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Abatement of volatile organic compounds: oxidation of ethanal
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Roberta Braynet, David dos Santos CunRaFrancois Bozon-Verdurd?

2. CMDC, ITODYS CNRSUPRES-A 7086, Université Paris 7 Denis Diderot, case 7090,
2 Place Jussieu, 75251 Paris Cedex 05, France
b |_aboratério de Combustdo e Propulsdo, INPE, Rodovia Presidente Dutra, Km 40,
Cachoeira Paulista 12630-000 SP, Brazil

Abstract

Niobium-supported palladium-based catalysts (Pd, Pd—Cu and Pd—Au) were employed in the oxidation of ethanal. The
catalysts were prepared according to original methods by eili&rsteps (anchoring of complexes, calcination and reduction)
orone-step (photoassisted reduction) procedures. The oxidation of ethanal was carried out in gas phase in adynamic-differential
reactor at 300C at atmospheric pressure. The activity/selectivity of the catalysts depend on (i) the catalyst preparation; (ii)
the presence of a second metal. Addition of Au or Cu decreases the catalysts deactivation and the best performance in total
oxidation was obtained with Pd—Au/MOs prepared by photoassisted reduction. As shown by in situ IR spectroscopy of
adsorbed CO, this peculiarity may be ascribed to Au Pd electron donation, which prevents the surface oxidation of
palladium particles.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction decoration, paint drying, manufacturing of organic
compounds and polymers, food processing.

Over the last decade, niobium pentoxide has at- The conversion of oxygenates show particular dif-
tracted an increased interest in catalysis as support,ficulties. In addition, the use of ethanol in fuels (e.g.
additive or active phasgl] and recent works have in Brazil) leads to the release of ethanal in automo-
invoked electronic effects in niobia-supported hydro- bile exhausts. The desired reaction is the complete
genation catalystf2,3]. However, little attention has  oxidation of the VOC to C@ and HO. Recently,
been paid to: (i) the influence of the catalysts prepa- the catalytic oxidations of i CO, ethanal and cy-
ration method; (ii) the redox and semiconducting clohexene over heteropolycompounds (alkali salts of
character of NpOs [4]; and (iii) its use in oxida- 12-molybdophosphoric acid) were correlated with the
tion reactions.\olatile organic compounds (VOC) reducibility of catalysts by CQ6].
have long been a major source of air pollutifs]. The present work concerns the oxidation of ac-
They arise from a variety of industrial and commer- etaldehyde over niobia-supported palladium-based
cial processes including printing, metal cleaning and metallic catalysts (Pd, Pd-Cu and Pd—-Au); it involves

preparation procedures such as photodeposition and
* Corresponding author. Fax:33-1-44-27-61-37. grafting, original on niobia. The aim of this work is
E-mail address: bozonver@ccr.jussieu.fr (F. Bozon-Verduraz). to correlate the preparation methods and the second
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metal addition with the activity/selectivity to GO X-ray powder diffraction (XRD) patterns were
production in gas phase ethanal oxidation. recorded using Co K radiation. The diffractome-
ter was calibrated using a standard Si sample. The
counting time was 30s per stepdf2of 0.05. The
2. Experimental mean crystallite size was estimated using$bieerrer
equation, after computer fitting usingpaeudo-\oigt
Nb2Os-HY-340 was kindly supplied by CBMM,  function (software Profile, SOCABIM Diffract, At).

Brazil, Pd(NGQ)2, HAuCls and KAu(CN) were TEM measurements were performed with a JEOL
obtained with the courtesy of Engelhard, CLAL, 100 CXIl microscope operating at 100kV. The parti-
France. cle size distribution was obtained from the TEM pic-
tures using a digital camera and the SAISAM and
2.1. Preparation methods TAMIS software (Microvision Instruments), calculat-
ing the surface-average particle diameter frég=
2.1.1. Anchoring (Pd/Nb20Os and Pd—Cu/NbzOs) > nid?/ Y nid;.

Pd and Cu acetylacetonates were anchored on nio- X-ray energy dispersive spectrometry (EDX) was
bia from their solution in toluene at a fixed temper- carried out with a LINK AN 10000 system (Si-Li de-
ature in the 60-80C range[7]. The solid obtained  tector) connected to a JEOL JEM CXII transmission
after filtering and washing by toluene at room tem- electron microscope operating at 100 kV and equipped
perature (RT) was calcined at 400 for 12 h under with an ASID 4D scanning device (STEM mode).
flowing oxygen. The reduction was achieved by a 10% The X-rays emitted from the specimen upon elec-
Ho/He mixture at 200C for Pd/NOs and 400°C tron impact were collected in the 0-20 keV range for

for Pd—Cu/NbOs. 200-400s. Atomic compositions (%) were obtained
with the 2LINK program (RTS-2/FLS).

2.1.2. Photoassisted reduction (Pd/Nb,Os, Transmission infrared spectra were recorded in the

Pd—Cu/Nb20Os and Pd-Au/NbzOs) 2200-1800 cm?! range using an Equinox 55 Bruker

The photoassisted reduction occurs when a semi- FT-IR spectrometer equipped with a DTGS detector.
conducting support is illuminated with photons of The samples were pressed into self-supporting discs
energyE > Eg (band gap width: 3.4 eV for NiDs) (about 10 mg cm?) and placed in a stainless steel cell
in the presence of the metal precursor in solution. (In Situ Research Instruments) allowing in situ analy-
The reduction of the metal ions [PdfB)s]%*, sis of samples in the 20-50Q range, including CO
[Cu(H20)4]?" and AUCN),~ aqueous solution is  adsorption. The spectra were recorded by averaging
achieved by the electrons produced by the support 1000 scans (with a scanning velocity of 6.25Hz and a
under illumination provided that the associated holes spectral resolution of 4 crt) and smoothed through
are rapidly consumed by lole scavenger, such as  theSavitzky—Golay algorithm with a smoothing degree
propane-2-ol in the reaction mediuf®-11] NbyOs of 13.
was dipped into a 1/1 mixture of propane-2-ol and  UV-Vis-NIR diffuse reflectance spectra (DRS) were
H20; the precursor was then added and the suspen-recorded on a Cary 5E spectrophotometer equipped
sion was continuously stirred during irradiation with  with a PTFE-coated integration sphere.

a high-pressure mercury lamp. The solids obtained Hydrogen chemisorption was carried out at the
after filtering and washing by propane-2-ol at RT National Institute of Spatial Research (INPE, Ca-

were dried at 60C overnight. choeira Paulista, SP, Brazil). Samples were evacuated
(10> Torr) while the temperature was raised slowly
2.2. Techniques from RT to 70°C, then treated with 250 Torr H

(1 Torr = 1333 P3g at 70°C (1st isotherm), evacu-
Chemical analyses were carried out at the Mate- ated again (10° Torr) and then treated with 250 Torr
rials Engineering Department, DEMAR/FAENQUIL, of Hy at 70°C (2nd isotherm). The H/Pd data ob-
Lorena, SP, Brazil by inductively coupling plasma tained were considered as the metal fraction exposed
atomic emission spectroscopy (ICP-AES). (MFE).
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Oxidation of ethanal was carried out at 3@Win a
conventional flow quartz reactor (total flow rate ranged
between 70 and 100 cdmin—1) with a mixture of y
10% O/N2. The reaction products (GO ethanol, )
acetone, methanal, crotonaldehyde, ethyl acetate and
acetic acid) were analyzed by gas chromatography
using a Porapak Q column.

(b) —— A-PD1 - after anchoring
(€) ----- A-PDI - after calcination at 400°C
(a) ——Nb,0; - calcined at 400°C

3. Results and discussion

Abs (a.u.)

Table 1collects the characteristics of the samples
prepared and tested in ethanal oxidation.

3.1. Characterization of Pd/Nb,Os samples

TEM micrographs of the monometallic anchored ]
catalyst A-PD1 (not presented) show a statistical repar- 4
tition of the particles with a mono-modal particle size
distribution (average sizér ~ 2.7 nm; Table J); the —
MFE measured by Hchemisorption was about 70% 200 300 400 500 600 700 800
(Table ). For the samples prepared by photoreduction, wavelength (nm)
the particle size distribution is heterogeneous, with a
higher value of the average particle size (4-6 nm) and
a lower MFE (near 45%/Table J); it was also observed
that the particles agglomeration begins to be important
when the metal content is higher than 5wt.%.

The interaction of Pd(acacvith niobia was stud- ~ near 415nm is shifted to 481 nrii@. 1c). This can
ied by UV-Vis-NIR DRS. The DR spectrum of pure be ascribed to the formation of isolated®®dons (or
NbyOs calcined at 400C (Fig. 1, spectrum ‘a’) is to small palladium-oxygen entities) and not to bulk
characterized by a strong absorption in the UV range PdO particles, whose absorption threshold lies in the
due to the interband transition and allows the es- NIR range (band gap width equal to 0.8 e)2].
timation of the band gap width (3.4eV, absorption These results were confirmed by XANES/EXAFS
threshold near 360 nn{y]. The DRS of the A-PD1  measurementd 3].
sampleafter anchoring (Fig. 1b) shows a shoulder After reduction, all samples were analyzed by
near 415nm due to d—d transition of Pd(agddp]. FT-IR of adsorbed CO. Infrared studies of CO chemi-
After heating in flowing @ at 400°C, the shoulder  sorption on Pd are numerous; they have concerned

Fig. 1. DR spectra of (a) pure niobia calcined at 430 (b) A-PD1
sample after anchoring; and (c) A-PD1 sample after calcination at
00°C.

Table 1

Characteristics of the niobia-supported samples

Sample Preparation method Composition weight (%) dp (nm) TEM S (m2/g) H/P&
A-PD1 Anchoring 1.3Pd 2.7 103 0.70
PH-PD3 Photoreduction 2.9Pd 4.0 118 0.45
A-PDCU2 Anchoring 0.7Pd0.6Cu Pd 4.6, Cu= 187 95 0.11
PH-PDCU1 Photoreduction 2.7Pd0.9Cu 5.5 100 0.25
PH-PDAU3 Photoreduction 2.7Pd0.9Au 7.6 102 0.50

2H adsorbed/total Pd ratio.
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A-PDI1 sample - 9 Torr

Absorbance (a.u.)

-1
wavenumber (cm )

Fig. 2. A-PD1 sample: in situ IR spectra of adsorbed Q0= 9 Torr) upon increasing temperature.

either palladium supported on various oxides or sin- confirmed by H chemisorption Table ). After ad-
gle crystals[12,14-21] but studies concerning the sorption at 50 and 10CC, the band initially centered

palladium/niobia system are scar@?]. For thean- at 2103 cm? is weakened and shifted to 2077 thy
chored sample A-PD1 Fig. 2), adsorption at RT  whereas the band assigned lioidged CO species
gives a peak at 2103 cmh which is attributed to lin- moves to lower wavenumbers. This tendency may

ear () PA’—CO species in interaction with residual be explained by the achievement of the reduction
Pd' ionic species. The broad band recorded in the of palladium and the sintering of the Pd particles
2000-1800 cm?! range is ascribed to bridged com- (Table 2.

pressedBy), isolated By) and B3) specied14]. The On the PH-PD3 sample (prepared Iphotore-
linear/bridged intensity ratiqL/(B + L)) amounts duction) (Fig. 3), CO adsorption at RT generates a
to about 50% Table 2, indicating a high MFE, shoulder at 2158 cmt (Pd?+ species), two intense
peaks at 2135cm (Pdt species) and 2099 crh
(linear PAP—CO in interaction with residual P#

Table 2 N . .
Intensity ratio of linear and bridged species at various temperatures onic SpECIeS) with a S'_[rong br_oad band_ between 2000
(Pco = 3Torr) and 1800cm®. The linear/bridged ratio decreases

Temperature Linear Bridged Total surface L/(L + B) also upon increasing the CO adsorption temperature,

oC L B which is still due to Pd particle sinteringdble 2.

8 () (B) . )

A-PDL To sum up: (i) the presence of residualtPahd Pd*
RT 0.954  0.945 1.899 0.50 species shows that the reduction is not complete, in
50 0.307 0.752 1.059 0.29 agreement with the results obtained by photoelec-
100 0.116  1.027 1.143 0.11 tron spectroscopy (XPS spectra, not shown); (i) the

PH-PD3 linear/bridged intensity ratio, is lower than in the
RT 1233 5.287 6.520 0.19 case of the A-PD1 sample, which indicates that the
50 0683 4528 5211 0.13 MFE is smaller, in agreement with theyHadsorption
100 0.341 5535 5.876 0.06

measurementsrable ).
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1 PH-PD3 sample - 9 Torr

Absorbance (a.u.)

T
2200 2100 2000 1900 1800
-1
wavenumber (cm )

Fig. 3. PH-PD3 IR sample: in situ IR spectra of adsorbed @G=(9 Torr) upon increasing temperature.

—— A-PDCU?2 after anchoring
Yy - A-PDCU2 after calcination at 400°C

Absorbance (a. u.)

T
1000 1200

600 800
wavelength (nm)

T
200 400

Fig. 4. DR spectra of A-PD1 samphfter anchoring and after calcination at 400°C.
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3.2. Characterization of bimetallic samples precursor reduced on Pd patrticles. In this case, the Pd
particles act as nuclei for the growth of Cu particles.
3.2.1. Pd——Cu system The mean particle sizdp of the particles is 5.5 nm;

The UV-Vis-NIR DR spectrum of theanchored EDX analysis shows that the particles contain palla-
sample A-PDCU2 Kig. 4) shows a shoulder near dium and copper in different amounts but no alloy
415nm ascribed to d—d transitions of Pd(agddp] formation is observed.
and a broad asymmetric band centered at 806 nm due Several IR studies have been devoted to the chemi-
to d—d transitions of Cu(acac)23]. After heating in sorption of CO on supporte@4—30] or unsupported
flowing O, at 400°C, the shoulder and the asymmet- [29] Cu. Copper is able to form stable G4CO car-
ric band are shifted to 455 and 860 nm, respectively bonyl specieg24,25] This stability is due to the si-
(Fig. 4) due to the acetylacetonate ligand decompo- multaneous ligand> metalo-donation and metah>

sition and its substitution by apxygen monodentate ligand w-back-donation. The latter process results in
ligand which generates a weaker ligand field than strengthening the metal—-carbon bond and is responsi-
the acetylacetonateidentate ligand. The entities in- ble for the thermal stability of many transition-metal

volved can be identified to isolated £dand Cé#+ CO complexeg24]. On the other hand, Cti—-CO
isolated entities and not to bulk PdO and CuO par- species are very labile as the back donation is absent
ticles; the oxides indeed, are semiconducting and [26]. In addition, Cd—CO end-on species present a
show interband transition, with absorption edge near weak band centered at 2110chvery close to the
0.8eV (1700nm)[12] and 1.4eV (890nm), respec- Cu"™—CO band. These two species have a common
tively, whereas, for the former species, transitions absorption range of about 30 ch[27]. The compar-
between levels are expected. XRD measurements af-ison between monometallic Pd and bimetallic Pd—Cu
ter reduction confirm the presence of metallic®Pd catalystgrepared by anchoring is presented oFig. 5.
and CQ isolated particles without alloy formation; After CO adsorption at RT, the A-PDCU2 sample
the mean particle sizep (observed by TEM) are 4.6  presents: (i) a weak band centered at 2170%tmt-
and 18.7 nm for Pd and Cu, respectivelalle J). tributed to C*—CO species; (i) a very intense peak
For the PH-PDCU1 sample (prepared fiyotore- centered at 2142cmt assigned to Ct—CO; and
duction), Pd metal was deposited first and the Cu (iii) a very weak shoulder near 2090 ¢t which can

A-PD1 (RT)

Absorbance (a.u.)

— 2170

(b) —— A-PDCU2 (RT)

| e N e N NN
T T T T T T T T T T T T T T T
2200 2150 2100 2050 2000 1950 1900 1850 1800

-1
wavenumber (cm )

Fig. 5. IR spectra of adsorbed C@dp = 9 Torr) at RT. Comparison between A-PD1 and A-PDCU2 samples.
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Fig. 6. IR spectra of adsorbed C@dp = 9 Torr) at RT. Comparison between PH-PD3 and PH-PDCU1 samples.

be ascribed to PE-CO linear species. Finally, no
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—— PH-PDCU1 (RT)
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The spectra of the monometallic (PH-PD3) and

bridged P species were formed upon either increas- bimetallic (PH-PDCU1) samples prepared pko-
ing or decreasing CO pressure. These results showtodeposition (Fig. 6) do not differ significantly except
that most palladium atoms are covered by copper for the enhancement of the peak at 2135¢rin the

species, which is supported by the low value of the latter case, which may be ascribed to the contribu-

H/Pd ratio (0.11 Table J). tion of Cut—CO species. The presence of an intense

Intensity (a.u.)

e PH-PDAU3 - before thermal treatment
—— PH-PDAUS3 - after thermal treatment at 300°C (N,)
— PH-PDAUS3 - after thermal treatment at 400°C (N,)

Fig. 7. X-ray diffraction pattern of the Pd—Au/M0s sample (PH-PDAU3).
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— 1969

— 2099

Absorbance (a.u.)

—— PH-PD3 (RT)
— PH-PDAU3 (RT)

T T T T T T T T T T T T T T
2200 2150 2100 2050 2000 1950 1900 1850 1800

-1
wavenumber (cm )

Fig. 8. IR spectra of adsorbed C@dp = 9 Torr) at RT. Comparison between PH-PD3 and PH-PDAU3 samples.

massif peaking at 1988 and 1955th due tocom- particle growth. In this case,hemisorption shows
pressed and isolated bridged (CO), P (absentonthe  that the surface is enriched in palladium (MFEE
anchored sample), suggests that most of the copper50%;Table ) compared to the PH-PD3 monometallic

atoms are covered by palladium atoms and ions. sample(MFE = 45%). The finaldp value is 7.6 nm,
whereas EDX analysis shows that the particles con-
3.2.2. Pd-Au system tain palladium and gold in different amounts. Accord-

The bimetallic Pd—Au samples were prepared only ing to XRD measurements performed after irradiation,
by the photoreduction method. After 1h irradiation Pd® and A are not combined; however, after ther-
of the niobia suspension in KAu(CW)the color of mal treatment between 100 and 4@under flowing
the medium changes from white to light red, which is N, a Pd—Au (f.c.c.) alloy is formed~g. 7).
due to the formation of A particles (plasmon res- Fig. 8 compares the spectra of the monometallic
onance). When the yellow solution of Pd()Q is Pd and of the bimetallic Pd—Au samples after CO
added, the color of the gold solution changes drasti- adsorption at RT The latter presents (i) a peak cen-
cally from light red to dark reddish-gray. It may be in- tered at 2184 cm'® attributed to AdT—CO species;
ferred that the Au particles act as nuclei for the of Pd (ii) a band at 2129 cm' ascribed to AB-CO species;

Table 3

Oxidation of ethanal at 300C

Sample Composition Sco, (%)? Sacon (%)2 Cyo (%0)? CO, production AcOH production
weight (%) mol/s gbg® mol/s gbg®

A-PD1 1.3Pd 45 19.3 28.4 Ax 103 12x 103

PH-PD3 2.9Pd 72 10.0 10.2 Bx 1074 7.4 %1074

A-PDCU2 0.7Pd0.6Cu 43 41.0 48.9 .34x 1073 40x 1073

PH-PDCU1 2.7Pd0.9Cu 58 20.7 19.7 2% 1074 48x 1074

PH-PDAU3 2.7Pd0.9Au 65 15.0 53.0 .0lx 1073 33x 10

aMeasured after 90 min of reaction.
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(spectrum not shown). This stability of the AuCO

ear species; and finally (iv) a large massif centered species and the band shift of the ‘P60 linear

at around 1969 cmt ascribed to PY-CO bridged
species. Whereas the band at 2129¢&ndisap-

species from 2101 cr (PH-PD3 monometallic sam-
ple) to 2083 cm! (PH-PDAU3) are indicative of an

pears upon outgassing at RT, the band centered atelectronic effect (Au — Pd electron donation); this

2184 cnrl is still observed after evacuation at 16D
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Fig. 9. Conversion@) and fractional &) selectivities versus time for monometallic catalysts: (a) A-PD1 sample; (b) PH-PD3 sample.
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Boudart[31] on Pd-Au/SiQ, who reported also that  3.3.2. Bimetallic catalysts
gold addition increases 50 times the water formation  The addition of a second metal diminish the cata-

rate from H and Q [32]. lyst deactivation in all cases and the influence of the
preparation method is evidenced.
3.3. Catalytic tests On the A-PDCU2 sample, the GQproduction is

higher than on A-PD1 whileSacon) is constant dur-

All samples are subject to a marked deactivation and ing the reaction (40%)Hig. 10a). In this case, C®
the performances, summarized Table 3 are com- is formed only from oxidation of ethanal. The higher
pared after 90 min; the selectivity to GQSco,) is acetic acid production can be ascribed to the predom-
initially near zero and increases with time, whereas the inant presence of Cif species over P&-CO entities,
selectivity to acetic acid, initially important, decreases as deduced from IR spectra of adsorbed E@.(5).
in most casesHigs. 9 and 1 The ethanal oxidation On PH-PDCU1(Sco,) increases from 20 to 60%,
reaction mechanism is believed to be very complex while (Sacon) decreases from 70 to 20%:i@. 1M).
[33]. During the reaction, the products are formed ei- In this case, C@ is formed from oxidation of ei-
ther by direct oxidation or from parallel reactions be- ther ethanal or acetic acid, like on the PH-PD3
tween the byproducts formed. The main products are monometallic sample, but the deactivation is lower on
CO,, acetic acid, ethanol, acetone, methanal ap@H  the bimetallic sample. Copper addition also favors the
(not quantified). A very small amount of crotonalde- ethyl acetate formation~10%) due to the reaction
hyde was recorded on the PH-PD3 sample at 25% con-between ethanol and acetic acid.
version. The formation of acetone may be ascribedto The Pd-Au system behaves differently. During
the reaction of acetic acid on niobia acid sites, as previ- the reaction(Sco,), always higher thanSacon), is
ously claimed on GiO3, FeO3 and ZrQ—Al,03 cat- comparable to the value measured on PH-PD3 but
alysts[33-36]. COp, acetic acid, methanal and ethanol with a conversion five times higheFig. 1Cc). This
are formed from ethanal, but ethanol is rapidly con- behavior can be attributed to (i) aglectronic ef-

sumed by acetic acid to give ethyl acetfdg CO, is fect (Au — Pd electron donation), which precludes

also formed from acetic acid during the reaction. the surface oxidation of palladium particles, as ob-
served by IR spectroscopy of adsorbed G&g( 8)

3.3.1. Palladium catalysts and (i) a Pd—Au f.c.c. alloy formation (observed

Both samples show a marked deactivation; after by XRD; Fig. 7). Moreover, Sacon is lower than
90 min, the conversion drops to 10% (PH-PD3) and 20% during the reaction and the byproducts formed
30% (A-PD1) of the initial valuesHig. 9. On the (ethanol, methanal and ethyl acetate) are also lower
other hand(Sco,) increases up to 45% for A-PD1 than 17%.
and 72% for PH-PD3. MoreoveB{con) strongly de-
creases during the reaction due to the acetic acid oxi-

dation to CQ. 4. Conclusions
The CQ production over A-PD1 is greater than
over PH-PD3Table J). For A-PD1, the strong catalyst The notable deactivation observed on monometallic

deactivation was ascribed to (i)2B® production and palladium catalysts in the oxidation of acetaldehyde
(ii) surface palladium oxidation, whereas for PH-PD3 is significantly attenuated by the addition of a second
the agglomeration of Pd particles is involved (ob- metal such as Cu or Au.
served by XRD diffraction, IR chemisorption of CO The preparation method has a marked influence on
and H chemisorption). According to Hchemisorp- the catalytic performances: (i) the best performance
tion measurements, the MFE of PH-PD3 sample de- (high CG production, low AcOH formation) is ob-
creases from 45 to 10% after pre-treatment at’¥0  tained with the Pd—Au sample prepared by photore-
under flowing H/No. duction; this peculiarity is ascribed to a Aw Pd

In both cases, C@is formed from oxidation of  electron donation which prevents the surface oxida-
ethanal and/or acetic acid (these products disappeartion of palladium particles; (ii) conversely, preferential
when the CO formation increases). formation of AcOH is recorded on the Pd—Cu sample
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prepared by anchoring; this behavior is credited to the [12] A. Rakai, D. Tessier, F. Bozon-Verduraz, New J. Chem. 16

predominance of Cu" species.
Finally, the CQ productivity values presented

above are higher than those reported over heteropoly- [14]

compounds in the same conditions (about @ol
g [6].
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