol of potas-
sium iodide dissolved in 10 ml of water. The solu-
tion was boiled for 10 minutes with stirring and then
cooled to room temperature. The resulting white
precipitate was filtered and dried in the air. Yield:
80%, m.p. 198-199 °C, no lit. m.p.

'H-NMR (500 MHz, CDCls): 2.19-2.29 (m, 2H,
CH,CH,), 3.87 (dt, 2H, J = 1.3, 6.2 Hz, CH;Br),
4.09-4.15 (m, 2H, CH,P), 7.68-7.76 (m, 6H, PhH),
7.78-7.90 (m, 9H, PhH).

BC-NMR (125 MHz, CDCly): 21.64 (d, 1C, J =
52.5 Hz, PCH,), 26.31 (d, 1C, J = 2.7 Hz, CH,CH,),
33.54 (d, 1C, J = 20.4 Hz, BrCH,), 117.98 (d, 3C, J =
86.4 Hz, PhC), 130.59 (d, 6C, J = 12.6 Hz, PhCH),
133.72 (d, 6C, J = 10.0 Hz, PhCH), 135.21 (d, 3C, J =
3.1 Hz, PhCH) [9]

$Ip_NMR (202 MHz, CDCl5): 24.20 (s, 1P).

ESI+: m/z 384.055 (M+H, calculated 384.064),
386.034 (M+H, calculated 386.062)

RESULTS AND DISCUSSION

Usually  (3-bromopropyl)triphenylphosphonium
bromide has been prepared in solvents as xylene or
toluene from equimolar quantities of 1,3-dibromo-
propane and triphenylphosphine for 20 h heating in
yield up to 90% [10—-12]. Another synthetic pathway
involves reaction of triphenylphosphine with halo-
genoalcohols and subsequent replacement of the OH

. . P@ MW, 450 W
I- r
SN 1 minute A

1 2 Br

in alcohols by a halogen [6]. An attempt has been
made to develop a green synthesis process. In
PEG200/400, which recently have been confirmed
as eco-friendly solvents [13], a mixture was obtained
from mono- and bis-phosphonium salts. Probably
this is due to PEG200/400 polarity. The same was
obtained in another green solvent — ethyl L-lactate
[14]. We found that this compound could be obtained
with xylene (toluene) or without any solvent only
for up to 2 min heating the reaction mixture in MW
oven at 450 W (Scheme 1). The best yield of (3-
bromopropyDtriphenylphosphonium was obtained
in xylene and toluene corresponding to the similar
dH evap [kJ/mol] of both solvents, 33.3 for toluene
and 36.2 for xylene, irrespective of their different
boiling points. The temperature obtained using micro-
waves depends on the dielectric constant of the
reagent [15]. Microwave irradiation not only affords
better yield (81-93%) than conventional heating, but
even leads to acquiring a product of higher purity.
Our method is much more rapid than most of the
available procedures and greatly simplified as well.
The (3-bromopropyl)triphenylphosphonium bro-
mide was proved by melting point, "H-NMR (Fig. 1),
BC-NMR (Fig. 2), *'P-NMR (Fig. 3) and mass spectra.

CONCLUSIONS

The new method for synthesis of (3-bromo-
propyl)triphenylphosphonium bromide or iodide by
microwave irradiation has been described. The
present procedure has the advantages of short
reaction time (up to 2 minutes), high yields of the
products, small reaction volume, a highly reproduc-
ible approach, a simple experimental work-up pro-
cedure, and easy anion replacement. By preparation
of larger amount of (3-bromopropyl)triphenylphos-
phonium bromide part of the diethyl ether, acetone
and xylene (or toluene) could be regenerated.

Acknowledgment: Thanks are due to Dr. Vlado
Gelev from FB Reagents Ltd for the mass spectrum.

>

Br\A@iP@ KI, water, ethanol Br\/\ﬁiPO

S

Scheme 1. Preparation of 1-(3-bromopropyl)triphenylphosphonium bromide and iodide.
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Fig. 3. !P-NMR spectra of (3-bromopropyl) triphenylphosphonium bromide.
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C. U. Munkoscka™*, H. T. Bypmxues’, A. A. Anexcues’, T. I'. [lenureoprues’

! Hnemumym no kamanus, bvreapcka akademus na naykume, yi. ,,Axao. I'. bonueg™, 6n. 11, 1113 Coghus, bvreapus
2 o P .« ««
@axynmem no xumusi u papmayust, Coguiicku ynusepcumem ,, Ce. Knumenm Oxpudcku “, 6ya. ,, [ocetimc Bayuep 1,
1164 Cogpus, Bvreapus

[ocrermna va 1 mapt 2018 r.; IIpepaborena Ha 4 anpwr 2018 T.
(Pestome)
Pa3paboTen e HOB Obp3 MeTox 3a nonydaBane Ha (3-Opomonponun)rpudenmndochonues 6pomuy. CHHTEIBT ce

n3BbpiuBa upe3 MW obnpuBane Ha 1,3-mubpomipornan ¢ TpudenunpochuH B choTHOIEHHE 1:1 32 2 MUHYTH B KCHJIEH
WJIH TOJTyeH wiu 6e3 pazrBoputei. OCHOBHOTO CheJJMHEHHE ce Toiy4yaBa ¢ 100bp nobus (81—93%) u ¢ Bucoka uncroTa.
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