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Abstract

Monometallic palladium catalysts were synthesized using different titanium supports and tested for the reduction of nitrates from aque-
ous solutions using hydrogen as a reductant. The Pd/€edalysts were characterized by electron paramagnetic resonance (EPR), low-
temperature Fourier transform infrared (FTIR) spectroscopy of adsorbed CO, and X-ray diffraction (XRD). The catalysts studied exhibited a
high activity for nitrate removal with a lower tendency for nitrite formation than the conventional bimetallic Pd catalysts. Although ammo-
nium formation was greater than desired, the use of a monometallic catalyst for this two-step reduction process is significant and suggests th
a single site may be responsible for both reduction stages. The titanium support (particularﬁtbeﬁﬁers generated during prereduction
in the presence of Pd) appear to play an important role in the nitrate degradation process. The potential rékdyafrield in generating
these T¢1 centers is discussed.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction in the EU have nitrate concentrations in groundwater ex-
ceeding the imposed guideline level (25 ppm).

The demand for good-quality water has increased with  From an environmental standpoint, one of the most ac-
the increased extent of water usage; however, excessive apeeptable methods of removing nitrates is to convert them
plication of nitrate fertilizers in agriculture can consequently to N». Liquid-phase nitrate hydrogenation over a catalyst ap-
lead to the leaching of nitrates into groundwater and hencepears to be one of the most attractive processes to achieve
into surface water. Nitrate levels above a certain concen-this [2-20]. Much of the research on catalytic reduction
tration (50 ppm in the European Union [EU]) are deemed has focused on the use of bimetallic catalysts, but more re-
unacceptable. High nitrate concentrations in drinking water cently, studies involving monometallic catalysts, (in particu-
are harmful because of the reduction of nitrates to nitrites, |ar, using semiconducting oxides as supports) have appeared
which combine with hemoglobin in the blood to form methe- [21,22]
moglobin; furthermore, nitrates can cause cancer and hyper-  As part of this strategy, the use of TiOmpregnated
tension through nitrosamine formatifty. with Pd was investigated. These types of catalysts have been

The problem related to the contamination of groundwater widely investigated in liquid-phase hydrogenation processes
is becoming more pronounced. The conclusion is based 0N[23-26] of which nitrate reduction from aqueous solu-
the report of the European Environmental Agency releasedtjons bears some relation. The catalysts were then submitted
in 1998, which estimated that 87% of the agricultural lands 5 pretreatments involving different reduction temperatures.

The influences of these thermal treatments on the sample
" Corresponding author. characteristics were evaluated by Fourier transform infrared
E-mail address: j.anderson@abdn.ac. @ A. Anderson). (FTIR) spectroscopy using CO as a probe molecule and elec-
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tron paramagnetic resonance (EPR) at low temperature, and X-Ray diffraction (XRD) patterns were obtained using

kinetic reactions were investigated using a standard batch re-a Philips X'Pert PRO diffractometer (Bragg—Brentahy®,

actor. geometry type). The Cu-radiation source, a graphite
(002) monochromator, provides continuous scans in the re-
gion 2 =5-80, with a step size of 0.02and a scan rate of

2. Experimental 5 s/step.

The EPR sample cell, made of Suprasil quartz glass, was
connected to an appropriate high-vacuum pumping system.
It permitted thermal sample activation-al0~° mbar under
dynamic vacuum conditions and reduction of the catalysts.
The EPR spectra were recorded with a Bruker EMX 10/12-
spectrometer system in the X-band mode. Measurements
at 77 K were performed with an ER 4131 VT variable-
temperature accessory. The presented spectra were obtained
by accumulating 10—30 scans to obtain acceptable signal-to-
noise ratios. The values were determined on the basis of
a DPPH standard. The electron center signal was measured
at 77 K at a fixed-resonance magnetic field value for the re-

TiO» P25 (P25) with a surface area of 48 fg (No, 77 K,
BET method27]) support was supplied by Degussa, and the
monocrystalline titania (anatase (Ana) with a surface area of
93 ?/g (Np, 77 K, BET method27]) and rutile (Rut) with
a surface area of 164yig (No, 77 K, BET method27])) sup-
ports were self-prepared through chemical vapor deposition.
Briefly, the TiG, particles were produced by means of ther-
mal decomposition of titanium isopropoxide vapor in a flow
reactor system by the metal organic chemical vapor deposi-
tion method28,29] The product powder was then gradually
annealed (10 Kmin) to 870 K under high-vacuum condi- spective EPR transitions.

. 5 -
tlor.}_i(P = 1?_ mbar) "’.‘”Id treated in vac(juym for 2 h. h Two sets of experiments were performed on the EPR.
e resultant material was separated into two parts. €Each set consisted of a consecutive reduction of the calcined

first part was oxidized with 3 Torr ©at 870 K to remove 4yt in 1 mbar of pureHThe temperatures used to per-
organic remnants from the precursor material. The secondfOrm the reductions were 298. 473. and 623 K. After reduc-

was oxidized with 3 Torr @at 1070 K for the same reason  yion gne of the sets was allowed to cool in the presence of

and also to allow a crystal-phase transformation. H., before the call was evacuated, whereas in the other proce-
All supports were pretreated in a flow of 40 miin of dure, the cell was evacuated at the temperature at which the
pure G for 5 h at 870 K before being impregnated with Pd  oqction was carried out and cooled under dynamic vac-
salt. This was done mainly to remove some retained mois- ,,m. Cell evacuation took 10 min..@10 mbar) was dosed
ture from the supports, especially from the commercial SUp- after each reduction step for both procedures to locate the
port (P25). Aftgr this thermal treatment, the supports Were particular species, because adsorbed oxygen strongly modi-
impregnated with Pd(N§)2 - 2H20 (Merck) using the wet  fias the signals resulting from surface spe¢a.
impregnation method. A ratio of 10 ml of water per gram  gpin concentrations were estimated by numerical dou-
of support was used, and the weight of the salt was calcu-pe integration of the first-derivative spectra and compared
lated to obtain a final weight percentage of noble metal in ith a frozen Cé+ aqueous solution, measured in an identi-
the catalysts of 2. The resultant catalysts where then cal-¢g| sample tube, as described elsewtfdtg. Thus a similar
cined at 770 K to remove nitrate and then gradually reduced |gyg| of accuracy in the results is expected>Cprovides a
(10 K/min) under a 50-mimin flow of pure k at different  gyjtable comparison because it belongs to the same row as Ti
temperatures (298, 473, and 623 K) for 1 h. and has the same number of unpaired electrons®s(@ne
Monometallic Pdy-Al,O3 and bimetallic Pd-Cg/- unpaired electron); that is, both hase= 1.
Al203 were synthesized using incipient wetness method, as  FTIR spectra were recorded on a Bruker IFS 28 with a
described18], usingy -Al203 (Sigma Aldrich) and the cor-  resolution of 4 cm?. The spectrometer cell was connected
responding nitrate salts, Pd(N)2 - 2H,O and Cu(NQ)2 - to a vacuum system working in the 19mbar range and to
3H20 (Merck). The 5 wt% Pd catalyst was dried overnight a heating system. The cell could be used for in situ pretreat-
at 373 K and calcined in air at 723 K. For the bimetallic ment of samples, adsorption of gases, and measurements
catalyst, a subsequent impregnation was carried out withat low temperatures. The samples were pressed into self-
Cu(NG3)2 - 3H20 using the same procedure; the resulting supporting wafers, which were placed inside a ring furnace
bimetallic catalyst was dried overnight at 373 K and cal- in the vacuum cell. CO adsorption measurements were car-
cined in air at 723 K. The catalyst was reduced for 1 h at ried out using 50 mbar of pure CO. The presented spectra
623 K in pure B. The final metal content of the catalysts were obtained at 100 K by accumulating 100 scans.
was 5 wt% of Pd and 1.25 wt% of Cu. The bimetallic cat-  The catalysts were investigated after in situ consecutive
alyst was synthesized for comparative purposes in kinetic reduction with 100 mbar of puredfor 1 h, using the same
measurements, because these catalysts are the most widelgmperatures of the EPR experiments, and cell evacuation
studied in the nitrate hydrogenation process. The metal con-for 30 min at the reduction temperature. Because the volume
tent of the catalysts was evaluated by atomic absorbanceof the FTIR cell was greater than that of the EPR tube, the
spectroscopy (AAS) and found to be in agreement with the reductions were carried out with a higher hydrogen pressure
nominal values. for the latter, to normalize the number of moles of ek-
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posed to the catalyst for both experiments. The catalyst in oxidizing characteristics of the treatment were sufficient to

calcined form was used as the starting material. Changes inallow the phase transition of part of the anatase to rutile.

the sample resulting from exposure te Were also investi-

gated. Catalysts were exposed to 10 mbar of pyrat@oom 3.2. EPR characterization

temperature (294 3 K) for 1 h. The cell was then evacuated

for 15 min at same temperature before the samples were ex- EPR was performed to evaluate the formation ot'Ti

posed to CO. centers and their stability in the presence gf Dwvo sets of
The activities and selectivities of the catalysts in the experiments were followed by EPR. In the first set, the cata-

hydrogenation of nitrate ions were tested in a slurry ther- lysts were allowed to cool under an atmosphere of hydrogen

mostated batch reactor with a capacity of 1 |, equipped with after the in situ reductiorkig. 1shows the EPR spectra ob-

amechanical glass stirrer. In a typical run, 450 mg of the cat- tained for the catalysts Pd_P25. It should be emphasized that

alyst was charged into a reactor containing 0.75 | of distilled when the experiment was performed using Pd_Ana, similar

water. The content of the reactor was flushed first for 5 min results were observed (not shown). In contrast, no signals

with N> and then for 60 min with C®and H. The reac- were observed with the pure supports in the absence of Pd.

tion was started when a solution of nitrate salt was added to The spectra are very similar in term of both intensity and lo-

the vessel to achieve a concentration of 100 ppm of nitratescation of the signal for all reduction temperatures. The center

(KNO3, Merck). A constant feed of C£(100 ml/min) as a of the main peak is located gt= 1.995 and is attributed

pH buffer and H (90 ml/min) as a reducing agent were sup- to Ti®" centers[30,32,33] The g-tensor value was signifi-

plied using mass flow controllers. The reactions were carried cantly higher than values normally reported fof Tin solid

out at atmospheric pressure, at 298 K, and using a stirring TiO2 (g ~ 1.990)[30,31}, which would appear to be related

rate of 500 rpm. A typical kinetic run took 4 h. to the presence of Pd. A similar effect on thdensor was
The degradation of nitrates and the formation of nitrites observed by Huizinga et gB4] for platinized TiG, where

and ammonia were measured at constant time intervals using® value of 1.992 was measured and was attributed %o Ti

high-performance liquid chromatography (HPLC) for jO  formed in the vicinity of platinum clusters.

and NG~ and a colorimetric test supplied by Merck for No perturbation in the intensity of the peaks was ob-

NH,4 . The colorimetric tests were performed in a Shimadzu Served when 10 mbar of Qnot shown) was dosed. This

UV-vis spectrophotometer operatingiat 690 nm, and the ~ INSensitivity to oxygen,.th(.a narrow line Wl.d'[h, and .the high

HPLC measurements were performed in a Spectra Physics¢-tensor value clearly indicate that the signal derives from

device with an UV detector operating at= 210 nm. The bulk Ti¥* centers, that is, from trapped electrons in the sup-

column used was an lonoSphere 5A, and the mobile phasePOrt lattice. This implies a surface reoxidation as théH Ti

was a phosphate buffer with concentration of 0.02 mol and acenters generated are located at the surface. This process in-
pH of 5.3. volves charge and/or mass transfer from the surface to the

bulk. Because the transport of surface-reduced Ti cations
to the bulk is largely unfavorable under the experimental
conditions used35], it is assumed that the process occurs
through a charge transfer. Based on the present results, it is
L not possible to distinguish between interstitial and substitu-
3.1. XRD characterization tional Ti*t. Despite the extensive discussion of this issue,

. no agreement has yet been reached. Because this issue is be-
The percentages of each crystal phases present in each

3. Resultsand discussion

TiO, support investigated are summarizedavle 1 itcan | Reduoed ot 298 K
be seen that the anatdsatile ratio for the sample P25 is
almost 1, instead of the expected value of 3. This is be- Reduced at 623 K
cause of the thermal treatment applied to the support before 3
the impregnation with Pd. The temperature applied and the >
2
[
=
Table 1 -
Percentages of the crystal phases in theyTiO
Catalyst Reduction temperature (K)  Anatase (%)  Rutile (%)
Pd_P25298 298 55 45
Pd_P25473 473 55 45
Pd_P25 623 623 55 45 215 210 2.05 2.00 1.95 1.90 1.85 1.80 175
Pd_Ana 473 473 95 5 value
Pd_Ana623 623 95 5 9
Pd_Rut473 473 0 100

Fig. 1. EPR of Pd_P25 collected at 77 K, reduced at different temperature

Pd_Rut 623 623 0 100 and cooled in 1 mbar of 4
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................. Reduced at 298 K

Pdg-hydride is assumed to decompose at 343-3¢31K
Reduced at 623 K 36,37] This implies that the presence of Behydride is pos-
sible only when the catalysts are cooled in an atmosphere
of hydrogen (first set of experiments) and/or the catalysts
are reduced and evacuated at 298 K (second set of experi-
ments). These conditions are those under whiéh Tenter
formation was observed. Therefore, it is proposed tht Ti
center formation occurs mainly through hydride reduction
rather then through hydrogen spillover. This does not invali-
date the hypothesis of 4 reduction by hydrogen spillover;
however, under the conditions described here, its contribu-
tion was the less significant of the two processes.

During catalyst reduction, both adsorbed and absorbed
hydrogen species are formed; both of these processes are
Fig. 2. EPR of Pd_Ana, collected at 77 K, reduced at different temperatures reversible. Throughout the increase in temperature, the hy-
with 1 mbar of H and evacuated before cooling. dride (potentially the active species involved in the reduction

of the support) dissolvg88,39] taking with it the electrons

trapped at the it centers. In the case that the catalysts are
yond the scope of the present work, we can conclude only 4jjowed to cool in hydrogen (first set of experiments), fur-
that the T#* centers have bu_lk_ c_haracteristics and that they her formation of hydride is allowed, and the signal related
appear to be located in the vicinity of Pd. to Ti®* centers is observed. The insignificant increase in the

In the second set of experiments, the cell was evacuatedsjgna| with increased reduction temperature is an indication
at the reduction temperature and the catalysts were coolednat the reduced support due to hydrogen spillover is not very
under dynamic vacuuntig. 2 shows the EPR spectra ob- pronounced. In the second series of experiments, hydride
tained for the catalysts Pd_Ana; the measurements madggrmation during cooling was prevented, and thus hydride
using Pd_P25 (not shown) gave similar results. The signal yecomposition occurred, leading to removal of the electrons
related to T# (¢ = 1.991) was measurable only when the {rapped at T+ centers, as confirmed by the disappearance
catalysts had been reduced with 1 mbar gfdi298 K and  of the signal related to i centers when the catalysts were
only when Pd was present. Another important observation reduced and evacuated at higher temperatures.
was that the Shape of the prOﬁleS remained the same after For Comparison, the Spin concentrations resumng from
the catalysts were exposed te (ot shown). The very nar-  the calculations using the frozen &uaqueous solution
row line width indicates that ¥ occupies a single type  were 25 x 1019 spingg catalyst for Pd_Ana and.Bx
of site within the anatase. Following the foregoing reason- 10! spingg catalyst for Pd_P25. Using this rough estima-
ing, the TP centers are assumed to be present within the tjon, it is possible to determine the percentage of support
support lattice. In this set of experiments an additional sig- that was partially reduced under the experimental conditions

nal was detected that was diminished in intensity with an applied. The values obtained wer.4% for Pd_Ana and
increase in reduction temperature such that it remained un-~0.1% for Pd_P25.

detected when the catalysts were reduced at 623 K. Because
the g factor of the signal is significantly greater than 2, the 3.3, Adsorption of CO on reduced Pd/TiO; catalysts
signal must derive from another type of species, which in
this case is assumed to be Pd, because no other chemical FTIR measurements using CO as a probe molecule were
species are present in the catalysts. The signal is assigned tperformed to identify the species present on the surface of
residual, incompletely reduced paramagnetic Bpecies.  the catalysts, their oxidation states, and their susceptibility
Furthermore, the catalyst color was visibly darker with an to the presence of oxygen in situ after reduction. Because
increase in the reduction temperature, indicating a reductionof the weak nature of CO adsorption on exposed sites of
of Pd to its metallic state. the support, such as CO bonded t&T{40], experiments
Any discussion of these results must begin by explain- were conducted with the sample at 100 K. The results of
ing why the support can be reduced at such low temperature the interactions of CO with the surface species of the cat-
The explanation for this must be related to the presence ofalysts supported on P25 and anatase after in situ reduction
Pd in the catalysts. It is known that Pd promotes reduction and evacuation are shown ffigs. & and b. The spectra in
of the support, allowing reduction to occur at a lower tem- each figure were obtained for the same sample submitted
peraturg23]. This effect is due to the spillover of hydrogen consecutively to different reduction temperatures and CO
and/or the presence of Rthydride (absorbed hydrogen). adsorption. CO was previously evacuated at room temper-
Because these two mechanisms are possible, the question iature before subsequent reduction; thus it is assumed that
which one is responsible for the formation of thé*Ticen- the reduction procedures were identical for the FTIR and
ters measured? EPR experiments. Similar studies were also performed for

Intensity [a.u]

215 210 2.05 2.00 1.95 1.90 1.85 1.80 1.75

g-value
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Fig. 3. FTIR spectra following exposure of samples (a) Pd_P25; and (b)
Pd_Ana to 50 mbar of CO at 100 K, for samples reduced at different tem-
peratures.
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Fig. 4. Modifications to CO adsorption following exposure of the catalyst
to 10 mbar of Q. The spectra presented are the difference between the
spectrum of CO adsorption before and after dosing #f EXIR collected

at 100 K and adsorption carried out with 50 mbar of CO on Pd_P25.

the supports in the absence of Pd (results not shadvig) 4
shows the perturbation in the intensity of bands due to ad-
sorbed CO resulting from exposure t¢.0
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tion on exposed Ti species (band centered at 2180m
and the decreased intensity of bands related to adsorption
of CO on exposed Pd sites (bands centered at 2100, 1995,
and 1940 cm?). The band centered between 2176 and
2180 cntl is assigned to Tir—CO g-acid sites[40-42]

that is, five coordinated Ti ions. The shift of the band to
high wave numbers with an increase in reduction tempera-
ture is related to dehydroxylation of the surface occurring
during sample evacuation. It should be remembered that the
catalysts were evacuated at the reduction temperature for
30 min to remove any water formed during the reduction
process. The band was more pronounced in the presence
of Pd. A slight decrease in band intensity was observed for
samples containing Pd when the reduction was carried out at
higher temperatures and exposed to oxygen. But in the case
of the support alone, the intensity decreased strongly after
the addition of oxygen. In the case of catalysts reduced at
lower temperature (298 K), the band decreased by 30%. It is
possible to conclude that the noble metal has two functions:
promoting the formation of coordination vacancies and pre-
venting their recombination with molecular oxygen.

A small band located at 2210 crhwas observed more
clearly in spectra of the catalysts containing anatase as a sup-
port. This is attributed to another acidic cation, thdi**
acid site440,41] that is, four coordinated Ti ions or Ti with
two coordination vacancies. Oxygen dosing had no effect on
band intensity. Furthermore, this band was not observed for
the support alone in the absence of the metal, which sup-
ports the argument that Pd promotes the development and
stabilization of coordination vacancies. A consequence of
the decreased coordination number of termindt-Tis an
increased surface positive charge of the catalysts. It should
be mentioned that the interaction of CO with €%t is
known to be much stronger and that its corresponding band
intensity does not depend on the temperature at which the
measurements were performed, whereas the intensity of the
band representing the sites has a temperature dependence
(i.e., more intense when the measurements are performed at
lower temperaturegf0].

The band between 2150 and 2158 ¢dnis assigned to CO
adsorbed on Ti-OH#0]. The weak bands, which are visible
in the spectra of the Pd/TiOanatase catalyst at 2144 and
2138 cn1l, can be related to the same sites but with slightly
different environments. They are apparent with greater inten-
sity then normally expected, because the measurements were
performed at low temperature. These features decreased with
increasing reduction temperature due to the dehydroxylation
process. The final band, which can be attributed to adsorp-
tion at exposed Ti cations, is located at 2166 énand is
assigned to Ti-(CO), specieg40]. This band was observed
only in the sample containing anatase as a support.

For spectra of catalysts containing Pd, three different
types of adsorbed species due to the interaction of CO with

Two features are evident in the spectra of the catalysts different Pd sites can be identified. The highest-frequency
studied as a function of the increased reduction temperature:band at 2100 cm! is attributed to CO linearly bonded to Pd
the increased intensity of the bands corresponding to adsorp{24,40,43] Bands at 1995 and 1940 crhare assigned to
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compressed and isolated bridge carbonyls, respecfi2dly  with exposed Ti species when the samples are considered
40,43,44] All bands decreased in intensity with increasing in the SMSI state (473 and 623 K), whereas for the support
reduction temperature. The decreased number of exposed P¢h the absence of metal, band intensity decreased by around
sites available for CO adsorption could be a consequence 0f30%.
the onset of strong metal support interaction (SMSI) and/or  Before concluding the characterization section, we note
a sintering process. that FTIR measurements were not possible for the rutile sup-
The term SMSI was first proposed by Tauster et al. ported catalysts using the methodology applied for the other
[45,46] to indicate the modification of the adsorption abil- two types of catalyst. This failure was related to the difficulty
ity of metals from groups 8, 9, and 10 when supported on in obtaining adequate IR transmission through the sample
partially reducible oxides such as Ti@nd reduced at ele-  after the reduction pretreatments. Therefore, we present no
vated temperatures (generally 773 K). The standard criterioncharacterization for this type of catalyst. However, for the
for SMSI is a significant reduction in Hor CO adsorption ~ sake of providing a useful comparison in terms of the role
capacity with elevated reduction temperature without an ac- of the support, we conducted activity measurements using
companying increase in crystallite siiz3,45,46] these samples.
The SMSI phenomenon can be explained either by the
decoration of the metal surface with partially reduced ox- 3.4. Catalytic performance
ides[47-53]or by an electron transfer process between the
support and the dispersed me}4¥,54,55] Both of these The results of activity measurements, maximum nitrite
situations lead to decreased chemisorbtion of CO on theconcentration, and selectivity of the catalysts to nitrogen are
metal. In the first situation this is due to the decrease in the plotted in Figs. %a—c, with values summarized ifable 2
surface metal atoms, whereas in the second it is due to elec-The overall degradation profiles of nitrate via nitrite to nitro-
tronic modification, which leads to a weakened adsorbate—gen and ammonium over all catalysts are compar&ggn6.
adsorbent bond. The activities were calculated from the slope of the initial
In the present study, FTIR measurements of chemisorbedlinear section of the conversion curve (up to 20 min reaction
CO were carried out at 100 K, which facilitates CO adsorp- time); the selectivities were calculated using the ammonium
tion and maximizes coverage, as confirmed by the appear-concentration remaining at the end of the catalytic test (4 h).
ance of bands due to CO bonded to some Ti species, which  The TiO;-supported catalysts displayed a relatively high
are otherwise highly unstable at room temperaf4€g. Un- activity for the removal of nitrates. In some cases, higher val-
der these experimental conditions, diminished intensity of ues than those of the reference PdCu bimetallic catalyst were
bands due to adsorbed CO is thus not expected should SMSbbtained. These results are surprising given literature reports
manifest itself in terms of an electron transfer process lead- that TiO, might be less promising as a suppf@t. Another
ing to weakened adsorption. It is more likely that the dimin- important observation is that the nitrite concentration was
ished CO uptake, as indicated by the reduced intensity of COvery low or reached undetectable levels for the monometal-
absorption bands with increasing reduction temperatures, islic catalysts. The final concentration of NOwas 0 for all
a consequence of the SMSI state, which in this case resultscatalysts except Pd_Ana62Baple 2, for which a level of
from decoration of Pd particles by partially reduced 7iO 0.3 ppm was recorded. According to the reaction mechanism
Sintering is expected to play at most a minor role in re- proposed by Waret al[13], nitrates are reduced in a step-
duced CO uptake; this is based on the assumption that thewise fashion, initially to nitrites over bimetallic sites, before
catalysts were previously calcined at a temperature above thamigrating to monometallic sites where subsequent nitrite re-
palladium Tammann temperaturg & 593 K, T ~ 0.5Tmp) duction takes place. Generally, this two-step process leads to
[56,57], which would be expected to lead to a greater degree a release of N@~ into the solution, which may be further re-
of sintering than occurs during the reduction procedure. An duced at a later stage. In this way a potentially relatively high
acceptable criterion for the occurrence of sintering is that the concentration of nitrites in solution during reaction might
treatment temperature is above the Tammann temperatureexist for the bimetallic catalysts, consistent with data given
In only one case was the reduction temperature sufficiently here for the PdCu sampl€&if. 5b). Because the final nitrite
high for sintering to occur on the basis of this criterion. Fur- concentration was either very low or mostly undetectable for
thermore, there was no increase in the ratio between bridgethe monometallic catalyst3#ble 2, and the maximum ob-
CO and linear CO carbonyls on Pd, which could also be in- tained Fig. 5b) were also very low for these samples, we
terpreted in terms of morphological changes that generally assume that the active sites for the reduction of nitrates to
accompany any particle growth proc¢24]. nitrites are the same as for subsequent steps (nitrites toward
Establishment of the catalyst system in an SMSI state al- nitrogen or ammonium) and that in general, the release of ni-
lows stabilization of the generated coordination vacancies or trites into solution followed by subsequent reduction is not
acidic sites of Ti, which is not expected in the absence of the predominant pathway.
strong interactions between metal and support. This is illus-  As mentioned earlier, the accepted mechanism for the re-
trated inFig. 5 where the dosing of oxygen leads to only duction of nitrates to nitrites requires promotion of the noble
minor decreases in the bands due to the interaction of COmetal by addition of a second metal, that is, a bimetallic site,
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Fig. 5. Catalytic performances of the catalysts: (a) activity (after 20 min reaction); (b) maximum concentratiop af (¥)electivity to Np.

Table 2
Activity and selectivity of the different catalysts in the hydrogenation of 100 ppm nitrates
Catalyst Activity [NO2 ™ Imax [NO>™ J¢ Selectivity towards N
(mol/(min geap) x 107> (ppm) (ppm) (mol%)
Pd_P25 298 ] 0.0 0.0 31
Pd_P25 473 3 0.0 0.0 56
Pd_P25 623 ® 176 00 0
Pd_Ana 473 5% 0.0 0.0 49
Pd_Ana 623 6l 11 0.3 7
Pd_Rut 473 & 0.0 0.0 53
Pd_Rut 623 3 0.0 0.0 11
PdA-Al,03 0.1 0.0 0.0 78
Pd-Cuf/-Al,03 5.2 7.8 0.0 77

[NO> ™ Imax, maximum nitrite concentration observed during the IfiN®> ™ I, final nitrite concentration.
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—B—Pd_An473 C L :
100 Pd_An 623 ered._The activity is increased with increasing temperature

—4—Pd P25298 at which the catalysts were reduced (except where rutile was
80 4 Pd P25 473 used as the support); however, the EPR results show only a

—A—Pd P25 623 minor increase in the ¥t signal when the reduction tem-

—8—Pd Ru 473 perature was increased. Therefore, it is assumed that another
Pd Ru623 parallel process is occurring.
- FTIR experiments confirm the presence of the SMSI con-
dition and also suggest that it is related to a decoration of
Pd patrticles by partially reduced Ti@uboxide species. The
chemical structure of the partially reduced %i® believed

60

40

[NOs'] (ppm)

20

0 ; ; ; ‘ ‘ to be TikO7 [39] from studies using electron diffraction and
0 50 100 150 200 250 lattice spacing measurements. ThisQ+ phase was de-
Time (min) tected during reduction of the Tgsupport, which was not

observed in the absence of Pt. This electronically enriched
Fig. 6. Nitrates conversion profiles as a function of time for all catalysts. local structure contains potential active sites for nitrate re-
duction. In fact, the development of an SMSI state, apart

because monometallic catalysts supported oyOAlshow from the enhanced support Lewis acid site density, was the
poor activity[18] (Table 2. Previous studiefl8,58] have only significant change observed with an increase in reduc-
demonstrated that nitrates might be reduced to nitrites ontion temperature. It can be assumed that the development of
metallic copper according to a redox reaction, leading to the the SMSI state was directly related to the increased activ-
oxidation of copper species. Subsequently, the role of theity, despite a reduction in the total number of exposed metal
noble metal is to activate hydrogen and enable copper reduc-surface sites. This apparent paradox regarding activity en-
tion. A similar type of mechanism could well be envisaged hancement due to formation of an SMSI state but a reduction
here; however, in this case the promoting role of the noble in the total number of sites is not without preced@, 60}
metal involves generation/stabilization of reduced species of ~ Tacke and Vorlogd7] found the reaction order to be 0.7
the titanium support. with respect to nitrate and independent of hydrogen partial

After nitrates are introduced to a solution, they are ad- pressure, provided that the latter pressure wa® bar. Pin-
sorbed at exposed acid sites (oxygen vacancies) of the suptar et al.[9] suggested that the reaction was first order at
port through electrostatic interactions. These sites are ex-lower nitrate concentrations and zero order at higher con-
pected to be located in the vicinity of the Pd particles, be- centrations, which is an indication that nitrate adsorption fol-
cause otherwise it is difficult to envisage a scenario in which lows a Langmuir-type process at the respective active centers
they would have the required stability. A similar type of ad- on the catalyst surface. Therefore, a great excess of metal
sorption site has been postulated by Epron dezl. sites would be expected for the reduction of nitrates. SMSI

Because nitrate degradation is a reduction process, theis expected to lead to only a decreasing number of potential
transfer of electrons is an integral part of the reaction active sites, not to poisoning of the catalyst. The possibil-
scheme. These electrons are envisaged as being located dty that the remaining sites were much more active and/or
the TP centers, generated by the catalyst from the Pd that new, active sites (e.g., at the Pd—support interface) were
B-hydride during the flushing of the reaction mixture with created should not be discounf@®].
hydrogen before the introduction of nitrates. These centers  The rate-determining step in the nitrate conversion process
are extremely reactive; however, EPR evidence suggests thais the reduction of nitrates to nitrite. In this case this step is
they are located within the lattice of the support, which controlled by generation of the i centers, because in the
would make them inaccessible for the reaction unless theynitrate reduction profiles for these catalysts, a steep decrease
were conducted to the surface, where reaction could takein concentration is observed during the initial stages of the
place. Whether electrons are transferred from the supportreaction. This decrease appears to be related to the rapid
directly to the NQ~ or primarily to the metal and from this  consumption of previously stabilized electrons, followed by
to the anion is an open question. The charge transfer fromhydroxylation of the acid sites, and a significant decrease in
the support to the metal has been the subject of discussionthe activity beyond that expected for a first-order consump-
with the suggestion that the electronic interactions present intion of nitrate from the reaction media.
a SMSI state could result in a charge transfer from the sup-  In terms of catalyst selectivity, the catalysts supported on
port to the metallic particlet7]. Kim et al. [59] observed TiO2 exhibit relatively poor selectivity, which can be jus-
a shift in the Pd XRD peak for Pd/Tgreduced at 773 K,  tified by the known strong hydrogenation character of this
which they attributed to negative charge transfer froft Ti type of catalyst as well as the fact that high activity is of-
to the Pd particles. ten compensated by poorer catalyst selectivity, due in this

It seems plausible that the charge transfer is occurring case to overreduction. Furthermore, the results indicate that
during the reaction; however, the catalytic results cannot the overall reaction is not strongly dependent on the amount
be fully accounted for if this is the only pathway consid- of nitrite accumulated in the liquid phase, as has been sug-
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