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The transient combustion of biomass leads to the evolution of a variety of pollutants (NO, CO, organic
compounds, and many others) that can react with each other on a suitable catalyst to generate
compounds of lower toxicity. Here, the transient reduction of NO with CO and naphthalene in the
presence of oxygen was studied on a Ca/Cu/YCeO,-TiO, catalyst. Response surface methodology was
used to identify the optimum amounts of calcium, copper, and cerium. The optimized Ca/Cu/YCeO,—
TiO, catalyst was then extensively studied and characterized. The coupling of yttrium-stabilized ceria
with TiO, provided an active support that effectively activated naphthalene. When calcium and copper
were added to the support, the obtained Ca/Cu/YCeO,-TiO, catalyst achieved the full conversion of CO
and naphthalene and 72% conversion of NO. The Ca/Cu/YCeO,-TiO, catalyst possessed labile oxygen
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Introduction

According to the 2020 World Health Statistics report from the
World Health Organization, air pollution remains a major
environmental problem and accounts for approximately seven
million deaths every year." In the same year, household air
pollution from cooking with polluting fuels and technologies
was responsible for 3.8 million deaths.” The combustion of
biomass results in the generation of hundreds or even thou-
sands of chemical species that have been associated with
a variety of respiratory problems such as infections in children,
chronic obstructive pulmonary disease, pneumoconiosis, cata-
racts and blindness, and pulmonary tuberculosis along with
adverse effects in pregnancy and other problems.® Polycyclic
aromatic hydrocarbons (PAHs), a family of harmful compounds
derived from incomplete combustion, are associated with
adverse health outcomes due to their carcinogenic, mutagenic,
and teratogenic effects.* In addition to indoor pollution, PAHs
are generated from manufacturing processes, metal industries,
petroleum fuel spills, coal-, gas-, and biomass-fired power
plants, industrial incinerators, and so on.
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species, which might be related to the high catalytic activity.

One common approach to study PAHs is the use of naph-
thalene as a probe molecule. Naphthalene, which is the smallest
PAH, is a semi-volatile solid organic compound with a vapor
pressure of 0.087 mmHg at 25 °C, making it easy to handle
experimentally.® The decomposition of naphthalene is chal-
lenging because of the low reactivity of the aromatic C-H bonds.
Thus, several methods such as photocatalysis, biodegradation,
solvent extraction, physical adsorption, and the use of bio-
sorbents have been proposed for naphthalene decomposi-
tion.*** One effective method for the total decomposition of
naphthalene is catalytic oxidation, which can achieve a high
conversion of naphthalene at mild temperatures; noble metals
such as Pt and Pd are the most active catalysts.'>* However, the
increasing demand for platinum from traditional sectors
(automotive, jewelry, industry) and emerging green technolo-
gies (fuel cells, green hydrogen) is driving higher prices for this
metal.” Similar situations are affecting the prices of other noble
metals.’® Fortunately, multiple examples in the literature
demonstrate that less expensive metal oxides have interesting
oxidation properties comparable to those of noble metals in
some cases. For example, Leguizamoén et al. obtained 100%
conversion of naphthalene at temperatures as low as 200 °C
using ZrO,-supported Co, Cu, and Ni catalysts.'” Garcia et al.
achieved total oxidation of naphthalene in the temperature
range of 250-350 °C using metal oxides such as MnO,, CoOy,,
CuO,, Fe,03, and CeO,." Zhang et al. found that Co, W, and Mo
catalysts supported on y-Al,O; achieved the full conversion of
naphthalene at temperatures above 450 °C.™ For more complex
mixtures of gases, different species compete for active sites on
the catalyst surface, which affects the conversion or requires
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higher temperatures. Ferrandon reported that Al,Os-supported
oxides of Cu, Mn, Fe, Co, and Ni could oxidize a combination of
CO, naphthalene, and CH, in various temperature ranges
depending on the metal; for example, using Cu and Mn, the
total conversion of CO and naphthalene was achieved above
400 °C, while the total conversion of CH, was achieved at
720 °C.* Cerda et al. investigated the oxidation of a mixture of
methane, naphthalene, and carbon monoxide using iron,
copper, and manganese catalysts supported on TiO, and ob-
tained the full conversion of naphthalene near 280 °C.*
Manganese and copper catalysts supported on a commercial
pelletized alumina carrier also achieved the nearly complete
conversion of methane, naphthalene, and carbon monoxide
around 800 °C.”* These reports suggest that although the cata-
lytic oxidation of a combination of pollutants is plausible,
higher temperatures are required to achieve full conversion.
The presence of nitric oxide in the combustion mixture adds
another layer of complexity. In this case, an alternative strategy
is to selectively reduce NO by using other pollutants present in
the mixture (e.g., CO, H,, or an organic compound). However, in
the case of oxygen-rich exhausts or “lean mixtures,” the
reducing compound tends to be oxidized rather than used as
a reducer of NO. Multiple examples in the literature employ
a combination of metal oxides for the selective reduction of
NO.”* Nevertheless, reports on the simultaneous use of CO and
naphthalene as reducers of NO in the presence of oxygen are
scarce. Our group previously reported the reduction of NO by
CO and naphthalene using a CeO,-TiO,-supported copper
catalyst.”*** In those studies, we added potassium to the cata-
lysts to simulate the natural accumulation of this alkali metal in
biomass. Then, potassium is later transferred to the catalyst
during combustion. The addition of potassium increased the
surface basicity, thereby enhancing the formation of nitrites
and related compounds, which were later reduced by CO and
naphthalene. One problem with this catalytic system is the
volatility of potassium, especially at temperatures higher than
500 °C,” which limits the calcination temperature that the
catalyst can be subjected to. To overcome this issue, in the
present study, we use calcium, which is the most abundant
alkaline earth metal present in biomass ash and is more ther-
mally stable than potassium.*® In this study, Ca was added as
a promoter to a YCeO,-TiO,-supported copper catalyst for the
reduction of NO by CO and naphthalene as reducers under
oxidizing conditions. We present a systematic optimization of
the amounts of calcium, copper, and cerium in terms of catalyst
activity, and we also characterize the optimized catalyst. To
simulate the temperature increase during combustion in
a stove, the catalyst activity was studied under transient
conditions.

Experimental

The synthesis of the CeO,-TiO, support began with the prepa-
ration of a stock solution consisting of surfactant (Tomadol 91-
6) and pentanol (98.5%), which was constantly stirred until
a clear mixture was obtained. Two solutions (solution 1 and
solution 2) were then prepared separately. Solution 1 was
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prepared in a 500 mL round-bottom flask by mixing stock
solution, 99.5% isooctane, and 25% ammonia in distilled water
under stirring. When the mixture was homogeneous, solution 1
was transferred into an addition funnel. Solution 2 was
prepared in a 500 mL round-bottom flask by mixing stock
solution, isooctane (99.5%), and a solution containing cerium
nitrate, yttrium nitrate (Y was added as a stabilizer of CeO,; in
all cases described later in the manuscript, 10% Y was added
with respect to the amount of Ce), and titanium oxide (all
reagents were obtained from Sigma-Aldrich). Solution 1 was
slowly added in a drop-wise fashion into solution 2 under
vigorous stirring at room temperature. After the two solutions
were thoroughly mixed, the mixture was allowed to age over-
night at room temperature. The next day, acetone was added,
and the mixture was stirred for 1 h and allowed to rest for 2 d.
The obtained precipitate was then filtrated and calcined at
500 °C for 3 h. The resulting support, hereafter noted as YCeO,-
TiO,, was sequentially impregnated with Cu followed by Ca
using copper nitrate and calcium hydroxide (both Sigma-
Aldrich), respectively, dissolved in distilled water. After each
impregnation, the samples were calcined at 500 °C for 3 h.
Response surface methodology (RSM) was employed to select
the amounts of copper, calcium, and cerium. RSM can identify
the minimum amount of experiments necessary to determine
the optimum combination of metals that produce the best
catalytic activity.>” For this purpose, a central composite design
(CCD) was implemented to model and optimize the different
variables based on the experimental responses involving those
variables. The statistical analysis of the proposed model was
carried out using Design-Expert (version 9) software.

The catalytic bed consisted of a proper amount of catalyst
deposited on a mineral wool bed inside a quartz tube reactor
(ILD. = 1 cm). To simulate the transient conditions of a catalyst
in contact with a flow of pollutants from a combustion process,
this plug flow reactor was placed in a split oven (Applied Test
Systems, Inc.) equipped with a temperature-control system, and
the temperature was increased at a rate of 1 °C min . Prior to
each catalytic test, the samples were reduced in 5% H,/Ar for 1
hat 500 °C. The simulated gaseous mixture (GHSV = 10 000 h™*)
consisted of 500 ppm naphthalene, 500 ppm NO, 1% CO, and
10% O,, and He (balance). The mixture was flowed at 50
em® min~" through a set of mass flow controllers (HORIBA). All
lines were heated to avoid the condensation of naphthalene.
The outlet of the reactor was screened to monitor the presence
of NO, NO,, N,0, CO, naphthalene, and other species using an
infrared spectrometer (Shimadzu, IRPrestige 21) equipped with
a 2.4 m gas cell (Pike). To verify the concentrations of CO, N,,
and O,, a gas chromatograph (Series 580, Gow-Mac) equipped
with a 60/80 molecular sieve 5 A column (Supelco) was used
along with a mass spectrometer (OmniStar, Pfeiffer). Mid-
infrared DRIFTS analyses were carried out using the above
mentioned infrared spectrometer but with a temperature-
controlled stainless-steel reactor (Pike). Structural changes
during reaction were monitored using a Raman spectrometer
(Horiba Scientific, XploRA™) equipped with 532 and 785 nm
lasers along with a temperature-controlled reactor -cell
(LINKAM). Temperature-programmed reduction (TPR) profiles
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were recorded using a stream of 5% H,/Ar and a temperature
ramp of 10 °C min~". Prior to analysis, a small sample was
oxidized in pure O, at 350 °C for 1 h and then cooled to room
temperature. Scanning electron microscopy (SEM) was per-
formed for selected samples (FEI, Quanta 250). The BET surface
areas were obtained from N, adsorption isotherms using
a Micromeritics 2010 adsorption apparatus.

Results and discussion
Optimization of metal contents

RSM with CCD was applied to construct a mathematical model
for identifying the importance of each metal loading and esti-
mating the optimum loadings for each metal. In this model, the
weight percentages of cerium, copper, and calcium were the
independent variables, while the expected experimental
response was the temperature required to obtain the 80%
conversion of carbon monoxide, Xco_gos, during the reduction
of NO with CO and naphthalene (this choice was based on the
ease of reading from conversion plots). Table 1 shows the
experimental metal loadings or the ranges for each studied
variable (for statistical calculations, the coded values of the
variables were set at the following levels: —«, —1, 0, +1, +a). To
determine the highest and lowest boundary values of each
variable, preliminary experiments were carried out.

For three variables, 20 experiments were required: eight
factorial/cube points, six center points, and six star/axial points
(center points are used to accurately estimate the pure error,
whereas star points give information about the quadratic rela-
tionship between response and independent variables). Table 2
lists the 20 runs, including the specific metal loadings per run
and the obtained experimental responses. The conversion plots
of the 20 runs are included in the ESIL.t The detailed analysis of
the variance associated with the adjusted model (ANOVA) is
fully described in the ESL.T The significant regression model
was as follows (R* = 90.26%):

Xco, sov = 171.87 — 3.60Ce — 6.46Cu + 6.69Ca + 5.75(Cu)(Ce) —
1.5(Ce)(Ca) — 4.25(Cu)(Ca) — 2.96(Ca)>

where Ce, Ca, and Cu are the weight percentages of each metal.
To apply an adequate diagnostic to the obtained model, the
residual plots shown in Fig. 1 were examined. The normal
probability plot (Fig. 1A) demonstrates that the errors are nor-
mally distributed, as expected in a statistically significant
model. In other words, the residuals lie approximately in

Table 1 Experimental ranges and levels of the selected independent
variables

Symbols Ranges and levels
Variables X; —a -1 0 +1 +a
Cerium (%) X1 4.4 16 33 50 61.6
Copper (%) Xy 1 1.4 2 2.6 3
Calcium (%) X3 1 1.8 3 4.2 5

39898 | RSC Adv, 2021, 11, 39896-39906

Paper

Table 2 CCD matrix for the 3-factor model, including the experi-
mental response

Ce content Cu content Ca content Temperature for
Run [Wt%] [Wt%] [Wt%] Xco = 80% [°C]
1 16 2.6 1.8 152
2 33 2 3 173
3 50 2.6 4.2 163
4 33 2 3 165
5 33 2 3 173
6 16 1.4 1.8 172
7 16 2.6 4.2 163
8 33 1.0 3 184
9 33 2 3 171
10 50 1.4 1.8 155
11 16 1.4 4.2 195
12 33 3.0 3 166
13 50 1.4 4.2 177
14 33 2 1.0 155
15 50 2.6 1.8 163
16 33 2 5.0 176
17 33 2 3 168
18 33 2 3 171
19 61.6 2 3 170
20 4.4 2 3 185

a straight line when compared to the studentized distribution of
the residuals.

Fig. 1B and C demonstrate the constant variance of the data;
both plots correctly show that there is no pattern, and the
residuals are randomly distributed within the band centered at
zero, independently if it is the residual for the predicted value or
the residual from a certain run.

Finally, Fig. 1D shows that the actual experimental data and
the values predicted by the regression model are approximately
fit by a straight line, demonstrating the effectiveness of the
model. To visualize the interactions between variables, Fig. 2
shows contour and three-dimensional plots with the copper and
calcium contents as examples (other interactions are included
in the ESIt). The iso-response contour lines in Fig. 2A show that
the lowest temperatures (blue shading) required to achieve 80%
CO conversion are located at copper and calcium contents of 2.6
and 1.8 wt%, respectively. Similarly, in Fig. 2B, the response
surface shows the lowest Xco_go0, When the copper and calcium
contents are 2.6 and 1.8 wt%, respectively. To confirm the latter
optimal loadings, numerical optimization was carried out in
Design Expert by minimizing the response (Xco_goo)- The result
of this optimization indicated that the optimum metal loadings
are 2.6 wt% Cu, 1.8 wt% Ca, and 16 wt% Ce. Therefore, the
following sections describe a detailed analysis of the specific
catalyst with these optimized metal loadings. For simplicity of
notation, this ideal catalyst is denoted as Ca/Cu/YCeO,-TiO,.

Activity results

Fig. 3 shows the activity of the Ca/Cu/YCeO,-TiO, catalyst
during the transient reduction of NO with CO and naphthalene
in the presence of oxygen. Along with the Ca/Cu/YCeO,-TiO,
catalyst, Fig. 3 also includes the activities of two mono-metallic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Residual test of the regression model: (A) normality, (B) residual vs. predicted response, (C) residuals vs. experimental run, and (D) pre-

dicted vs. actual value.

catalysts, Ca/YCeO,-TiO, (1.8% Ca) and Cu/YCeO,-TiO, (2.6%
Cu), and the support YCeO,-TiO, (16% Ce). As shown in Fig. 3A,
the CO conversion gradually increased with temperature from
100 °C until full conversion was reached at 250 °C. Slightly
higher activity was observed for the Cu/YCeO,-TiO, catalyst,
which reached full CO conversion around 185 °C; however, at
temperatures above 250 °C, CO conversion was accompanied by
the generation of NO, (Fig. 3D), which is an unwanted side-
reaction (NO, itself is an air pollutant and forms ozone in the
atmosphere and acid rain). Nevertheless, as shown in the right-

Conversion of CO (80%)

42

36

Calcium content (Wt%)

24

Copper content (wt%)

Fig. 2
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axis of Fig. 3D, all N, selectivities were above 94% within the
studied temperature range. On the other hand, as shown in
Fig. 3A, CO conversion was negligible on the YCeO,-TiO,
support (note that the high conversion at low temperature is
actually the physical adsorption of CO on the support). In
contrast, some CO conversion was achieved above 300 °C when
the support contained calcium (Ca/YCeO,-TiO,).

When inspecting the simultaneous NO conversion during
the reaction (Fig. 3B), similar results were obtained for the Ca/
Cu/YCeO,-TiO, and Cu/YCeO,-TiO, catalysts; NO conversion
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(A) Contour and (B) surface plots of calcium content versus copper content as weight percent.

RSC Adv, 2021, 11, 39896-39906 | 39899



RSC Advances

Paper

100 100
—YCe02-TiO2
A) B) ~O— Cu/YCe02-Ti02
80 - 80 - ,
© - —/— Ca/YCe02-Ti02
S = —O— Ca/Cu/YCe02-Ti02
S 60 - 2 60
g —O—Cu/YCe02-TiO2 g
S 40 1 —/—Ca/YCe02-Ti02 S 40 A
8 —O—Ca/Cu/YCe02-Ti02 A\ %
20 1 20 -
Q-
Hollp £
0 oYY YIVYyyyyyyvyyyyYyYIYIyvryyyy 111 0 l')'l‘l’?l’x A--
50 100 150 200 250 300 350 50 100 150 200 250 300 350
Temperature, °C Temperature, °C
100 - v‘:«««‘sﬁ«_«gg,«g«mxs.«.«.«(.«sss. 100 - (mz&?zgg%.‘sg&é2«2‘5%5583«&322{!’! T 100
o Y YL (- Y = X
o\o A K3 ;,0 D) 17 ¢ R 99
c 80 - 80 A1 98
S £ —0-Yce02-Ti02 o
2 , . 97 %
g & —O—Cu/YCe02-Ti02 £ 0 4 —LI—YCe02-Ti02 9 2
g Ca/¥Ce02-TiO2 5 -Oo- Cu/YCeOZ«TlOZ £
o —0—Ca/Cu/¥Ce02-Ti02 3 _o_ca/Yceoz_Tloz = B
3 S Ca/Cu/YCe02-TiO2 <
§40- 240_ a/Cu/YCe i 949,
= 6\ 93 =
8 20 A 20 92
= T 91
0 ; . : . . O \_(V{m,((((%x\?&&u( (((I(((g ' 4 90
50 100 150 200 250 300 350 50 100 150 200 250 300 350

Temperature, °C

Temperature, °C

Fig.3 Results on the transient reduction of NO with CO and naphthalene in the presence of oxygen: (A) conversion of CO, (B) conversion of NO,
(C) conversion of naphthalene, and (D) NO, detected on the outlet of the reactor during reaction (left axis) and N, selectivity (right axis).

increased with increasing temperature starting at 200 °C and
reached maximum values of 72% and 64% around 340 °C,
respectively. Note that the Ca/YCeO,-TiO, and YCeO,-TiO,
samples showed some degree of conversion in the temperature
range of 250 -300 °C (maximum conversions of 25% and 20%,
respectively). As shown later, in all cases, the activity below
150 °C corresponds to physical adsorption rather than NO
reaction. As for NO and CO, the conversion of naphthalene was
monitored during the reaction (Fig. 3C). All samples were active
in the conversion of naphthalene, with a slight decrease in
conversion between 150 °C and 200 °C. Given the partial
reduction of NO, it seems that the use of both CO and naph-
thalene as reducing agents is only partial with the remaining
conversion of both resulting from their direct oxidation with
oxygen. This point is explored later.

X-ray diffraction (XRD)

The crystallinity of each sample was analyzed by XRD (Fig. 4).
The anatase phase of tetragonal TiO, was clearly indicated by
diffraction peaks at 25.5°, 38°, and 49°, which correspond to the
(101), (112), and (200) planes of anatase (JCPDS #21-1272).
However, the peaks of the Y,0; and CeO, phases overlap with
each other (Y,Oz;was used as a surface stabilizer of CeO,), and
the diffraction signals observed at 29.5°,33.3°,49°, and 56°
could respectively correspond to the (111), (200), (220), and
(311) planes of the cubic fluorite structure of CeO, (JCPDS #81-
0792) or the (222), (400), (440), and (541) planes of body-
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centered cubic Y,03 (29.3°, 33.9°, 48.72°, and 56.38°, respec-
tively; JCPDS #88-1040). Regardless, the XRD patterns demon-
strate that the TiO, phase in the catalysts was anatase, in
agreement with the Raman results. Due to the overlap between
the CeO, andY,0; peaks, it was not possible to confirm the
crystalline structure of CeO,. However, since Y and Ce were
subjected to similar conditions during the synthesis of the
support (same impregnation method, the same calcination

oCu
0Y,0;

oTiO,
e CeO,

[ .
.

Ca/Cu/YCe02-TiO2

Cu/YCe02-Ti0O2

Ca/YCe02-TiO2

Intensity, a.u.

YCe02-TiO2

20 30 40 50

20
Fig. 4 X-ray diffraction of the Ca/Cu/YCeO,-TiO,, Cu/YCeO,-TiO,,

Ca/YCeO,-TiOzand Cu/YCeO,-TiO, samples. Each curve is corre-
spondingly labeled.

60 70 80

© 2021 The Author(s). Published by the Royal Society of Chemistry



Paper

temperature, etc.), we suspect that the diffraction signal
includes contributions from the crystalline phases of both
Y,0sand CeO,. The diffraction signal of copper oxide (JCPDS
#45-0937) was not observed in any of the copper-containing
samples, consistent with the TPR results showing a high
dispersion of copper.

BET results

The pore distribution of the YCeO,-TiO, support (Fig. 5A)
exhibits a maximum around 40 A and another at 170 A. After
adding calcium to form Ca/YCeO,-TiO,, the entire distribution
decreased, as is evident from the cumulative pore volume
(Fig. 5B). Note that the peak at 170 A was almost negligible after
adding calcium. On the other hand, although the entire pore
distribution also decreased upon the addition of copper to
YCeO,-TiO, (Cu/YCeO,-TiO,), the addition of copper hardly
affected the peak at 170 A.

The weak blocking effect of the large pores seems to be
related to the high dispersion of copper,”® whereas the alkaline
metal effectively blocked large pores.”® Note that the peak at 170
A was preserved for the Ca/Cu/YCeO,-TiO, catalyst despite the
decrease in the entire pore distribution. Recall that the Ca/Cu/
YCeO,-TiO, catalyst was first impregnated with Cu and then
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Fig. 5 (A) Pore distribution and (B) cumulative pore volume by N,
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further impregnated with Ca after calcining. This suggests that
adding copper first prevents the migration of calcium into the
pores, thereby preserving the pore distribution. The cumulative
pore volume is also consistent with this interpretation; the pore
volumes were similar for the Ca/Cu/YCeO,-TiO, and Cu/YCeO,—
TiO, samples (Fig. 5B). As mentioned above, the pore volume of
the Ca/YCeO,-TiO, sample was much smaller, especially within
the larger pore sizes. This suggests that calcium blocked pores
more effectively when the sample was impregnated with
calcium alone compared to Cu followed by Ca. Table 3 shows
the BET surface areas and total pore volumes of the calcined
samples (repeated three times with error less than 1 m”> g™ %).
The BET surface area of the YCeO,-TiO, support was 115 m?>
g~ ". The addition of copper or calcium led to a similar decrease
in the BET surface area, but a more abrupt decrease in pore
volume was observed for Ca/YCeO,-TiO, compared to Cu/
YCeO,-TiO,. Among the samples, the Ca/Cu/YCeO,-TiO, cata-
lyst showed the lowest decrease in surface area compared to the
support, and its pore volume was similar to that of Cu/YCeO,-
TiO,. This again suggests the ability of copper to prevent the
blocking of pores by calcium.

Temperature-programmed desorption (TPR)

The reducibility of the catalysts was studied based on the
gradual reduction in hydrogen with increasing temperature.
Fig. 6A shows that the copper-containing catalyst had a wide
reduction profile with especially strong reduction in the 150-
350 °C range, which was not observed in the Ca/YCeO,-TiO,
and YCeO,-TiO, samples. Fig. 6B and C show the deconvolution
of the reduction profiles in the 150°C-350 °C range for the Cu/
YCeO,-TiO, and Ca/Cu/YCeO,-TiO, catalysts, respectively. For
Cu/YCeO,-TiO,, the reductions at 155 °C, 196 °C, and 229 °C are
related to the reduction of highly dispersed copper species: (i)
highly dispersed CuO species in close contact with the support
(155 °C); (ii) small and dispersed oxide clusters that have not yet
formed crystallites (196 °C); and (iii) small clusters of CuO (229
°C).**** On the other hand, when calcium was added to the
catalyst containing copper, a shift toward higher temperatures
was observed, and the main reduction peak appeared at 235 °C
(Fig. 6C). This shift is related to the electropositive character of
calcium, which interacts strongly with surface oxygen, making it
more difficult to remove these oxygen atoms.*

The reduction peaks corresponding to highly dispersed
copper species at 155 °C and 196 °C for the Cu/YCeO,-TiO,
catalyst were replaced by a weak peak at 174 °C for the Ca/Cu/
YCeO,-TiO, catalyst, while new reduction peaks appeared at

Table 3 BET surface area and total pore volume (all samples pre-
calcined at 500 °C)

Pore volume

Sample Aream® g’ em® g !
YCeO,-TiO, 115 0.31
Cu/YCeO,-TiO, 88 0.26
Ca/YCeO,-TiO, 87 0.21
Ca/Cu/YCeO,-TiO, 92 0.25
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YCeO,-TiO,support. The deconvolution of the main peak is shown for (B) the Cu/YCeO,-TiO, catalyst and (C) the Ca/Cu/YCeO,-TiO, catalyst.

289 °C and 334 °C. The latter copper reduction profile can likely
be attributed to the aggregation of large Cu crystallites, which
are difficult to reduce. Both copper-containing catalysts showed
a reduction peak at 500 °C, which can be ascribed to the
reduction of surface oxygen species; in contrast, the Ca/Cu/
YCeO,-TiO, catalyst showed a reduction peak around 600 °C
associated with the reduction of bulk ceria.**** Note that the
intensity of the reduction peaks decreased upon the addition of
calcium, suggesting that the interactions with a more electro-
positive compound (calcium) reduced the amount of oxygen
extracted in the reduction process. In the case of the YCeO,-
TiO, support, reduction began slowly at ca. 300 °C and pro-
ceeded with increasing temperature, with a sharp reduction
peak observed at 560 °C. The reduction of the support starting
at 300 °C is related to the reduction of labile oxygen atoms in the
surface CeO, (ref. 33-35) whereas the sharp peak at 570 °C
might correspond to the reduction of oxygen atoms on the TiO,
surface.?

As before, the addition of calcium to the CeO,-TiO, support
caused the reduction peaks to shift toward higher temperatures.
The reduction of Ca/YCeO,-TiO, began around 350 °C, and the
sharp reduction peak associated with TiO,was flattened and
appeared at a higher temperature of 580 °C. The temperature
shift and less intense reduction peaks reflect the electronic
interactions between calcium and the support, which hinder
the reduction of surface oxygen and thus require higher
temperatures for reduction.
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Raman spectroscopy

The crystalline structures of the catalysts were analyzed by
Raman spectroscopy in the range of 50-5000 cm™'. The most
important features of each spectrum (Fig. 7) are located in the
range of 200-1000 cm ™' and include the characteristic vibration
bands of the anatase phase of TiO, at 399 cm ™' (B,g), 517 cm ™'
(Asg), and 640 cm ™' (E,).*” On the other hand, CeO, has only one
allowed Raman mode with a F,, symmetry from the symmetric
breathing mode of O atoms around each cation.*® However, this
signal, which usually appears around 465 cm ™", was not clearly

640 Ca/Cu/YCeO,-TiO,

A Cu/YCeO,-TiO,

Ca/YCeO,-TiO,

i YCeO,-TiO,
Z
B
c
(0]
S

200 400 600 800 1000

Raman shift, cm?

Fig. 7 Raman results during the reduction of NO with CO and
naphthalene in the presence of oxygen.
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observed for any of the samples, suggesting that the CeO, signal
may have been obscured by the TiO, signal. The relatively weak
Raman signal of CeO, compared to TiO, might be ascribed to
the more defective structure and/or lower crystallinity of
ceria.*»** However, we cannot rule out that the lower loading of
CeO, compared to TiO, led to a less intense Raman signal from
CeO,. Note that the copper-containing samples, Ca/Cu/YCeO,—
TiO, and Cu/YCeO,-TiO,, showed a small broad signal around
812 cm ™', and this signal was rather weak in the Ca/YCeO,-TiO,
and YCeO,-TiO, samples. The latter signal at 812 em™ s
attributed to the adsorption of oxygen species on two-electron
defects.” These labile oxygen species are highly reactive,
which might contribute to the high activity of the Ca/Cu/YCeO,-
TiO, and Cu/YCeO,-TiO, catalysts.****

Diffuse reflectance infrared Fourier transformed spectroscopy
(DRIFTS)

To follow the species formed on the catalyst surface, DRIFTS
analysis was performed for each sample under the reduction of
NO with CO and naphthalene in the presence of oxygen. Sepa-
rately, using the same catalysts, a series of reactions was studied
to understand the dynamics of the formation of different
species on the catalyst surface during the reactions. The studied
reactions involved the oxidation of NO, the oxidation of CO, the
oxidation of naphthalene, and the reduction of NO with CO in
oxygen. The detailed DRIFTS spectra for these reactions using
each sample are included in the ESI.f As shown in Fig. 8,
multiple bands gradually developed during the reduction of NO
with CO and naphthalene in the presence of oxygen. Although it
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is highly likely that the infrared absorption bands overlap with
each other, the most important bands are observed at
1627 cm ™' (molecular water), 1535 cm ' (carbonates*® or
nitrite/nitrate  species), 1446 cm ' (linear nitrites**),
1364 cm™" (ionic nitrates*®), 1304 cm ™" (hyponitrites on highly
basic sites®), and 1219 em ™" (bridging bidentate nitrites).

As shown in Fig. 8A, the DRIFTS spectrum of the YCeO,—
TiO,support displays most of the above-described bands, in
agreement of the support showing activity for NO reduction.
Although the activity curve for the support (Fig. 3) indicates
negligible conversion of NO, the complete conversion of
naphthalene was observed on the support, suggesting that
naphthalene served as a reducing agent for the support. In fact,
the support could reduce NO to a certain degree. According to
the literature, the formation of bands in the range of 1380-
1360 cm ™' is associated with the evolution of nitrites into ionic
nitrates, which are capable of displacing adsorbed carbon-
containing species.”**” Therefore, in all samples, the absorbed
species were likely nitrates/nitrites. Note that the support
showed infrared absorption (1304 cm™") from hyponitrites at
highly basic sites. When calcium was added (Ca/YCeO,-TiO5),
which increased the basic character of the support, this band
shifted to 1329 cm™ .

For the copper-containing samples (Fig. 8C and D), a similar
evolution of bridging and chelating bidentate nitrates was
observed, as indicated by the band at 1535 cm™'.*® The differ-
ence between the copper-containing samples was that the Ca/
Cu/YCeO,-TiO, catalyst showed a strong infrared absorption
signal of ionic nitrates at 1361 cm™ ', while this signal was weak

x3

A) YCeO,-TiO,

Absorbance, a.u.

Absorbance, a.u.

B) Ca/YCeO,-TiO,

1500 1000
Wavenumber, cm™

500

1900 1700 1500 1300 1100

Wavenumber,cm™

900 700

C) Cu/YCeO,-TiO,

Absorbance, a.u.

Absorbance, a.u.

1535 D) Ca/Cu/YCeO,-TiO,
|

1900

1700 1500 1300 1100

Wavenumber, cm!

900

500 2000

1500 1000
Wavenumber,cm™

500

Fig. 8 DRIFTS analysis of the reduction of NO with CO and naphtalene in oxygen on the (A) YCeO,-TiO,, (B) Ca/YCeO,-TiO,, (C) Cu/YCeO,-

TiO,, and (D) Ca/Cu/YCeO,-TiO,catalysts at 200 °C for 1 hour.
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in the Cu/YCeO,-TiO, catalyst. Note that Cu/YCeO,-TiO,
generated the highest amount of NO, at the reactor outlet,
suggesting that the Cu/YCeO,-TiO, catalyst readily consumed
the ionic nitrates, forming gaseous NO,. Although the Ca/Cu/
YCeO,-TiO, catalyst also produced NO,, this NO, might come
from other species of nitrates/nitrites populating the support
surface. It is important to note that the signal for the Cu/YCeO,—
TiO, catalyst was amplified by a factor of two (Fig. 8C) with
respect to the signal of the Ca/Cu/YCeO,-TiO, catalyst (Fig. 8D).
In other words, because the Ca/Cu/YCeO,-TiO, catalyst was
more active than the Cu/YCeO,-TiO, catalyst, more surface
species are accumulated on the surface of the Ca/Cu/YCeO,-
TiO, catalyst.

As mentioned above, the surface area and total pore volume
of the Cu/YCeO,-TiO, and Ca/Cu/YCeO,-TiO, catalysts were
similar. Thus, the surface area and pore volume cannot explain
the difference in activity between the catalysts (Fig. 3). On the
other hand, the TPR curves suggest that the more active Ca/Cu/
YCeO,-TiO, catalyst had a lower reducibility than the Cu/
YCeO,-TiO,catalyst, in agreement with the slightly lower
Raman signal for labile oxygen species for this catalyst. These
results suggest that the lower availability of oxygen species led
to the accumulation of ionic nitrates and nitrite/nitrate species.
When the latter does not occur and there is a higher availability
of labile oxygen species, the catalyst is very active in oxidizing
CO and also producing NO, (Cu/YCeO,-TiO, catalysts, Fig. 3A).
Therefore, the addition of calcium decreased the reducibility of
the catalyst and the availability of labile oxygen species,
resulting in a lower capacity for oxidizing CO, less NO,
production, and slightly higher activity for NO reduction.
Notably, the addition of ceria promoted the conversion of
naphthalene, possibly providing reducing species, thereby
compensating for the lower CO conversion on the Ca/Cu/
YCeO,-TiO, catalyst. Although CeO, has been reported to have
a much higher naphthalene oxidation activity than TiO,,* the
conversion of naphthalene by the mixed YCeO,-TiO, catalyst
obtained herein is the highest reported to date.

In summary, labile oxygen species seem to play an important
role in the reduction of NO with CO and naphthalene, which is
also the case for other reported reactions.®** The presence of
these species allows for the mild reduction of NO when copper
is not present. However, in the presence of copper, CO and
naphthalene readily react at the copper sites, providing
reducing species for NO reduction. It is highly likely that the
reduced copper sites are again oxidized due to the highly
oxidizing conditions of the reaction (Mars-van Krevelen mech-
anism). Although it is not currently clear how the NO reduction
proceeds, we can speculate that NO is first oxidized to NO,,
which is more reactive, at the copper sites.”® The generated NO,
is adsorbed at contiguous sites, forming nitrate/nitrites species,
which are then reduced by the reacting CO and naphthalene.
The inclusion of an alkaline earth metal seems to increase the
basic character of the surface, allowing the formation of these
nitrate/nitrites species. Moreover, this process does not block
the copper sites, which remain highly active. These results
suggest that the adsorption of nitrate/nitrite species occurs
preferentially at calcium sites or on the support.
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Conclusions

We have studied the reduction of NO with CO and naphthalene
in the presence of oxygen under transient conditions. The Ca/
Cu/YCeO,-TiO, catalyst was highly active in reducing NO with
a maximum conversion of 72% and full conversion of CO and
naphthalene. The preliminary results suggest that labile oxygen
species are responsible of the activity of the catalyst. The
YCeO,-TiO, support provides a reactive surface where CO and
naphthalene can react. The addition of copper and calcium to
the support facilitated the oxidation of NO, which enhanced the
formation of nitrate/nitrate species. These species were then
reduced by CO and naphthalene. The presence of oxygen facil-
itates this reaction process.

In conclusion, the results demonstrate the promise of using
volatile organic compounds (represented here by naphthalene)
as reducing agents for the selective reduction of NO with CO in
the presence of high concentrations of oxygen during the
transient combustion of biomass. The Ca/Cu/YCeO,-TiO,
catalyst is a highly active catalyst for the elimination of NO when
other byproducts of combustion such as CO and organic
compounds are present. The studied Ca/Cu/YCeO,-TiO, cata-
lyst is a promising noble metal-free catalyst that can be applied
in the elimination of pollutants generated during the transient
combustion of biomass.
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