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Abstract—The complete oxidation of ethane in the presence of catalysts containing 1, 3, and 5 wt % CuO
deposited on four supports (zirconia, sulfated zirconia, tungstated zirconia, and La,O5-stabilized zirconia) is
studied. The supports and the catalysts are characterized via BET, XRD, and thermal analysis. It is shown
that 100% conversion of ethane is achieved even at a temperature of 300°C. It is found that the temperature
of 100% conversion falls upon an increase in the copper content; the lowest temperature is obtained for cat-
alysts based on unmodified zirconia. With respect to catalytic activity, the samples with the highest copper
content are in the order 5%Cu/ZrO, > 5%Cu/5%La,05/ZrO, > 5%Cu/15%WO0,/Zr0, >
5%Cu/5%S0,/Zr0O,. The temperatures of 100% ethane conversion for these catalysts are 305, 385, 410, and
419°C, respectively.
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INTRODUCTION

Volatile organic compounds (VOCs) constitute a
large group of organic substances that include halo-
gen-containing hydrocarbons, aldehydes, alcohols,
aromatic hydrocarbons, alkanes, alkenes, ketones,
ethers, and esters [1]. Many VOC:s are carcinogenic or
greenhouse gases that are responsible for the depletion
of the ozone layer and photochemical smog [2]. The
control and neutralization of VOC emissions are
therefore problems of great concern. Oxidation reac-
tions are commonly used to remove organic sub-
stances. Thermal oxidation at temperatures above
900°C is typically used to neutralize VOCs. In indus-
try, however, thermal oxidation is gradually being
replaced by catalytic oxidation, which can be
employed at much lower temperatures (generally
below 500°C) [3].

Catalysts containing noble metals (e.g., Pt, Pd, Rh,
and Au) exhibit high efficiency in the oxidation of
VOC:s at low temperatures [4, 5]. Their disadvantages
are high cost, deactivation caused by the sintering of
the active phase particles, and poisoning with sulfur
compounds [3]. An alternative to metal catalysts is
metal oxides, both individual and deposited on differ-
ent supports; combinations of metal oxides; and such
complex oxides as perovskites [6—8]. Supported cata-
lysts are more effective in the complete oxidation of
organic compounds, due to the dispersion of the active
component [3]. Transition and rare-earth elements

are used in this case. Oxides of copper, manganese,
iron, nickel, chromium, and cobalt are most com-
monly used in industry [9—12]. Metal oxide catalysts
are less active than noble metals, but they are charac-
terized by low cost and regenerability [3].

Copper oxide is a highly efficient catalyst for the
complete oxidation of CO, methane [12], ethanol,
acetaldehyde, diesel soot [13], and other organic com-
pounds [14]. Lattice oxygen O?~ in CuO plays an
important role in oxidative reactions [14]. It was
shown in [15] that copper-containing catalysts exhibit
high activity in the complete oxidation of a number of
hydrocarbons, particularly toluene. Copper oxide is
typically deposited on supports with large surface
areas, e.g., Ce0,, ZrO,, and zeolites. According to the
literature, the most commonly used supports for CuO
are Al,0;, CeO,, ZrO,, and Ce—Zr-based solid solu-
tions [14]. The most interesting support is zirconia
[16].

Zirconia is more effective in its so-called stabilized
form, which is obtained by doping zirconia with oxides
of metals and nonmetals (SiO,, La,0;, CaO, Y,0;,
Ce,0;) to form a solid solution with ZrO, [15]. This
stabilization results in the crystallization of zirconia in
the tetragonal phase, the specific surface area of which
is larger than that of the more thermodynamically sta-
ble monoclinic phase. It is known that in oxidative
catalysis, the best zirconia promoters are yttrium
oxide Y,0; and lanthanum oxide La,0;. Adding these
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oxides substantially increases the number of anion
vacancies and thus the adsorbability of oxygen. The
content of 1—-10 mol % of Y,0;/La,0; in zirconia
ensures the maximum ionic conductivity [15].

Another effective way of modifying the surface of
zirconia is to promote it with sulfate ions SOi_ and

tungstate ions WO?[ to form so-called solid superac-
ids. The stabilization of zirconia and an increase in the
Zr0, surface area are in this case observed. Studies of
these systems show that in with a number of metal
oxides (particularly ZrO,), such promotion increases
their catalytic activity, which exceeds that of 100% sul-
furic acid in classical acid catalysis reactions [17].
There are few published data on using solid superacids
in the complete oxidation of VOCs. The authors of [4]
studied the complete oxidation of methane in the
presence of sulfated zirconia with supported platinum,
but it was not compared to using a nonsulfated support
to confirm the appropriateness of modifying it for this
reaction.

In this work, we studied the complete oxidation of
a model VOC (ethane) in the presence of catalysts
containing 1, 3, and 5 wt % CuO supported on zirco-
nia, sulfated zirconia, tungstated zirconia, and lantha-
num oxide-stabilized ZrO,.

EXPERIMENTAL
Sample Synthesis Procedure

The following reactants were used to synthesize our
samples: zirconyl nitrate ZrO(NO;), - H,O (Acros,
99%), copper nitrate Cu(NO;), - 3H,0 (Acros, 99%),
lanthanum nitrate La(NO;); - 6H,O (Acros, 99%),
ammonium paratungstate (NH,),,[H,W,0,,] - 4H,O
(Acros, 99%), a 25% aqueous solution of ammonia
NH; - H,O (Acros, reagent grade), and a concentrated
sulfuric acid H,SO, (Khimmed, reagent grade). Zir-
conia was synthesized as described in [18]. A 0.5 M
solution of zirconyl nitrate ZrO(NO;), was prepared.
Under vigorous stirring, a 25% aqueous solution of
ammonia NH; - H,O was added dropwise to the pre-
pared solution to a pH 8.4. The resulting zirconium
hydroxide gel Zr(OH), - xH,O was dried for 24 h at
120°C and calcined for 4 h at 400°C.

Sulfated zirconia SO,/ZrO, was synthesized as
described in [19]. Zirconium hydroxide was repeatedly
subjected to incipient wetness impregnation with a
1 M solution of sulfuric acid to ensure a sulfate anion
content in the resulting sample of 5 wt %. The sample
was then dried for 24 h at 120°C and calcined for 4 h at
650°C. The WO,;/ZrO, system was synthesized as
described in [20]. A weighed portion of ammonium
paratungstate (NH,),,[H,W,0,4,] - 4H,O was dis-
solved in distilled water under heating to 70°C and vig-
orous stirring. The resulting solution was used for the
incipient wetness impregnation of zirconium hydrox-
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ide. The sample was then dried for 24 h at 120°C and
calcined for 4 h at 750°C. The synthesized sample
contained 15 wt % tungstate anions. Lanthana-stabi-
lized zirconia was prepared next. A weighed portion of
lanthanum nitrate La(NO;); - 6H,0 was dissolved in
distilled water. Zirconium hydroxide was then sub-
jected to incipient wetness impregnation with the
solution, dried for 24 h at 120°C, and calcined for 4 h
at 400°C. The synthesized sample contained 5 wt %
La,0;.

The copper-containing catalysts were synthesized
next. Three aqueous solutions of copper nitrate were
prepared to deposit 1, 3, and 5 wt % of the metal,
respectively, on each of the synthesized supports, i.e.,
710, 5%S0,/Zr0,, 15%WO,/Z1r0,, and
5%1.a,0,/Zr0,. These solutions were used for the
incipient wetness impregnation of each of the sup-
ports, which were subsequently dried for 24 h at 120°C
and calcined for 4 h at 400°C. The powders of the syn-
thesized samples were compressed into pellets under a
pressure of 15 MPa and fractionated; a fraction with
particle sizes of 0.25—0.5 mm was used in our catalytic
test.

Investigation Procedures

Thermal analysis was performed on a MOM Deri-
vatograph-C instrument. A 100-mg weighed portion
was placed in an alundum crucible. Thermogravime-
try—differential thermogravimetry—differential ther-
mal analysis (TG—DTG—-DTA) curves were recorded
while linearly raising the temperature from 20 to
800°C at a rate of 10 K/min in air. The reference was
a-Al,O;. X-ray diffraction analysis was performed on
a DRON-2 diffractometer using CuK|, radiation (A =
1.514 A). The samples were scanned in the range of
20 = 20°—70° at a rate of 1 deg/min. The specific sur-
face area was calculated using the Brunauer—
Emmett—Teller (BET) approach, according to air
adsorption isotherms recorded at 77 K [21].

Catalytic Testing Procedure

The catalytic activity of the samples in the ethane
oxidation reaction was determined in a fixed-bed flow
reactor under atmospheric pressure. A catalyst sample
(0.5 g) was loaded into the reactor in the form of a
fraction of 0.25—0.5 mm; a stream of the reaction mix-
ture containing 22.2 vol % of ethane and 77.8 vol % of
oxygen was fed to the catalyst at room temperature.
The O,/C,H¢ molar ratio was 3.5, which corresponds
to the stoichiometry of the complete oxidation of eth-
ane: C,Hg + 3.50, = 2CO, + 3H,0. The feed space

velocity of the mixture was 5000 h™!. The reactor was
then heated in the temperature-programmed mode;
the gas composition at the outlet of the reactor was
analyzed via chromatography while raising the tem-
perature in the catalyst bed. The gaseous conversion
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Fig. 1. (Color online) X-ray diffraction patterns of our
ZrO,-based supports.

products were analyzed on an M-3700 gas chromato-
graph equipped with a thermal conductivity detector
and a 2-m-long HayeSep-Q packed column in the iso-
thermal mode at a temperature of 60°C.

RESULTS AND DISCUSSION

Physicochemical Properties
of the Supports and Catalysts

The synthesized supports and 5% copper-contain-
ing catalysts were characterized via powder X-ray dif-
fraction. Figure 1 shows the diffraction patterns of the
four synthesized supports, ZrO,, 5%S0,/ZrO,,
15%WO,/Zr0,, and 5%La,05/Zr0O,. In all cases, a
mixture of monoclinic (with diffraction peaks at 20 =
28.17° and 31.46°) and tetragonal ZrO, phases (with
diffraction peaks at 20 = 30.27°, 35.25°, 50.37°,
60.20°, and 62.96°) is seen. The diffraction patterns of
sulfated zirconia and lanthanum oxide-promoted zir-
conia are almost identical to the diffraction pattern of
Z10,. The diffraction pattern does not exhibit reflec-
tions characteristic of sulfates. The authors of [17]
showed that supported sulfate anions cannot be
detected by these means. Lanthanum oxide is presum-
ably in the X-ray amorphous state. The diffraction
pattern of the 15%WO;/ZrO, sample exhibits reflec-
tions characteristic of the WO, tungsten oxide phase
(with peaks at 20 = 22° and 24.03°). Figure 2 shows
the diffraction patterns of the catalysts containing 5%
Cu. Reflections that can be attributed to copper oxide
CuO are identified (with peaks at 20 = 38.47° and
42.20°) for all the samples.
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Fig. 2. (Color online) Diffraction patterns of the catalysts
containing 5% Cu.

Figure 3 compares derivatograms of zirconium
hydroxide and zirconium hydroxide impregnated with
sulfuric acid. The total weight loss of freshly prepared
zirconium hydroxide upon heating from 20 to 800°C
was 22%. The weight loss occurs in several stages. At
the first stage, below 200°C, the adsorbed water is
removed [22]; ammonium nitrate then decomposes,
which apparently corresponds to the peak in the DTG
curve at 265°C and the slight exothermic effect [23].
Finally, in the temperature range of 300—400°C, coor-

265 411 680

Zr(OH),

|~ T ——

H,SO,/Zr(OH),
L
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Q"\
~__
DTG
\J

€X0

A
:

Fig. 3. (Color online) Derivatograms of Zr(OH), and
H,S0,/Zr(OH),.
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Fig. 4. (Color online) Derivatograms of

(NHy)19[HaW1304,1/Zr(OH) 4 and La(NO3)3/Zr(OH),.

dinated water is split off [22] and zirconia ZrO, is crys-
tallized, which corresponds to the pronounced exo-
thermic effect at 410°C [18]. The total weight loss of
freshly prepared zirconium hydroxide impregnated
with sulfuric acid upon heating from 20 to 800°C was
26.5%. The DTG curve recorded for zirconium
hydroxide impregnated with sulfuric acid is generally
similar to the above DTG curve of zirconium hydrox-
ide. The difference is that at 680°C, the DTG-curve
exhibits a peak without a pronounced heat effect that
presumably corresponds to the removal of deposited
sulfur in the form of SO, [24].

Figure 4 shows derivatograms of zirconium
hydroxide impregnated with ammonium paratung-
state and lanthanum nitrate. In the first case, the total
weight loss was 21.2%. The behavior of the DTG-
curve of zirconium hydroxide impregnated with
ammonium paratungstate is generally similar to the
behavior of the curve for zirconium hydroxide. The
difference is that, in a temperature range of 240—
320°C, (NH,) 4| H,W,,0,,] undergoes decomposition
to form ammonia and WO; [25]. In the second case,
the total weight loss was 34.5%. The DTG curve of zir-
conium hydroxide impregnated with lanthanum
nitrate clearly shows a peak at 273°C, accompanied by
an exothermic effect. In other respects, the behavior of
the curve is similar to that of zirconium hydroxide.

Figure 5 shows derivatograms of zirconia and lan-
thanated zirconia impregnated with copper nitrate.
The total weight loss is 5.2 and 5.5%, respectively. The
DTG curves exhibit peaks with temperatures at the
maximum of 242 and 255°C, which we attribute to the
removal of weakly bound water and crystalline hydrate
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Fig. 5. (Color online) Derivatograms of Cu(NOs),/ZrO,
and CU(N 03)2/5% La203/Zr02.

water from Cu(NO;),-3H,0 and the subsequent
decomposition of copper nitrate. These processes are
accompanied by an endothermic effect.

The specific surface areas of the original zirconium
hydroxide, the four synthesized supports, and the 5%
copper-containing catalysts were determined via low-
temperature nitrogen adsorption; the results are
shown in Table 1. It is evident from the table that
unmodified zirconia had the largest specific surface
area. The results correlate with the temperatures of
calcination during the synthesis of the samples. With
5%S0,/Zr0, and 15%WO,/Zr0,, the temperatures of
calcination were 650 and 750°C, respectively. These
results suggest the deposition of copper leads to a slight
reduction in the specific surface area of the support.

Table 1. Specific surface area (Sggt, m?/g) of the supports
and the catalysts based on them

Sample SBET
Zr(OH), 56.6
Zr0O, 37.0
5%Cu/Zr0O, 29.2
5%S0,4/Zr0, 27.1
5%Cu/5%S0,4/Zr0O, 19.6
15%WO5/Z1r0, 15.7
5%Cu/15%WO;/Zr0O, 9.9
5%La,05/Zr0, 24.6
5%Cu/5%La,05/Zr0, 17.3
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Fig. 6. (Color online) Temperature dependences of ethane
conversion (o) in the presence of samples (/) ZrO,,

(2) 1%Cu/Zr0O,, (3) 3%Cu/ZrO,, and (4) 5%Cu/Zr0O,.
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Fig. 8. (Color online) Temperature dependences of ethane
conversion (¢) in the presence of the samples:
(1) 15%WO0O5/Zr0,, (2) 1%Cu/15%WO3/Zr0,,

(3) 3%Cu/15%WO;/Zr0,, and (4) 5%Cu/15%WO5/Zr0,.

This can be attributed to CuO occupying pores in the
structure of the substrate and the particles sintering
during recalcination.

Catalytic Oxidation of Ethane

Figure 6 shows the temperature dependences of
ethane conversion for samples ZrO,, 1%Cu/ZrO,,
3%Cu/ZrO,, and 5%Cu/Zr0O,. The results show that
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Fig. 7. (Color online) Temperature dependences of ethane
conversion (o) in the presence of samples
(1) 5%S04/Z10,, (2) 1%Cu/5%S04/Zr0,,

(3) 3%Cu/5%S04/Zr0,, and (4) 5%Cu/5%S0,/Zr0,.
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Fig. 9. (Color online) Temperature dependences of ethane
conversion (o) in the presence of the samples:
(1) 5%La,05/Zr0,, (2) 1%Cu/5%Lay03/Zr0,,

(3) 3%CU/5%L3203/ZI'02, and (4) S%CU/S%L3203/ZFOZ.

100% ethane conversion was achieved in all cases. The
temperature of the reaction’s ignition in the presence
of pure zirconia was 375°C. The deposition of copper
lowered the temperature of the reaction’s ignition and
those of 50 and 100% conversion.

Figure 7 shows the temperature dependences of
ethane conversion for samples 5%SO,/ZrO,,
1%Cu/5%S0,/Zr0,, 3%Cu/5%S0O,/ZrO,, and
5%Cu/5%S0,/Zr0O,. The results show that for the
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copper-containing catalysts, 100% ethane conversion
was achieved in all cases under our test conditions.
However, the catalytic activity was considerably lower
for the support (sulfated zirconia): ethane conversion
was as low as 85% under our temperature conditions
(T,,ax = 650°C). The deactivation of sulfated zirconia
that was described in [17] was thus observed. The
deposition of copper substantially lowered the tem-
perature of the reaction’s ignition and those of 50 and
100% conversion.

Figure 8 shows the conversion curves for sam-
ples 15%WO,;/Zr0,, 1%Cu/15%WO,/Zr0,,
3%Cu/15%WO0O;/Z1r0,, and 5%Cu/15%WO;/Z10,.
It is evident that 100% ethane conversion was achieved
for all copper-containing catalysts under our test con-
ditions. As in the case above, the support (tungstated
zirconia) exhibited an extremely low catalytic activity.
At T'= 650°C, ethane conversion was as low as 50%.
The deactivation of tungstated zirconia corresponds to
the data of [17]. Although this support was less active
than sulfated zirconia, this set of copper catalysts
exhibited slightly higher activity.

Figure 9 shows conversion curves for the set of lan-
thanum-containing samples: 5%La,0,/Zr0,,
1%Cu/5%La,0,/Z1r0,, 3%Cu/5%La,0;/Zr0,, and
5%Cu/5%L.a,0,/Zr0O,. The results show that 100%
ethane conversion was achieved in all cases under our
test conditions. Lanthanated zirconia as a support is
better than the two previous supports, but it is inferior
to unmodified zirconia. The catalytic activity of this
set of copper-containing catalysts is also higher than
the activity of the two sets above, but it is inferior to the
activity of the first set. With respect to catalytic activ-
ity, the samples are in the order 5%Cu/ZrO, >
5%Cu/5%1.a,0,/Zr0, > 5%Cu/15%WO,/ZrO, >
5%Cu/5%S0,/ZrO,. The temperatures of 100% eth-
ane conversion are 305, 385, 410, and 419°C, respec-
tively.

CONCLUSIONS

It was found that the highest activity in the ethane
oxidation reaction is exhibited by catalysts based on
unmodified zirconia. This can be attributed to the
larger specific surface area of these samples. It was
shown via BET, XRD, and TG—DTA that the sulfa-
tion and tungstation of zirconia stabilize the tetragonal
phase of zirconia, as does adding lanthanum to it. The
decomposition of the initial compounds and the crys-
tallization of zirconia are observed below 410°C. In
addition, we may assumed that copper oxide deposited
on modified supports reacts with additives to form sul-
fate, tungstate, or cuprate, which are less active than
copper oxide.
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