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precursor, the homogeneous distribution of the catalytic sites and reducibility, which were elucidated
by XRD, NMR, TEM and temperature programed reduction (TPR). Cu-Fe/Al,O3 prepared from
bayerite and pseudoboehmite as highly ordered precursors showed better catalytic performance
compared to Cu-Fe/Al,O3 derived from the amorphous alumina precursor and dawsonite. Homo-
geneous distribution of FexOy and CuOx with defined Cu/Fe molar ratio on the Al,O3 support is
required for the efficient catalytic performance of the material. The study showed a beneficial effect of
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_ o 1. Introduction
published maps and institutional affil-

Volatile organic compounds (VOCs) are classified, together with particulate matter,
NOy, SOy, carbon monoxide and ammonia, as major or primary air pollutants with direct
emission to the atmosphere and subsequent harmful effects [1]. For industrial sources,
where the operating conditions of the treated flue gas streams include relatively low
temperatures, higher flow rates and low pollutant concentrations, abatement with catalytic
oxidation technique is a preferred choice [2,3]. There are two main groups of catalysts for
VOC oxidation reactions: noble metal and non-noble metal catalysts. The former generally
require lower operating temperatures, but their cost, their tendency to poisoning in the
presence of sulphur compounds, and their geographical distribution, are the main reasons
Attribution (CC BY) license (https://  Why the non-noble metals or transition metal oxides come into play [4,5].
creativecommons.org/licenses /by / Bimetallic transition-metal supported catalysts are getting more and more attention as
40/). the synergistic effect with numerous beneficial properties are being discovered in different
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fields of catalysis, when two metals or metal oxides are combined in appropriate ratio [6,7].
Copper oxide is acknowledged as a prosperous catalyst for catalytic oxidation reaction
and its catalytic properties were tested on various supports [8,9]. Our group previously
showed that a catalyst consisting of a disordered mesoporous silica support with high
interparticle mesoporosity (600 m?/g), enables homogeneous dispersion of the active sites
and provides good stability for loaded active transition metals [10]. We found out that the
promotion of catalytic oxidation of toluene as a model VOC was due to the cooperative
redox effect between CuO nanocrystals and finely dispersed Cu-oxo-Fe nanoclusters with
defined Cu/Fe molar ratio required for the synergistic effect. The mentioned Cu-Fe silica
supported catalyst is considered as a promising catalyst for the total oxidation of toluene as
a model VOC in the temperature range from 320 to 380 °C [11]. The simultaneous presence
of Cu*/Cu?* and Fe?* /Fe?* species in the catalyst provides easier oxygen release, essential
for the Mars-van Krevelen mechanism [12,13], widely accepted in the literature for this
type of reaction. The mechanism of oxidation suggests the adsorption of VOC molecule
on the catalyst surface, its oxidation with lattice oxygen following the oxidation of the
reduced catalysts. The process of adsorption of toluene molecules can be affected by the
surface properties of the catalysts. Activity in the total oxidation of VOC is connected
with the interaction of aromatic electrons with metal ions in tetrahedral position, acting
as Lewis acid sites, increasing the possibility of electrophilic attack of adsorbed oxygen
and combustion of toluene molecules [12,13]. Catalysts based on Cu and Fe on alumina or
other supports for oxidation of toluene have been already investigated [9,14-17], focusing
mainly on catalyst performance and metal oxide structure. Copper proved to be the most
active metal among several transition metals (Cr, Co, Mo, Ni, Mn, Fe, Cu) on alumina
support tested, with the optimum concentration being more than 5 wt% and less than
9 wt% [17]. Cu and Mn based catalysts prepared with commercial alumina impregnation
with the corresponding copper and manganese salts, performed better than individual
metal oxides [14] and when Cu and Fe were mixed together, the ratio was best in favor of
copper 4 to 1 [15]. Loading 5 wt% Cu oxide on commercial alumina support showed the
best performance compared to other transition metal oxides [18,19], with the addition of
manganese even improving the catalytic properties [16]. Alumina (Al,O3) is one of the most
commonly used materials in areas such as refractories, ceramics, abrasives, electronics etc.,
as well as in fields such as adsorption or in catalysis [20]. It exists in a variety of different
crystal structures, of which vy, «, 8, and p are the most commonly used. In supported
catalysts, y-Al,O3 support is often described as robust, thermally stable, easy to shape and
offers many favourable surface properties such as high specific surface area (100-400 m?/g),
tendency to disperse the active phase, and acid-base properties [21-23]. These advantages,
together with its moderate price, put alumina high on the list of used catalyst supports.
Under isothermal conditions, the alumina surface consists of very stable OH groups, Lewis
acid sites and acid-base pairs with high polarity. Active species loaded on alumina seem
to distribute well due to surface defects, corners and edges of the support. If additional
species are present during loading, they help to improve catalyst performance [21].
Aluminas are prepared from aluminum precursors (aluminum hydroxides, chlo-
rides, sulfates, dawsonites etc.) by thermal treatment (calcination) above 300 °C [20] and
consequently, their surface properties and morphology depend mainly on their precur-
sor properties [24,25]. Many techniques for the preparation of aluminum precursors are
known [20,21,24]. Further focus is on different aluminas deriving from pseudoboehmite
(also known as microcrystalline boehmite [24]), bayerite, amorphous alumina and daw-
sonite structures. The former is a representative of aluminum oxide hydroxides and is
often used as a catalyst support due to its typically high surface area and pore volume
(>200 m?/ g, >0.4 cm3/ g) [21]. Bayerite or a-Al(OH)j3 is an aluminum hydroxide which
is commercially much less important than gibbsite (y-Al(OH)3) or boehmite (y-AIOOH).
Dawsonite is a naturally occurring mineral composed of aluminum carbonate hydroxide
with the general formula MAICO3(OH), (M = Na, K, NHy, etc.), which can be synthe-
sized to produce synthetic form with the desired alkali metal. According to the literature,
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calcination of dawsonite results in alumina or other oxide compounds with excellent
component dispersion, porosity, thermal stability and catalytic performance for some reac-
tions [26,27]. Bayerite and pseudoboehmite are mainly synthesized with a neutralization
precipitation reaction or a sol-gel process, where pH value, aging time or temperature are
crucial for the production of the desired phase. Sol-gel processes produce very pure mate-
rials when aluminum alkoxides are used as raw materials, but their main disadvantages
are environmental and economic issues. In synthesis with precipitation using aluminum
salt, purity is of paramount importance, as the residues of salts are often trapped in the
bulk material. This can be avoided by careful handling and appropriate synthesis condi-
tions [20,21,24]. Synthetic dawsonite is produced by reaction of aluminum hydroxide with
MHCO;3 (M = Na, K, NHy, etc.) at elevated temperatures and introduction of carbonic acid
into a solution containing Al and M species or carbon dioxide in basic aluminum solution
at elevated pressure [28].

In this work, we investigated aluminum oxide (alumina) as a support of bimetallic
Cu-Fe species, due to its relatively low production costs, compared to those with disordered
mesoporous silicas with interparticle mesoporosity. One focus has been on the influence of
alumina support preparation procedure and its properties on the activity of Cu-Fe loaded
catalysts for the oxidation of toluene in gas stream. By best of our knowledge, not many
studies exist [29-31] in this topic that look into support-metal relationships when alumina
supports with different characteristics are used. The other driving force was previously
gained knowledge on promising catalytic behavior of Cu-Fe containing mesoporous silica,
where a synergistic redox effect of formed CuO (20% fraction) and Cu—oxo-Fe clusters
(80% fraction) with defined Cu/Fe = 11 molar ratio was observed [11]. The endeavor of
this work has been to synthesize various aluminum hydroxides as precursors for bimetallic
Cu-Fe catalysts on alumina supports with Cu/Fe = 11 molar ratio, required for the redox
effect and to study the structure-property-performance relationship of such catalysts for
the total toluene gas phase oxidation reaction. We used different structural characterization
techniques such as XRD, SEM, nitrogen physisorption, elemental analysis, TPR, UV-Vis
and IR spectroscopies, NMR and TEM, to evaluate and explain the influence of the alumina
support on the efficiency of catalysts. Reused samples were not characterized due to the
focus of this study on the iron containing alumina precursors and their influences on the
distribution of iron and copper active sites.

2. Results
2.1. Characterization of the Catalysts Presursors and Catalysts

Different alumina supports were prepared with presence of iron species, using dif-
ferent alumina precursors and techniques, which led to differences in the structure of
supports’ precursors-aluminum hydroxides and dawsonite. When exposed to tempera-
tures above 300 °C, changes in chemical composition start to occur which subsequently
led to transformation of alumina, with y-Al,O3 forming at around 500 °C, being the most
desirable form as it offers the highest specific surface area and other favorable surface
characteristics [22]. Its properties are mainly dependent on the properties of the hydroxide
from which they are transformed and therefore differences can be expected.

2.1.1. X-ray Diffraction

X-ray diffraction analysis of alumina precursors shows distinct forms of bayerite or
a-Al[OH]; (PDF 00-020-0011) in the case of samples “N” and “b-O”, pseudoboehmite or
AlO[OH] (reference pattern—PURAL®, SASOL) in samples “p-AS” and “p-N” and daw-
sonite (PDF 00-019-1175) in sample “d”. Figure 1 displays XRD patterns with characteristic
peaks of individual forms presented schematically above an individual pattern. Some addi-
tional peaks were detected in sample “d” and assigned to crystalline aluminum hydroxide
phase called gibbsite or y-Al[OH]3, which is the most widespread form of aluminum
hydroxides found in nature and also produced as a synthetic material [20]. Red arrows
displayed above the pattern of sample “d” represent the gibbsite peaks (PDF 00-033-0018).
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The cause of their origin is in the synthesis procedure as the neutralization of sodium
aluminate by carbonic acid precipitates aluminum hydroxide as well and the presence
of sodium carbonate also leads to dawsonite transformation into aluminum hydroxide
form [27]. With the hydrothermal treatment of the mixture in abundance of carbon dioxide,
sodium dawsonite begins to form. Some aluminum hydroxide particles are although rather
irreversibly transformed into a more stable gibbsite form [24,32]. This could probably be
optimized during synthesis with the adjustment of the retention time and/or rheology
conditions in the pressure vessel, which remains to be investigated in future.
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Figure 1. XRD patterns of synthesized iron-containing alumina precursors, indicating three distinct
forms: bayerite (A), pseudoboehmite (o) and dawsonite (¢). Red arrows in the XRD patterns of
sample »d« represent some additional detected peaks of gibbsite.

As described in the preparation procedure, all samples were synthesized in the pres-
ence of iron species. XRD pattern of iron-containing alumina precursor “a-Fe” shows
a completely amorphous phase. When exposed to elevated temperatures, in this case
500 °C (Figure 2), the hydroxide starts to dehydrate and transform into a transition phase
alumina [20]. That was also the case of calcined samples “N-Fe-500", “b-O-Fe-500", “p-AS-
Fe-500” and “p-N-Fe-500". Patterns displayed in Figures 1 and 2 show no presence of iron
oxides, Fe-Al spinel phases or any other plausible iron species, which could indicate their
absence or that their size and quantity are below detection limits.

Their patterns (Figure 2) are characteristic for gamma (y) alumina transition form
(PDF 00-050-0741). Sample “a-Fe-500" still displayed an XRD amorphous phase. This
could be ascribed to the nature of the amorphous hydroxide transformation, where higher
temperatures are often needed to achieve the same transformation stage in comparison to
ordered hydroxide structures as starting materials for dehydration procedure [20,24]. It
can be presumed that in this case thermal treatment at 500 °C does not suffice to order the
structure of alumina into gamma form and that this would be achieved at even higher tem-
peratures. Dawsonite-based iron-alumina sample “d-500" consists of gamma (y) alumina
with additional peaks that were ascribed to dawsonite and sodium carbonate. It seems that
the temperature transformation from dawsonite to alumina at 500°C was not sufficient
to transform all of dawsonite to alumina phase. Sodium carbonate in this case is a side
product of calcination of the NaAICO3;[OH]sy form. To remove it, an additional washing
step was applied at mild conditions to prevent any leaching of iron from the sample and
to avoid any rehydration of the formed alumina and possibly formation of an unwanted
phase [33]. The pattern suggests that not all of sodium carbonate was removed completely
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and some impurities remained. Based on the XRD patterns, calcination does not cause any
differences in the presence of Fe species as they remain undetected by XRD.
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Figure 2. XRD patterns of calcined iron-containing alumina precursors. All samples except a-Fe-500 and d-Fe-500 are
dehydrated and subjected to transformation to (y) alumina.

Figure 3 shows XRD patterns of calcined iron-containing alumina precursors impreg-
nated with copper. In all cases except for sample “a-FeCu”, transformation to gamma
alumina (y-Al,O3) is visible with characteristic peaks at 37, 46 and 67° 26. In the case of
“a-FeCu”, no distinct pattern was observed which can be contributed to an amorphous
precursor and consequently to the insufficient dehydration temperature to achieve the
transformation and arrangement of the structure to y-Al,Os. It seems that the presence
of excess water hinders the phase transformation [24,34]. In samples “p-N-FeCu”, “p-AS-
FeCu” and “b-O-FeCu”, no diffraction peaks characteristic for copper (I) or copper (II)
oxides were visible, whereas for the sample “N-FeCu” two characteristic peaks assigned
to CuO were visible at 35° and 39° 26. The same goes for the sample “d-FeCu” in which
sodium nitrate impurities are also present (29° and 32° 20). Those probably derived from
reaction of sodium carbonate impurities and copper nitrate solution and the calcination
step that followed.
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Figure 3. XRD patterns of calcined iron-alumina precursors impregnated with copper and reference patterns of y-Al,O3
(PDF 00-050-0741), CuO (PDF 00-045-0937) and Cu,O (PDF 00-002-1067).
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As already mentioned, sample “N” derived catalyst was prepared with and without
iron presence and studied in the same manner as other catalysts. As shown in Figure 4,
structure of the precursor hydroxide (bayerite) does not change in the presence of iron
species. Iron forms are also not detected after calcination and phase transformation to
gamma alumina. Impregnation leads to formation of copper oxides, detected by XRD and
TEM, which is apparently independent from iron, as in both cases (with and without Fe)
CuO particles are detected.

Preparation Alumina precursor Calcined alumina Cu impregnated
Bayerite y-Al203 Cuo
PDF 00-020-0011 PDF 00-050-0741 | PDF 00-045-0937 ‘
pattern ‘ ‘ ‘ ‘ ‘ ‘ ‘ | ‘ ‘ ‘ ‘ ‘ ‘
I\ | ‘ 1.1 | 1| ‘ \‘ h ‘\ 1 L L L L _/g'_/\_‘_‘k\_/g
N | N-500 N-Cu
Without Fe
Ln/‘i,um
N-Fe N-Fe-500 N-FeCu
- L.«/\JW_J\AJ\
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Figure 4. XRD patterns of alumina bayerite precursor “N” and alumina bayerite precursor with iron “N-Fe” (alumina

precursor), calcined alumina “N-500" and calcined alumina with iron “N-Fe-500" (calcined alumina), Cu impregnated
alumina “N-Cu” and Cu impregnated alumina with iron “N-FeCu” (Cu impregnated).

S8k
1um

p-N-FeCu
=%

2.1.2. SEM, Elemental Analysis, N, Physisorption and Pyridine TPD

Morphologies of the samples are distinctly different as the samples derive from various
raw materials and different preparation procedures (Figure 5). The dawsonite derived
sample “d-FeCu” has a needle-like morphology, sample produced from an amorphous
alumina precursor, “a-FeCu”, consists of round shape particles several nanometers in size.
Bayerite derived samples “b-O-FeCu” and “N-FeCu” are built from nano-sized particles
and no distinct morphology is visible with SEM. Pseudoboehmite originated samples “p-N-
FeCu” and “p-AS-FeCu” have interesting morphologies resembling very small nanosized
plate-like particles. The former consist of a structure with large voids (several tens of
nanometers in size) and individual particles are more defined and larger in size, whereas
in case of latter they form an apparently rough surface and are smaller in size (couple
of nanometers).

Figure 5. SEM images of the bimetal samples “a-FeCu”, “d-FeCu”, “N-FeCu”, “p-N-FeCu”,” p-AS-FeCu” and “b-O-
FeCu”, exhibiting different morphologies of the prepared samples, which derive from different support structures and

preparation procedures.



Catalysts 2021, 11, 252

7 of 25

Table 1 shows textural and surface properties determined by nitrogen physisorp-
tion (Supplementary Materials, Figure S2) and pyridine TPR (Supplementary Materials,
Figure 53.1) together with catalytic activity (as percent of conversion) of the samples at
350 and 410 °C. Decrease in specific surface area in Cu impregnated samples is noticed
and expected due to the employed method of impregnation and the second calcination
that follows. During that, also the pore diameter gets broader, from 5 nm to 4-6 nm in
comparison to those without and with copper. An interesting observation is the acid site
concentration decrease, when iron is introduced, from 0.8 to 0.68 umol/m?, compensating
the Lewis acidity of alumina after impregnation with copper, acid site concentration was
significantly increased to 1.32 pmol/ m? in case of sample without iron and to 1.72 pmol/ m?2
when iron was present in the sample. Slightly stronger acid sites were present in “N-Cu”
sample compared to the “N-FeCu” sample in the low temperature range below 300 °C (see
Supplementary Materials, Figure S3.2).

Table 1. Brunauer-Emmett-Teller (BET) specific surface area (Sggt), pore volume (Vp), pore diameter
(dp), concentration of acid sites (ca g.) and conversion of toluene at 350 (c350) and 410°C (cy19) (based
on catalytic activity presented in chapter Catalytic properties) of “N-500", “N-Fe-500", “N-Cu” and
“N-FeCu” samples.

Sample SBET Vp dp CAS. CAS. €350 €410
Abbreviation (m?/g) (cm3/g) (nm) (mmol/g) (umol/m?) (%) (%)
N-FeCu 180 0.349 4-6 0.3096 1.72 34 77
N-Cu 171 0.308 4-6 0.2272 1.32 37 77
N-Fe-500 229 0.338 5 0.1554 0.68 13 19
N-500 221 0.353 5 0.1764 0.80 / /

Due to versatile alumina precursors and synthesis approaches, the differences between
the samples in terms of textural properties (specific surface area, pore volume and pore
size) and concentration of acid sites are expectable. As presented in Table 2, the highest
Brunauer-Emmett-Teller (BET) [35] specific surface area of 286 m? /g as well as the highest
pore volume of 1.11 cm®/g was determined for the sample “p-N-FeCu” formed from a
pseudoboehmite precursor. This was unexpected since bayerite should exhibit the highest
BET surface area [20,35], due to structural and chemical characteristics. This sample had
also the highest concentration of acid sites per gram of sample (454 umol). Samples “d-
FeCu” and “a-FeCu” exhibited the lowest pore volume, specific surface area and also the
acid site concentration, which was in correlation to the catalytic performance of those two
materials. They had the lowest conversions at 350 and 410 °C (c359 and c419) as 28-32% and
16-22%, respectively.

Table 2. Textural (Sggt, Vp, dp, see Supplementary Materials, Figure S2) and surface properties (ca s, see Supplementary

Materials, Figure S3) with catalytic activity as conversion at 350 and 410 °C (c35p and c419, based on catalytic activity

presented in chapter Catalytic properties) of Cu-Fe containing samples.

Sample Precursor SBET Vp dp CAS. CAS. C350 C410
Abbreviation Structure (m?/g) (cm®/g) (nm) (umol/g) (umol/m?) (%) (%)
a-FeCu Amorphous 45 0.102 >80 136 3.01 28 32
d-FeCu Dawsonite 26 0.103 /1 47 1.81 16 22
N-FeCu Bayerite 180 0.349 4-6 310 1.72 34 77
p-N-FeCu Pseudoboehmite 286 1.110 13-63 454 1.59 42 78
p-AS-FeCu Pseudoboehmite 178 0.549 19; >80 239 1.34 38 80
b-O-FeCu Bayerite 225 0.274 3 324 1.41 34 84

1 no distinct pore size (dp) was detected in sample d-FeCu
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Steric restrictions for the toluene molecule were neglected in all samples as they all
exhibit mesoporosity with pores larger than 2 nm, or even macroporosity [35]. Such pores
are easily accessible for the toluene molecule, being of approximately 0.58 nm in size.

2.1.3. UV-Vis DR and FTIR Spectroscopies

UV-Vis spectra of “N-Fe”, “N-FeCu”, “p-AS-FeCu”, “p-N-FeCu”, “a-FeCu”, “d-FeCu”
and “b-O-FeCu” samples are shown in Figure 6. The analysis of spectra belonging to “N-
FeCu”, “p-AS-FeCu”, “p-N-FeCu”, “a-FeCu”, “b-O-FeCu” and “d-FeCu” samples reveals
Fe3* /Cu**—0 charge-transfer (CT) bands between 200 and 300 nm, which are usually
assigned to isolated Fe3* or Cu?* ions [10,36-39]. Bands between 300 and 400 nm seen in all
samples can be assigned to octahedral Fe3* and Cu?* in small oligomeric FexOy [10,36] and
CuOxy clusters [37,38], respectively. The shoulder at around 470 nm in the spectra of “N-Fe”,
“p-AS-Fe”, “a-Fe” and “d-FeCu” samples is due to larger Fe,O3 nanoparticles [38,39], while
the intensity of this band in the sample “p-N-Fe” is rather low, indicating the influence (as
a consequence) of a different precursor preparation. Furthermore, the band between 600
and 850 nm corresponds to the d—d transition of Cu?* ions in an octahedral environment,
which can be attributed to CuO nanoparticles [38,40], is found in all Cu containing samples
besides in the sample “d-FeCu”. Furthermore, the shoulder at 580 nm, which is typical for
copper metal clusters [38,41,42], can be found only in the spectrum of sample “d-FeCu”.
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Figure 6. UV-Vis DRS (diffuse reflectance spectroscopy) spectra of FeCu samples and Fe alumina and Cu alumina samples

in inserted graph.

Figure 7 shows skeletal FTIR-ATR (attenuated total reflection) spectra of FeCu samples.
Typical IR spectra of y-Al,O3 with a broad band at 510 cm~! and two shoulders at 730
and 800 cm~! can be observed for the samples “N-FeCu”, “p-N-FeCu”, “p-AS-FeCu”
and “b-O-FeCu”. The band at 510 cm ! is assigned to Al-O stretching in the octahedral
units (AlOg) [43,44], and the shoulders at 730 and 790 cm ™! are related to the symmetric
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stretching vibration of the AlO, tetrahedron [43]. Due to overlapping of broad bands of
v-Al,O3 and CuO, two bands of CuO at 480 and 534 cm ™! and shoulder at 580 cm ™! [45]
are not seen in “N-FeCu”, “p-N-FeCu”, “p-AS-FeCu”, “b-O-FeCu” and “a-FeCu” samples,
while they can be observed in the spectrum of “d-FeCu” material. A shoulder at 470 cm ™!
can be observed in “N-FeCu”, “p-N-FeCu”, “p-AS-FeCu” and “b-O-FeCu” samples, which
can probably be due to CuO presence. The bands at 727 cm ™!, 847 cm~! and 955 cm ™!
and shoulders at 672 cm~! and 952 cm ™! are assigned to dawsonite [46] in the spectrum
of d-FeCu sample. The FTIR skeletal bands in the range of 400-900 cm~! correspond to
the Al-O stretching related to the octahedral (AlOg) and tetrahedral (AlOy) units in the
network of y-Al,O3. Generally, infrared spectrum of y-Al,Oj3 is characterized by two
very broad poorly resolved bands in the medium IR region between 500 and 850 cm~!.
It was reported that Al-O stretching in AlOg and AlOy units was at around 500-750 and
750-850 cm !, respectively [43]. The peak position may change significantly depending on
the preparation methods and existence of defects and dopants in the lattice of y-Al,O3 [47].

a-FeCu
— b-O-FeCu
—— d-Fe-Cu
— N-FeCu
— p-AS-FeCu
——p-N-FeCu

' I ' I ' 1 ' I ' 1 ' 1

1000 900 800 700 600 500 400

Wavenumbers (cm"1)

Figure 7. Acquired FTIR-ATR spectra of FeCu samples.
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2.1.4. AINMR Spectroscopy

27 A1 MAS NMR spectra of “N-FeCu”, “p-AS-FeCu”, and “b-O-FeCu” samples are
typical for the y-Al,O3 phase (Figure 8). They all exhibit a signal of AlO4 groups resonating
at about 68 ppm and a signal of AlOg groups resonating at about 10 ppm, with relative
abundancies of 0.30 and 0.70, respectively. As in the case of Samain et al. [48], they contain
no or negligible amount of five-coordinated Al species. The spectrum of “p-N-FeCu” is
slightly different from the previous three spectra; it does exhibit a weak contribution of
AlOs groups and a slightly different signal of AlOg groups (see Supplementary Materials,
Figure S4). The latter signal is probably a sum of two severely overlapped contributions,
major one being typical for y-Al,O3; and minor one belonging to alumina phase, character-
ized by the signal of AlOg species that resonates at about 15 ppm (potential candidate are 5-
and 0-alumina whose AlQy signals are expected to overlap with the corresponding signal
of y-Al,O3 and which are expected products during the transformation of y-alumina to
a-alumina) [49]. However, the additional signals are very weak compared to the signals of
v-AL O3, so it is expected that the properties of “p-N-FeCu” are not significantly different
from the properties of “N-FeCu”, “p-AS-FeCu”, and “b-O-FeCu” samples. As opposed
to that, the 2 Al MAS NMR spectrum of “d-FeCu” exhibits markedly different relative
intensities of the AlO4 and AlOg signals. This is not surprising, considering that the XRD
analysis already showed that this sample comprises y-Al,O3 and non-negligible amount
of dawsonite. The spectrum of “a-FeCu” is drastically different from 2” Al MAS NMR
spectra of all other samples. Its broad signals, including a very strong one belonging to
five-coordinated Al species, confirm the amorphous nature of this sample.

27A|

a-FeCu

—N-FeCu

I
120

I N M 1 M L
100 80 60 40 20 0 -20 -40 -60

shift (ppm)

Figure 8. 27 Al NMR spectra of FeCu samples.

2.1.5. Temperature Programed Reduction (H,-TPR)

Temperature programed reduction with hydrogen was used to evaluate the reduction
characteristics of supported Cu—Fe catalyst samples. As presented in Figure 9, the samples
have different reduction profiles. Reduction of samples “N-FeCu” and “p-AS-FeCu” starts
at approximately 170, of sample “p-N-FeCu” at 210 and of sample “b-O-FeCu” at 190 °C.
Samples “a-FeCu” and “d-FeCu” start to reduce after 230 and 240 °C, respectively. Sample
“b-O-FeCu” displays a bimodal reduction profile with a shoulder on a high temperature
side, indicating the presence of two different types of species that are present in the
sample. The first reduction maxima is at 225 °C and the second at 265 °C. Interesting is the
reduction profile of the dawsonite derived catalyst “d-FeCu”, which has a very steep end
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TCD signal, a.u.

reduction profile indicating that the present species are being massively reduced at peak
temperature. The hydrogen consumption in this case is also very high at 3.17 mmol/g of
catalyst. Although these two parameters could indicate a catalytically active sample, the
reduction peak temperature at 460° indicates a strong metal-support interaction in this
sample. Sample “a-FeCu” also displays a quite high reduction peak temperature that occurs
at 310 °C. The two samples of bayerite precursor, “b-O-FeCu” and “N-FeCu”, together
with the pseudoboehmite originating sample “p-AS-FeCu” have the reduction peaks at
the lowest temperatures amongst all samples, ranging from 210 to 230 °C, whereas for the
sample “p-N-FeCu” the reduction peak is at almost 250 °C. Reducibility of “N” sample
series with and without presence of iron was also recorded (Supplementary Materials,
Figure S5) and interestingly the reduction peak of the sample “N-Cu” prepared without
iron, has a slight shoulder on the high temperature side. However, the samples prepared
without presence of copper have poor reducibility (Supplementary Materials, Figure S5).
The suggested reduction path in studied samples is the stepwise reduction of copper 2+.

0.20

0.15

T——p-N-FeCu

——d-FeCu
—— a-FeCu
—— b-O-FeCu
—— N-FeCu
—— p-AS-FeCu

3.17 mmol/g

0.89 mmol/g

0.80 mmol/g

0.85 mmol/g

0.98 mmol/g

0.66 mmol/g

T T T

T

T T

T T T T
300 400 500 600 700

Temperature, °C

I l“
100 200

Figure 9. H,-TPR profiles of prepared catalysts with presented experimental consumptions of Hy in mmol/g.

2.1.6. Transmission Electron Microscopy (TEM)

TEM and HAADE-STEM (High-angle annular dark—field scanning transmission
electron microscopy) micrographs of catalytically active samples “N-FeCu”, “p-AS-FeCu”,
“p-N-FeCu” and “b-O-FeCu” are shown in Figures 10a—d and 10e-h, respectively. Besides
mesoporous Al,O3 based substrate phase, nanosized copper oxide particles are detected.
The addition of Cu?* cations on the samples leads to the formation of 5-20 nm sized CuO
nanoparticles (Figure 10e-h). The amount and size of this phase is the lowest in sample
“N-FeCu”.
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Figure 10. (a—d) TEM micrographs of samples “N-FeCu”, “p-AS-FeCu”, “p-N-FeCu” and “b-O-
FeCu”, respectively; (e-h) HAADF-STEM micrographs of samples showing individual CuO particles.
In sample “p-AS-FeCu” and “b-O-FeCu” up to 20 nm sized particles were detected, while in samples
“p-N-FeCu” and “N-FeCu” CuO particles are smaller and in lower concentration (in all cases indicated
with white arrows). (i) EDXS mapping of sample “p-AS-FeCu” where CuO nanoparticles are clearly
visible. Iron and copper are uniformly distributed on Al,O3 substrate.

TEM micrographs of “N-500”, “N-Fe-500”, “N-Cu”, and “N-FeCu” are shown in
Figure 11a—d, respectively. Sample “N-500" (Figure 11a) is consisting of pure alumina in
the form of few nm thick and up to 50 nm wide sheets or rolled sheets (tubes). Sample
“N-Fe-500” (Figure 11b) has uniformly distributed Fe in the basic alumina matrix. In some
cases the iron oxide nanoparticles can be observed. For sample “N-Cu”, Figure 11(c1)
shows detected CuO particles visible on HAADF and EDXS mapping (marked in red). This
is not the case in the site of interest shown in Figure 11(c2). This could indicate that the
presence of iron favors an equal and uniform distribution of copper oxide on the surface,
as this sample was prepared without the presence of iron. The CuO particles are also very
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different in size (Figure 11(c3)) ranging from 7 to 75 nm in size, indicating that the presence
of iron contributes also to a more equal size distribution of copper oxide nanoparticles.

——= 100 nm

overlay

c———> 100 nm

CuO
| nanoparticle

‘+ copper

Cu

overlay
Fe,0,and small CuO
particles

Figure 11. (a) N-500: BF-STEM image of platelet particles; (b) N-Fe-500: BF-STEM image of iron containing particles
with EDXS mapping of iron and overlay micrograph. (¢) HAADF and BF STEM images with EDXS mappings of catalyst
sample N-Cu without iron presence: 1-area with visible copper oxide particles; 2-area without visible copper oxide particles;
3-located copper oxide particles of different sizes. (d) TEM image and EDXS mappings of N-FeCu sample where very rare
small nanoparticles of FexOy and CuO are visible (indicated with white arrows in overlay mapping).

Sample “N-FeCu” (Figure 11d) has an equal iron distribution through the whole sur-
face (deriving from the iron containing sample “N-Fe-500"). Small copper oxide nanoparti-
cles are detected and the presence of FexOy species is observed in those areas.

Sample “d-FeCu” has an alumina matrix consisting of needle-like particles (Figure 12a,c)
and is quite inhomogeneous regarding the Fe and Cu distribution on the support. Up to
100 nm large CuO nanoparticles are found to be present in many areas. Samples with the
lowest catalytic activity have also been investigated by means of TEM analysis. Sample with
amorphous structure, “a-FeCu”, has a different alumina matrix (Figure 12b,d) consisting of
roundly shaped particles with Fe and Cu that are uniformly distributed inside the matrix
and no defined oxide nanoparticles are present in this material.

2.2. Catalytic Properties of the Catalysts

The structure stability of the catalyst was analyzed before the catalytic tests in a
temperature-programed regime with an XRD in repeated heating and cooling cycles. The
structure of the catalyst remained intact according to XRD (Supplementary Materials,
Figure S6). Prior to the synthesis and testing of all the catalysts, sample “N-500" was
synthesized also without iron and impregnated with copper (II) in order to determine the
impact of copper presence on the catalytic oxidation of toluene as a model compound and
the coexistence of Cu and Fe species on alumina support. Figure 13 presents the catalytic
activity of samples “N-Fe-500”, “N-Cu” and “N-FeCu” with their textural properties:
specific surface area Sggt, pore volume V}, and acid sites concentration. All samples have
similar pore volume and specific surface area (Table 1), the only difference being the
sample “N-Fe-500”, which has slightly higher V;, and Sggt due to the fact that it is not an
impregnated sample where surface area and pore volume decrease occurs. The sample
without copper species did not reach even 50% of conversion of toluene at the highest
utilized reaction temperature. The other two samples, “N-Cu” and “N-FeCu”, performed
better proving that copper is the active component for this reaction. The presence of
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iron in the sample and possible causing of a synergistic effect was visible above 420 °C,
when the conversion of the Cu and Fe combined alumina catalyst exhibited up to 10%
better conversion. At temperatures below 360 °C the presence of iron seemed to have
a negative effect on the oxidation reaction of toluene as the activity of “N-Cu” catalyst
was higher. Acid site concentration of the support has been improved significantly with
copper addition, suggesting that the presence of copper species causes vacancies in the
structure and therefore making new acid sites. Another interesting observation was found,
namely iron influenced a decrease of the number of acid sites, suggesting that it could be
incorporated into the alumina structure compensating the Lewis acidity of alumina, i.e.,
coordinately unsaturated AI** ions. Acid site concentration was increased by two fold in
coexistence of copper and iron species, relative to that without Cu. When iron was not
present in the sample, this increase was only 29%, relative to alumina support. This could
suggest a beneficial interaction between iron and copper leading to more structure defects
and causing surface acidity, which is one of the major properties of a catalytic materials for
this type of a reaction [50].

[ a |

———— 250 nm ——————1.0pm Cuk = 1.0pm

overlay

overlay overlay

Figure 12. TEM micrographs with elemental mappings of samples “d-FeCu” (a,c) and “a-FeCu” (b,d).
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Figure 13. Textural characteristics Sggr and Vp, (a), catalytic performance (b) and presented concentration of acid sites ca s,
(c) of samples »N-Fe«, »N-Cu« and »N-FeCu«. WHSV (weight hourly space velocity) = 1.2 h~1.

In all tests, only carbon dioxide and water were the products of toluene oxidation
reaction. The studies were performed in a temperature-programed regime to determine
the activity of the samples. Results show (Table 2 and Figure 14) that the samples “d-
FeCu” and “a-FeCu” performed poorly in this reaction, probably because catalysis is a
surface reaction and those two samples exhibited the lowest specific surface area of 26 and
45 m? /g, respectively. The sample “a-FeCu” had a quite promising starting conversion
of toluene (24% at 300 °C), which could be explained with adsorption of toluene on the
alumina surface, or the activity of the catalyst when almost all active sites are occupied and
even higher temperatures do not contribute to significant conversion increase due to the
mentioned low specific surface area. Besides low specific surface area, this sample is also
amorphous. This was not the case for the sample “d-FeCu”, where only 30% conversion
was reached at maximum temperature. Besides low specific surface area, this sample had
also the most peculiar morphology consisting of approximately 10 pm long needles, which
exhibited almost no interparticle porosity.

Samples “p-AS-FeCu”, “p-N-FeCu”, “N-FeCe” and “b-O-FeCu” originating from
bayerite and pseudoboehmite precursors, all achieved above 90% conversion at maximum
temperature (Figure 14). The differences in activity between those catalysts were most
profound at starting temperature and in the temperature range from 350 to 420 °C. Samples
prepared from pseudoboehmite precursors, such as “p-AS-FeCu” and “p-N-FeCu”, showed
higher (5% to 15%) starting conversions at 300 °C in comparison to catalysts with bayerite
originated supports. This trend was observed until 380 °C. After 380 °C the conversion
of the sample “b-O-FeCu” increased. The reason for high starting conversions of samples
“p-AS-FeCu” and “p-N-FeCu” could be in significantly higher pore volume in comparison
to samples “N-FeCu” and “b-O-FeCu”.
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Figure 14. Catalytic performance of Cu- and Fe-containing phases on different alumina supports. WHSV = 1.2 h~1.

Catalyst “p-AS-FeCu” was chosen for stability and reusability determination (Figure 15).
During the time on stream (TOS) the fresh catalyst remained stable, where the conversion
of toluene was between 42% and 50%. After first use, the activity dropped and the toluene
conversion was 37% at the start and 32% at the end of the test. The second use of the
catalyst indicated a slight decrease in activity (34-30%) but in the similar conversion range
as in the previous stage. This could suggest that the changes of the catalyst occur after first
cycle and that the catalyst remains almost unchanged after additional cycles of use.
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Figure 15. Time on stream (TOS) for catalyst “p-AS-FeCu”, with two reuse cycles. WHSV = 1.2h~1, T =380 °C.
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3. Discussion

In the case of the bayerite derived catalyst support “N”, the samples were prepared
with and without the iron presence in order to observe its influence on the catalyst structure
and the activity for the studied oxidation reaction. Alumina precursor structure of bayerite
exhibited specific surface area of 230 m?/g after thermal treatment at 500 °C. After the
impregnation with copper, the specific surface area decreased to 171 m?/g and 180 m? /g
in “N-Cu” and “N-FeCu” samples, respectively. The pore volume remained at similar
values around 0.3 cm®/g, which indicate that the copper species are not causing steric
obstacles with blocking smaller pores although they are occupying the alumina support
surface. The addition of iron during the synthesis procedure leads to the decrease of acid
site concentration, which could be connected with iron-containing species occupying the
vacancies in the alumina structure (coordinately unsaturated Al**) and stabilizing them.
When copper is introduced, the concentration of acid sites significantly increases from 0.15
to 0.30 mmol per gram in case of iron-containing samples. When both metals are present
as in the case of sample “N-FeCu”, the concentration of acid sites is around 50% higher in
comparison to the “N-Cu” sample without iron. This corresponds to higher conversion
of toluene obtained with the bimetal catalysts and suggests a synergistic effect of the two
metals. The bimetal catalysts displayed also more homogeneous copper distribution with
presence of copper oxide nanoparticles, which are smaller and have a more narrow size
distribution, which was also indicated by H,-TPR. In the case of sample prepared without
iron, “N-Cu”, CuO nanoparticles were unevenly distributed and their size distribution
was broader, ranging from 7 to 72 nm, indicating that the presence of iron in the sample
leads to formation of more uniform and smaller copper oxide nanoparticles as well as
more equal distribution through the whole surface of the alumina support of suitable
characteristics, which has consequently the favorable effect on the catalyst performance.
Another bayerite derived catalyst “b-O-FeCu”, displayed the lowest catalytic activity
at lower temperatures. Its activity significantly improved above 400 °C (84% toluene
conversion), which is in agreement with its bimodal reduction profile, with a second peak
in higher temperature region. Although it had a higher specific surface area in comparison
to “N-FeCu” catalyst, the pore volume was lower for about one quarter in comparison to
the latter. TEM showed similar copper and iron distribution, indicating that the preparation
difference between the two bayerite originating catalysts does not affect the structure and
performance significantly.

Two catalytically active samples deriving from alumina precursors with ordered struc-
tures of pseudoboehmite (p-AS-FeCu, p-N-FeCu), loaded with copper and iron species,
were prepared and studied. Pseudoboehmite derived samples were much more active at
lower temperatures as they reached 30% conversion of toluene at 340 °C (Table 2). Sample
“p-N-FeCu” stood out in terms of surface characteristics as it possessed the highest specific
surface area of 286 m?/g and by far largest pore volume of 1.11 cm?®/g (Table 2). Surpris-
ingly, it did not outperform other catalysts, which means that the surface characteristics
are important, but not performance determining. The latter was also confirmed with
H,-TPR, where this sample was reduced at the highest temperatures in comparison to
other catalytically active materials. Interesting observation was found in case of the other
pseudoboehmite derived sample, “p-AS-FeCu”, which had the lowest Cu/Al molar ratio
of all the catalysts, but nonetheless outperformed some of the catalysts such as “N-FeCu”,
“p-N-FeCu” or “a-FeCu”, and even displayed most promising activity rates at around
380 °C.

From morphological perspective, samples are very different (Figure 5). The influence
of morphology on the catalyst performance was studied by Lee et al. [51], who investi-
gated dehydration of ethanol. They prepared Al,O3 samples of different morphologies,
crystalline phases and studied an influence of additives on acid-base properties of alumina.
Their conclusion was that the crystalline phases and additives affected the dehydration
rate more drastically than morphology. More in depth study of the morphology and distri-
bution of iron and copper was studied in the present work with HRTEM /STEM and EDXS.
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All samples, except sample “d-FeCu” with a needle-like morphology, had a uniform iron
distribution through the whole surface of the catalyst. Copper was evenly distributed in
samples “N-FeCu”, “p-N-FeCu”, “b-O-FeCu”, “p-AS-FeCu” and “a-FeCu”, and in all cases
except of the latter, CuO nanoparticles were observed.

4. Materials and Methods

Catalyst with Cu and Fe were prepared on different alumina supports. Various syn-
thesis techniques found in literature were studied and tested [27,33,34]. With respect to the
proposed focus of the study, only those techniques that involve inorganic aluminum precur-
sors were chosen, as they enable more feasible production approach in comparison to some
organic precursors (aluminum butoxide, aluminum isopropoxide) and related synthesis
procedures often found in the literature [25,35]. Together with a more accessible production
procedure to manufacture aluminum oxide on large scale, environmental aspects were
taken into consideration, while additional treatments of byproducts and organic solvents
are often required when organic raw materials are used. As stated in various studies, most
synthesis procedures of aluminum oxide involve a transient pseudoboehmite phase or
even don’t form structured alumina supports [19,36]. Thus, corresponding aluminum
hydroxide is formed and subsequently dehydrated to aluminum oxide. As it is known, the
surface and chemical properties of aluminum oxides strongly depend of the properties of
their hydroxide precursors [23,26] and dehydration temperature [22,25,37]. In this study,
different materials such as pseudoboehmite (AIO[OH]), bayerite (x-Al[OH]3) and sodium
dawsonite (NaAICO3;[OH],) were prepared to investigate the impact of alumina structure,
morphology and surface properties in a Cu—Fe bimetal catalyst used for gas-phase catalytic
oxidation of toluene.

4.1. Catalyst Synthesis
4.1.1. Materials

Sodium aluminate solution with a molar ratio Na,O/Al,O3 of 1.78, density p = 1.34 g /1,
c¢(Nap0) =165.9 g/l and c(Al,O3) = 153.5 g /1 was acquired from Silkem, Slovenia, nitric acid,
51% and iron (III) chloride hexahydrate (99.4%) from VWR, Radnor, PA, USA, ammonium
acetate, carbon dioxide of 4N purity from Messer, Bad Soden, Germany, aluminum chloride
hexahydrate, 99%, from Alfa Aesar, Haverhill, MA, USA and copper (II) nitrate trihydrate,
EMSURE quality, from Merck, Kenilworth, NJ, USA. Sodium dodecylbenzensulfonic acid
(NaDBS) was also provided by Silkem, Slovenia.

4.1.2. Synthesis

One sodium dawsonite (NaAICO3;[OH]y), one amorphous alumina, two different
bayerites («-Al[OH]3) and two pseudoboehmites (AIO[OH]) based Cu-Fe catalysts were
prepared and studied.

In all cases, iron was introduced during the synthesis of the alumina precursor. Further,
all iron containing alumina precursors were dried at 105 °C for 24 h and then calcined at
500 °C for 2 h, with a heating ramp of 100 °C/h. Copper was loaded with an impregnation
method on calcined iron-containing alumina precursors. The content of iron in iron-
containing alumina precursors was adjusted to theoretical value of 0.8 wt% of Fe;Os. The
desired copper oxide amount in the iron-containing alumina was 6 wt%. The samples were
denoted according to their preparation procedure and structure. The nomenclature of the
samples is shown in Figure 16. The descriptions of the synthesis procedures for precursors
are explained in more detail in the Supplementary Materials, Figure S1.
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Figure 16. Sample nomenclature.

Similar metal compositions were achieved in all samples (Table 3), which was con-
firmed by XREF. The desired theoretical value of Fe/Al molar ratio of 0.005 and copper
oxide content of 6 wt% was satisfyingly reached. The discrepancies can be to a certain
degree assigned also to measurement error, especially in the case of Fe content where the
quantities are lower.

Table 3. Elemental analysis and presented Fe/Al and Cu/Al molar ratio of bayerite (x-Al[OH]3), pseudoboehmite
(AIO[OH]), amorphous alumina and sodium dawsonite (NaAlICO3[OH] ) derived catalysts.

Sample Preparation Precursor o o Fe/Al Cu/Al
Abbreviation Difference Structure CuO (wi%) Fe205 (wt%) Molar Ratio Molar Ratio
a-FeCu / Amorphous 7.32 0.539 0.004 0.056
d-FeCu / Dawsonite 7.67 0.740 0.007 0.069
N-FeCu Nitric acid Bayerite 9.17 0.558 0.004 0.066

Nitric acid, .
p-N-FeCu without HT 1 Pseudoboehmite 8.00 1.010 0.008 0.063
p-AS-FeCu Alsalts, HT!  Pseudoboehmite 6.42 0.551 0.004 0.045
b-O-FeCu Organic acid Bayerite 6.81 0.854 0.004 0.056

1 HT = hydrothermal treatment.

Two additional samples were studied for the purpose of proof of concept that bimetal
Cu-Fe catalysts could be used for catalytic oxidation of toluene and that the combination
of the two metal species has a synergistic effect (Table 4). Sample N-Fe-500 was prepared
without the impregnation step with copper (II) nitrate trihydrate and the sample N-Cu was
prepared without the introduction of iron (III) chloride hexahydrate during the synthesis
procedure. The synthesis of the alumina support of two samples, N-Fe and N-Cu, was
done with the same procedure as in the case of sample N-FeCu.

Table 4. Samples with iron (N-Fe-500), copper (N-Cu) and both metals (N-FeCu); chemical composi-
tion and Cu/Al and Fe/Al molar ratio.

Sample Precursor CuO Fe, 03 Fe/Al Cu/Al
Abbreviation Structure (Wt%) (Wt%) Molar Ratio Molar Ratio
N-FeCu Bayerite 9.17 0.556 0.004 0.066
N-Cu Bayerite 9.56 0.056 0.000 0.069
N-Fe-500 Bayerite 0.01 0.512 0.003 0.000

N-500 Bayerite 0.00 0.000 0.000 0.000

4.2. Catalyst Characterization

X-ray diffraction was performed on PANalytical X"pert PRO MPD, Malvern PANa-
lytical, Worchestershire, UK, with CuKa1 radiation of A = 1.5406 A. Measurements were
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performed at ambient conditions with a step of 0.034° 26 between 5 and 80° 26. XRD pat-
terns were analyzed by using X'pert software V 2.2.3, from PANalytica, Malvern, UK, 2007.

Elemental analysis was performed on a AXS S8-TIGER XRF model from BRUKER,
Billerica, MA, USA, with 1 kW rhodium tube and PET, XS-55, XS-Ge-C and LiF200 analyzer
crystals using vacuum. The detectors used were flow and scintillation counters typical
for this model. The samples were prepared in a platinum dish with lithium tetraborate
flux (type LT100 Granular) addition in ratio 1:8 (sample: flux) and melted with a Soahchim
Phoenix R sample preparation unit from Xrf Sxientific, Australia, with the flame temper-
ature at 1320-1350 °C for 800 s. The results were collected and analyzed using Spectra
plus Measurement and Launcher V 2.2.47 software from BRUKER, Billerica, MA, USA,
2015. Two different calculation methods were used to avoid any miscalculations, especially
due to the low amount of iron in the samples. Samples were dried and calcined prior to
analysis. The loss of ignition was identified as water loss and accounted in the total mass
of the sample for correct data analysis.

Scanning electron microscopy (SEM) was performed on Zeiss Supra TM 35 VP model
from Carl Zeiss AG, Oberkochen, Germany and was used to determine the morphology of
the samples.

Physisorption was conducted with volumetric adsorption analyzer Tristar 3000 (Mi-
cromeritics, Communications Drive Norcross, GA, USA), using nitrogen as the adsorbing
gas. Sample was degassed at 200 °C for 12 h. The BET [35] specific surface area was
determined from adsorption data in the relative pressure range from 0.05 to 0.30. The
total pore volume was estimated based on the amount of adsorbed nitrogen at the relative
pressure of 0.98. Due to different types of isotherms, the total pore volume of type III
isotherm serves only as estimation. Pore size distributions were calculated based on the
BJH logarithm [35] for adsorption. The diameters of pores were taken at maxima of the
pore size distributions.

Analysis for determination of acid sites was performed on Perkin Elmer (Waltham,
MA, USA) TGA Pyris 1 thermogravimetric analyzer (TGA), coupled with thermal analysis
gas station (TAGS) and using pyridine as a model adsorption molecule. Sample was
pre-treated in air stream (50 mL/min), heated to 500 °C with a heating ramp 10 °C/min,
and held at this temperature for 15 min to degas the sample. The sample was cooled to
120 °C with the same ramp of 10 °C/min and held at that temperature for 10 min and
the gas was switched from air to nitrogen (30 mL/min). After few minutes, pyridine was
introduced with flow of nitrogen until the stable conditions were achieved (steady sample
weight). Pyridine flow was stopped and the sample remained at 120 °C for 120 min, to
degas the weakly bound pyridine. Afterwards, the sample was heated to 500 °C with
the ramp of 20 °C/min and cooled don with the rate of 10 °C/min. The concentration of
acid sites was calculated based on the weight difference of the sample before and after the
saturation of pyridine and was presented as total number of moles of pyridine on gram or
square meter of the sample. Strength of the pyridine bonding and therefore the strength of
acid sites was estimated with a derivative of the temperature programed desorption curve,
taking into account that stronger acid sites release pyridine at higher temperatures. Results
were displayed as temperature programed desorption curves with peak maxima indicating
pyridine desorption temperature.

UV-Vis DRS spectra were recorded on a Perkin Elmer (Waltham, MA, USA) Lambda 35
spectrophotometer equipped with a Praying Mantis accessory. Background was recorded
with Spectralon® reference. Samples were scanned in the spectral range between 200 and
900 nm, with slit set to 2 nm and scanning speed of 240 nm/min.

FTIR spectroscopy measurements using attenuated total reflectance (ATR) accessory
were carried out by using a Perkin Elmer (Waltham, MA, USA) FTIR spectrophotometer
using a diamond crystal in a horizontal position. ATR-FTIR spectra were collected in the
spectral region from 4000 to 400 cm ™! with a resolution of 2 cm 1.

Solid-state 27Al magic-angle spinning (MAS) NMR spectra were recorded on a
600 MHz Varian NMR system (Varian, Palo Alto, CA, USA), operating at 27 Al Larmor
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frequency of 156.19 MHz. Sample rotation frequency was 20 kHz, repetition delay between
consecutive scans was 5 s and the number of scans was 480. In all spectra frequency axis in
ppm is reported relative to the signal of Al nuclei within 1 M Al(NO3)3 solution.

Reducibility characteristics were determined with the use of Micromeritics AutoChem
2920 II (Micromeritics, Communications Drive Norcross, GA, USA) in a hydrogen reduction
in a temperature-programed regime (H,-TPR). Approximately 50 mg of sample in a U-
shaped quartz reactor was pretreated in stream of 5% O2/He at 400 °C. After cooling
to 50 °C, argon atmosphere was introduced for 10 min and afterwards the sample was
exposed to 25 mL/min of 5% Hj/ Ar mixture during the temperature programed regime to
700 °C (10° /min ramp). Reduction profile was recorded with an integrated TCD detector
and a liquid isopropanol/LN; cold trap was used to eliminate the water effect to the
recorded profile.

Morphology characteristics, the presence of copper nanoparticles, the presence, con-
centration and distribution of copper and iron and their structural correlation with the
alumina support were investigated by high-resolution transmission electron microscopy
(HRTEM) and scanning transmission electron microscopy (STEM). The analysis was per-
formed on a Cs probe corrected STEM JEOL ARM 200 CF (Jeol, Akishima, Tokio, Japan)
with the cold-FEG cathode. The latter was equipped with a dual-EELS system Quantum ER
from Gatan and Centurio EDXS system with 100 mm? SDD detector. For HRTEM studies a
drop of an ethanol diluted sample suspension was placed on a lacey-carbon coated nickel
grid and dried at room temperature. Two observation techniques were used in the STEM
mode, high-angle annular dark-field (HAADF) imaging and bright-field (BF) imaging.

4.3. Catalytic Performance

Catalytic tests were performed in a fixed-bed reactor consisting of a gas inlet, quartz
glass tube 15 mm in diameter, and a gas outlet. The latter was on line connected with a gas
chromatography NEXIS GC-2030 ATF apparatus from Shimadzu, Kyoto, Japan, equipped
with a FID and TCD detectors. For each test, 50 mg of a sample in catalyst particle size
range between 0.2 and 0.8 mm was combined with glass beads of 1.2 mm in diameter.
The catalyst was pretreated in situ before each test in the following manner: heating to
400 °C for 1 h and then cooling down to the lowest test temperature (around 300 °C), all in
presence of nitrogen. Catalytic activity was studied in a temperature programed regime
with an air stream saturated with toluene that was lead through the fixed-bed reactor
and then to the GC apparatus. Saturation of toluene was performed with 30 mL/min of
air passing through the toluene solution at 0 °C. The partial pressure of toluene at that
temperature was 0.9kPa. Activity of the samples was tested between 300 and 500 °C
at WHSV (weight hourly space velocity) of 1.2 h~!. Temperature of the fixed-bed was
measured with a thermocouple inserted in the quartz housing in the area of the packing. To
prevent condensation and toluene wall adsorption after the reaction, the lines were heated.
Conversion of toluene at certain temperature, X, was calculated as Xt = ((co—ct)/cg)-100(%),
where ¢ represents the initial toluene concentration and ¢; the measured concentration of
toluene. CO, and water were the only products which were detected during the catalytic
reaction. The products of partial oxidation (benzaldehyde and benzoic acid) were not
detected. The determined carbon mass balance is 98-100% in all catalytic experiments. The
catalytic stability of the samples was tested isothermally at 380 °C.

5. Conclusions

Different alumina precursors were prepared using various synthesis methods to
study bimetal Cu-Fe catalysts and impact of the support for VOCs total oxidation reaction.
Structure, morphology and chemical composition of alumina were studied in correlation
with catalytic activity for oxidation of toluene as a model VOC compound. Besides that,
the influence of iron presence in Cu-Fe bimetal alumina support was investigated. Iron
and copper loadings were similar in all catalysts with target values of 6 wt% of CuO and
0.005 Fe/ Al molar ration as shown by XRF.
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The catalytic tests performed in a fixed-bed reactor showed that the two catalysts, “d-
FeCu” derived from dawsonite and amorphous alumina “a-FeCu”, had the lowest activity
for this type of the reaction. Both had the lowest specific surface area and concentration of
acid sites among all the tested catalysts. Catalysts “d-FeCu” and “a-FeCu” possess four to
eleven times less surface area in comparison to the other tested materials, which offers less
adsorption sites for the reactant to be adsorbed. An interesting result is that the sample
“a-FeCu” contains around two times more acid sites per square meter of surface area, but
1.7- to 3.5-times less with the same mass, in comparison to the other catalysts. This is due
to the amorphous structure of this sample consisting of five-coordinated Al and Lewis
acid sites (confirmed with NMR characterization) and the reduction characteristics of the
two samples, which display the reduction peak at the highest temperatures amongst all
catalysts. This indicates that the reactor loading of these catalysts should be at least two
times higher than that of other catalysts in order to achieve similar activities. TEM analysis
on these two samples, also showed uneven metal distribution accompanied with larger,
above 100 nm, copper oxide particles in the former catalyst, and very homogenous metal
distribution, but without any indication of copper oxide particles in the latter. UV-Vis DRS
results indicated also the presence of larger Fe,O3 nanoparticles in both catalysts. A closer
look with TEM also revealed very inhomogeneous CuO distribution in the “d-FeCu” and
the lack of copper oxide nanoparticles in the “a-FeCu”. The distribution and the presence of
uniformly sized CuO particles were deemed as necessary for good catalytic performance.

On the other hand, iron and copper were homogenously distributed through the
whole surface and some smaller sized (<20 nm) CuO nanoparticles were observed in
pseudoboehmite “p-AS-FeCu” and “p-N-FeCu” and bayerite support-originating catalysts
“b-O-FeCu” and “N-FeCu”. The presence of octahedral Fe** and Cu?* in small oligomeric
FexOy and CuOx clusters and CuO nanoparticles was determined by UV-Vis DR spectra. It
was also noticed that the surface characteristics, such as specific surface area and concen-
tration of acid sites, had an important role in the activity of these catalysts, but were not
crucial or their effect diminishes above a certain value. This was observed especially in the
case of sample “p-N-FeCu”, which had the highest specific surface area, pore volume and
concentration of acid sites per gram of catalyst, but did not outperform other catalysts in the
studied oxidation reaction. These observations indicated that the catalyst performed better
for the studied reaction, when the support had an ordered crystal structure with AlO4 and
AlOg groups with relative abundancies of 0.30 and 0.70, respectively, a reasonable specific
surface area (>100 m?/g) and when simultaneous presence of Fe,Oy and CuOx clusters
and below 20 nm large CuO nanoparticles were observed on its surface. During the study
of iron impact on the performance of Cu-Fe bimetal catalysts, slightly improved activity
was observed. Broader particle size distribution and less homogeneous distribution of
copper oxide nanoparticles was observed in the catalyst prepared without presence of iron.
The study showed a beneficial effect of small concentration of iron, introduced during the
synthesis procedure of the alumina support precursor, leading to a more homogeneous
metal oxides distribution on the support.
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