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Abstract

A novel catalyst was prepared by sulphation of vanadium supported on carbon-coated monoliths with a mixtyre-@-5& 473 K.
The as-sulphated catalyst shows about twofold higher conversion than the fresh catalyst in the selective catalytic reduction of NO at low
temperatures<€473 K) after an induction period. The increase in activity during the induction period is correlated with the buildup of
more stable sulphate species. The sulphated catalyst was characterised by temperature-programmed desorption, photoelectron spectrosc
temperature-programmed reaction, and transient response techniques. We have found evidence indicating that sulphates are anchorec
carbon in the vicinity of vanadyl sites. This fact can account for the improvement of the redox properties in the sulphated catalyst. On
the basis of experimental results, the enhancement of the redox properties, rather than the increase in acidity, is the cause of the super
performance of the sulphated catalyst compared with the fresh one.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction Commercial SCR catalyst contains about 0.5-1% sul-
phur, which is present mainly in the form of sulphate on
In the selective catalytic reduction (SCR) of NO by am-  the surface. Some authors have suggested that surface sul-
monia, the optimum operating temperature of the commer- phates have a promoting effect in the SCR of NO at high
cial catalyst (i.e., YOs/TiO2 promoted with WQ or MoOs) temperaturef9—14]. All of these authors agree that this pro-

Is in the range of 573-673 K, which ma_kes It Necessary motion occurs because NHdsorption is enhanced by the
to reheat the flue gas after the electrostatic precipitator and.

desulphuriser (393-523 K). In an effort to avoid reheating increase in acidity by. sur.face. sulphate's. Upon sulphation
costs, the search for new catalysts that are active and sta-Of the support, the _ac'd sites mt_:rease_ in both number and
ble at low temperatures is still under way. In recent years, Siréngth. The latter is due to the inductive effect of the(s

a considerable effort has been devoted to developing a catPond[9,12] Lietti et al. [11] suggested that Ngladsorbs
alyst that is active at low temperatures. Some examples argl0 the surface of S sites acting as an ammonia reservoir.
MnO,/Al,03 [1], MnO,/TiO2 [2], MnO,/NaY zeolite[3], Amiridis et al.[15] have also found a promoting effect when
VoOs/activated carboi,5], MnO,/activated carboif6,7], SO, is present in the feed for VATIO; loading below half a

and unsupported Fe—M8A]. monolayer, and it was argued that sulphates favour the poly-
merisation of vanadyl species. In SCR at low temperatures
* Corresponding author. Fax: +34 976733318. V.ViFh VoOs/activated carbofb,16,17] an inF:rease in the ac-
E-mail address: jegarcia@carbon.icb.csic.&8. Garcia-Bordejé). tivity was observed when SQvas present in the feed. These
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authors proposed that the increase in activity is due to theature overnight and later 2 h at 383 K, the catalyst was cal-

formation of SQ= linked to carbon, which increases acid cined in Ar at 673 K. The vanadium content of the resulting

sites that adsorb N4 catalysts was analysed by inductive coupled plasma-optical
The mechanism of reaction and the nature of sulphatedemission spectroscopy (ICP-OES).

species have been exhaustively studied in SCR at high tem- To prepare the presulphated catalyst, we sulphated 5 wt%

peratures over sulphated oxidic supports. However, the lit- vanadium on carbon-coated monoliths by passing S0nin

erature dealing with NgtSCR at low temperatures over of 400 ppm SQ, 3% O, and Ar (balance) at 473 K over the

sulphated carbon-supported catalyst is very scarce, and thezanadium on CCM catalysts for 18 h.

mechanism of promotion by sulphates is still not well un-

derstood. In the literature, the promoting effect of sulphates 2.2, Characterisation of catalysts

is usually attributed to an increase in acid sites, neglect-

ing other faf;tors, such as.the influence of sulphates on e The sulphate species in the presulphated catalyst af-
dox properties or electronic effects. We have shown previ- o several stages of the SCR reaction was characterised
ously[18] that a presu_lphated _vgnad|um _catalyst on carbon- by temperature-programmed desorption (TPD). PRE-SCR
coated monolith exhibits activity superior to that of the i3nds for the sulphated catalyst previous to SCR reaction,

sulphur-free cgtalyst. In this work, we present the results of 54 the catalyst samples after reaction are denoted by SCR
a comprehensive study of the mechanism of8CR over 4| jowed by the reaction time in minutes. TPD experiments

sulphated catalyst. The use of transient response techniqueSyere carried out in a quartz microreactor. In a typical ex-
temperature-programmed technigues (TPR, TPD), and XPSperiment, 50 mimin of Ar was passed over the catalyst
has enabled us to shed some light on the reasons for thenij| the signal of the mass spectrometer was stable. Later
higher activity of the sulphated catalyst compared with the ha temperature was raised to 773 K at a rate of 10i.
fresh one. The desorptions of Ngland SQ were followed bym /e 17
and 64, respectively, in the mass spectrometer. The desorp-
tion profile of SQ was fitted to three peaks that coincided

2. Experimental with desorption temperatures similar to those described in
the literature[20]. We estimated the areas of these peaks
2.1. Catalyst preparation by calculating the integral of each peak after subtracting the

baseline and fitting the experimental peaks to Gaussian lines

Cordierite monoliths (400 cpsi, 1-cm diameter, 5-cm ©f variable width. _
length) were coated with a polymer blend by a method de- ~ Témperature-programmed desorption of preadsorbed am-
scribed elsewherl9]. The polymers used were furan resin  monia (NH;_-TPD) was also carried out as described above.
(Huttenes—Albertus) and polyethylene glycol-6.000 MW The only dlffe_rences were that the catalyst was pretreated
(Sigma-Aldrich). After thermal curing, the monoliths were With SO ml/min of 1800 ppm NH in Ar for 2 h at 373 K,
carbonised at 973 K, activated with G@t 1173 K for 4h  and the temperature was raised to 1073 K.
(30% carbon burn-off), and treated for 18 h with 2 N HNO X-ray photoelectron spectroscopy (XPS) was used to
at room temperature to develop oxygenated surface groups_study the chemical composition of thg catalyst surface. Pho-
The as-prepared carbon-coated monoliths (CCM) were toelectron spectra were reporded _Wlth a VG Escalab 200R
loaded with 5 wt% vanadium. The impregnation was carried €/€ctron spectrometer equipped with a Mg-K-ray source
out by ion exchange with a solution of ammonium metava- (#v = 12536 eV) and a hemispherical electron analyser op-
nadate in a stoichiometric amount to get a 5 wt% V-load- €rating at a constant pass energy (50 eV). The C 1s peak at
ing. To facilitate the dilution of ammonium metavanadate, 284-9 €V was used as an internal standard for peak position

ca. 10 mg of oxalic acid was added. Under these conditions Meéasurements.
the pH of the solution remained neutral, and the solution

had a yellow colour, which was indicative of the presence of 2.3. Catalytic tests
VO, t.

The monoliths, placed in a holder, were introduced intoa  The catalytic tests were performed in a 14-mm i.d. quartz
vessel with 100 ml of the impregnating solution. The vessel microreactor. We forced the gas to flow through the mono-
had a stirrer at the bottom that created a continuous flux of lith channels by fixing the monoliths to the inner walls of the
the vanadium solution through the monolith channels. This reactor with teflon stripe. The total amount of carbon coat-
guaranteed that vanadium is deposited uniformly inside the ing was ca. 0.12 g, and the total flow rate was 10@mih
channels. This process was allowed to proceed for 18 h. Sub-STP, which yields a GHSV of 34,000 hrl. Catalytic tests
sequently, the monoliths were rinsed thoroughly with dis- were carried out with 5 wt% V catalyst, both fresh and af-
tilled water in the same setup. Thus it was ensured that only ter the presulphation process. The gas composition used was
vanadium strongly adsorbed to the support remained in the500 ppm NO, 600 ppm N§J and 3% Q, and the balance
pores. After the monoliths were dried first at room temper- was Ar. First, the reaction temperature was set at 393 K and
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the reaction was allowed to proceed for 2 h until steady-state 3. Results

was reached. Subsequently, the temperature was raised to

423 K, and the same process was repeated with 438, 4533.1. Process of catalyst sulphation
473, 493, and 523 K up to stationary conversion. In all of

the experiments the amounts of® were less than 5 ppm, It is widely reported that vanadium in oxidation state
and no oxidation of ammonia took place, as determined by +5 undergoes a redox cycle and oxidises, $©SGC; [15,
nitrogen balance. 23-25] The oxidation of S@ over 5 wt% V/CCM was per-

A mass spectrometer (Balzers) was used to analyse theformed at three different temperatures, 433, 453, and 473 K.
gas stream. The zero was measured before every experimerfeas containing 400 ppm $08% O, and Ar (balance) was
to correct possible variations with the time. Mass spectrom- allowed to flow (50 mfmin) over 5 wt% V/CCM catalyst
eter signals were calibrated with cylinders of gases with for 18 h. The S@ concentration at the outlet was monitored
certified known composition. The following main mass-to- PY Mass spectrometry. This $@oncentration describes a
charge f1/¢) ratios were used to monitor the concentration YPical breakthrough curve. The area over the curve was
of products and reactants: 17 (NH18 (H:0), 28 (\b), 30 integrated, and thus the moles of converteg 8@re quan-

(NO), 32 (Q), 44 (N;O), and 46 (NQ). The fragmenta- tified. The SQ thus calculated coincided, within less than
tion pattern of each gas was dealt with as follows. From the 5% error, with the moles of sulphur determined by elemental

massn /e 12 and taking into account that the contribution of analysis after the sulphation process, indicating that al SO

CO, tom /e 12 is 6%, the amount of Clesorbed at steady converted to_S@ls retained by the catalyst-adsorbdfig. 1
. plots the ratio of moles of adsorbed 5@ moles of vana-
state was calculated. The® concentration was calculated

0 dium as a function of reaction time. After 18 h the catalyst
from m/e 44 after th_e contribution of Cowas subtracted. reached saturation regardless of the temperature. At satura-
The NO concentration was calculated fronye 30, after

h ibuti hi ‘ o b q tion the ratio moles S@moles/moles vanadium is higher
the contribution to this mass of2® (30%) was subtracted. a0 njty, that is, 1.4 at 453 and 473 K and 1.2 at 433 K.

The concentration of Nwas calculated fromm/e 28 after  \;yes higher than 1 indicate that carbon support is involved
the contributions of HO (11%) and CQ (11%) were sub- i, the adsorption of S© The increase in this ratio from 433
tracted. Finally, the Nl concentration was obtained from {5 453 K can be explained by the fact that the number of
mje17. carbon sites accessible for adsorbings®@reases with the
Transient-response experiments have been widely usedemperature. This number of accessible carbon sites depends

to study the SCR of NO over @0s-WGs/TiO2 cata- on the mean free path of surface diffusion of chemisorbed
lysts [11,21,22] We carried out experiments at 423 and SQ;, which has a high activation ener{g6].

473 K with stepwise addition-removal of one of the reac-

tants, either N or NO. Contrarily to steady-state experi- 3.2, Seady-state catalytic tests

ments, the dynamics of SCR reaction can be analysed. Thus

these experiments allow unravelling of the steps involved  Fig. 2 shows the NO conversion along with the £0

in the mechanism of reaction. In the experiment with step- released at steady state as a function of the reaction tem-

wise addition-removal of NO, the catalyst was previously perature. It can be observed that the conversion is almost

saturated with 600 ppm NdH 3% O, at the temperature  twofold higher in the presulphated catalyst than in the fresh

of reaction, and in the experiment with stepwise addition- one. The C@ signal takes longer to stabilise than the SCR

removal of NH the catalyst was previously saturated with

500 ppm NO+ 3% O,. 16
Temperature-programmed reaction experiments were 1.4 1

conducted in the presence of gas-phase oxygen (TPReac-E 12 1

tion) and in its absence. Because of their non—steady—stateg

nature, TPReaction experiments are very useful for the study TE>

of the role of the catalyst functions on the SCR reaction.

The experimental procedure was as follows. To saturate the & 0¢ 1

oles

1

0.8 4

O2

surface with NH, 100 ml/min of a gas containing N 8 04

(1700 ppm) was allowed to flow over the catalyst at 323 K § 02 -

for 1 h. Later, the gas was switched to Ar, and this was °

maintained for 30 min to remove weakly adsorbed INH 0 2 4 6 8 1'0 1'2 1; 16
Subsequently, the reaction gas was admitted (i.e., 500 ppm time (h)

NO, 600 ppm NH, 3% O, and balance Ar). In the TPRe- ) ) ) ) .

L . Fig. 1. Ratio of S@ moles to vanadium moles as a function of reaction
action in the absence ofA@he same composition was used, time during presulphation of 5 wt% vanadium on carbon coated monoliths
but without Q. The temperature was raised to 523 K with a at three different temperaturesk) 433, @) 453, and ®) 473 K. Reacting
ramp of 5 K/min. gas composition: 400 ppm $03% O, and Ar to balance.
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Fig. 2. NO conversion and GQreleased in experiments at steady state as Fig. 4. CQ released in temperature-programmed reaction experiments in
a function of the reaction temperature with fresh and presulphated catalyst the presence of gas phasg (JPReaction) and in its absence with the fresh

containing 5 wt% vanadiuma(, A) fresh catalyst,M, OJ) presulphated cat- and presulphated catalyst: curve (a) sulphated catalyst in the presence of
alyst; filled symbols= NO conversion, open symbois CO, released. Re- 3% Oy, curve (b) fresh catalyst in the presence of 3% €urve (c) sul-
action conditions: 0.1 g catalyst, [N@] 500 ppm, [NH] = 600 ppm, 3% phated catalyst in the absence of gas phagecQrve (d) fresh catalyst in
0,, Ar to balance, total flow rate: 100 mi/min and GHSV= 34,000 i1 the absence of gas phasg.O
90 lyst, the conversion in the TPReaction experiment is consid-
80 | a erably lower than it is under steady-state conditidfig.(2),
70 | because in the steady-state experiments an induction period
2 ol b was observed at all temperatures before the steady-state con-
§ 50 c version was reached. At temperatures lower than 400 K, it is
§ ‘0 ] fapparent that NO conversion is higher m_fresh catal_yst than
S in the sulphated one. This can be tentatively explained be-
5’ 30 1 cause NO is adsorbed on carbon basic sites of fresh catalyst.
Z 20 In contrast, basic sites of carbon are not available in the sul-
10 4 phated catalyst because they have previously been occupied
0 , : : by sulphates.
323 373 423 473 523 In TPReaction in the absence ob @ver fresh catalyst
Temperature/ K (curve d), after a slight increase in conversion up to 373 K,

) ) o ~ the reaction is not able to proceed further. In sulphated cat-
Fig. 3: Compf_:lrlson of NO conversion in temperature-_programme_d reaction alyst, the curves of TPReaction (curve a) and TPReaction
experiments in the presence of gas phasgTPReaction) and in its ab- .
sence with the fresh and presulphated catalyst: curve (a) sulphated catalysfn the absence of £(curve c) are comparable up to ca.
in the presence of 3%£curve (b) fresh catalyst in the presence of 3% 0 400 K. Above this temperature, the curve of TPReaction in
curve (c) sulphated catalyst in the absence of gas phaseutve (d) fresh absence of @is slightly under the curve of TPReaction in
catalystin the absence of gas phase O the presence of 3% £ However, in contrast to the fresh

catalyst, the reaction proceeds to a significant extent in the
reaction (viz. around 6 h and 90 min, respectively) becauseabsence of @in gas phase. The superior redox properties
the desorption of labile carbon groups is a slow process. No of the sulphated catalyst must stem from the fact tht v
evolution of CQ at steady state occurs in the fresh or sul- can be readily reoxidised to% by lattice oxygen coming
phated catalyst at temperatures lower than 500 K. This alsofrom surface sulphate species. It is worth noting that there is
shows that the role of sulphates catalysing the gasification ofno SQ desorption in these experiments; therefore sulphates
support is irrelevant. Since this catalyst is intended to be fit- are not desorbed from the carbon surface.
ted in a tail end configuration, that is, downstream from the ~ To assess the effect of this lattice oxygen on the gasifica-
electrostatic precipitator and desulphuriser, the inlet temper-tion of the most labile carbon groups of supp&ig. 4shows
ature to the SCR unit will be lower than 500 K, and hence the CQ evolution in TPReaction and TPReaction in the ab-

the gasification of support is not a matter of concern. sence of @ with fresh and sulphated catalyst. The amount
of evolved CQ in TPReaction experiments is slightly higher
3.3. Temperature-programmed reaction techniques for the sulphated catalyst (curve a) than for the fresh one

(curve b). The CQrelease occurs at lower temperatures in
Fig. 3 compares the NO conversion in temperature- TPReaction experiments than at steady st&ig. (2), be-
programmed reaction experiments in the presence of 3% O cause at the beginning of the reaction the more labile or
(TPReaction) and in the absence of @ gas phase, with  reactive carbon groups are gasified, and, subsequently, CO
both the fresh and sulphated catalyst. In the sulphated catadesorption declines slowly with time on stream up to the sta-
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Fig. 5. Concentration of reactants upon stepwise addition-removal of NO in
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Fig. 6. Concentration of reactants upon stepwise addition-removal of
NH3 in the SCR of NO at 473 K with 5 wt% vanadium fresh catalyst:
(A) NH3, (H) NO, (®) N». Reacting gas composition: [N& 500 ppm,

3% O,, [NH3] = 600 ppm (when added), Ar to balance, total flow
rate= 100 mi/min and GHSV= 34,000 h1,
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Fig. 7. Concentration of reactants upon stepwise addition-removal of NO
in the SCR of NO at 423 K with 5 wt% vanadium sulphated catalyst:
(A) NHgz, (H) NO, (®) N». Reacting gas composition: [Nfi= 600 ppm,

3% O, [NO] = 500 ppm (when added), Ar to balance, total flow rate
100 ml/min and GHSV= 34,000 hl.

500

450 - +NH,;

‘/ -NH3

400 -
350 A
300 A
250 A
200 4

150 A
100 -
50 1

Concentration/ ppm

0 T T T T T T T
0 0.5 1

time/ h

Fig. 8. Concentration of reactants upon stepwise addition-removal gf NH
in the SCR of NO at 423 K with 5 wt% vanadium sulphated catalyst:
(A) NH3, (H) NO, (®) N». Reacting gas composition: [N&} 500 ppm,
3% Op, [NH3] = 600 ppm (when added), Ar to balance, total flow
rate= 100 my/min and GHSV= 34,000 L,

tionary values that are negligible for temperatures lower than NO shutoff, the concentrations of NO and Nrop sharply,

500 K.
If we look at the CQ desorbed in TPReaction in the
absence of @(curves ¢ and d), no gasification of labile car-

suggesting that NO reacts from gas phase or from a weakly
adsorbed state. IRig. 6, upon NH; shutoff, the concen-
trations of NO, N and NH; do not reach the steady state

bon groups of support occurs in these experiments, for theinstantaneously, but after 24 min. This suggests thag NH
fresh or sulphated catalyst. This reveals that lattice oxygenreacts from a strongly adsorbed state. The concentration of
from sulphated catalyst is not able to oxidise the most labile NO starts to rise as soon as Al shut-off, with a corre-
carbon groups of support, but, as already mentioned, it cansponding decrease inoNconcentration. This indicates that

readily reoxidise vanadium.
3.4. Characterisation by transient-response techniques
Figs. 5 and Ghow experiments with stepwise addition-

removal of NO and NH, respectively, to the fresh catalyst
at 473 K. InFig. 5, upon the introduction of NO, initially

there is a high NO consumption, and, in parallel, the con-

centrations of M and NH; rise. This takes place because of
the high initial NH; coverage of the surface. Subsequently,

the SCR reaction rate depends on thezNidverage in the
fresh catalyst.

Figs. 7 and 8show the experiments with stepwise
addition-removal of NO and N§{ respectively, to the presul-
phated catalyst at 423 K. This temperature has been chosen
deliberately to be lower than in the case of the fresh catalyst
because at 473 K the conversion in the sulphated catalyst is
complete, and, consequently, no variation upon NO addition
is observed. The behaviour of the gas concentrations in ex-
periments with stepwise addition-removal of NEd. 7) is

NO concentration stabilises to the stationary values. Upon comparable to that in the fresh catalyisiy. 5). Accordingly,
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Fig. 9. TPD up to 773 K of sulphated 5 wt% vanadium catalyst after different stages of reaction: (PRE-SCR) just after the presulphation procé&gs; (SCR-1
after 15 min time-on-stream of the SCR reaction at 423 K, i.e. within the induction period; (SCR-120) after 120 min time-on-stream of the SCR reaction a
423 K, i.e. at steady state. (a) (—) $@esorption, (- - --) NH desorption. (b) Deconvolution of S@lesorption peaks.

NO reacts from gas phase or a weakly adsorbed state bothrable 1
in fresh and presu|phated Cata|yst‘ Upon Mmission in Results of the deconvolution of S@esorption profiles

the sulphated catalysEig. 8) there is an induction period of ~ Catalyst Desorption ~ Temperature ~ Area  Percentage of
around 90 min before the steady-state conversion is reached peaks (K) total area (%)
In this time a large amount of Nfis consumed, and the PRE-SSCR  Peak1l 536 2 8l

curve of NH; exhibits a breakthrough just before the steady E:ZE; flS 8‘9 ! 190

state is reached. From this, it is obvious that the building

up of some ammonium sulphate species is needed to reactrCR1° Ppeej(kzl 65;’15 'f7 Z'g
the enhanced conversion at steady state of the sulphated cat- Peak 3 651 B 263
alyst. The buildup of this ammonium sulphate species is a

. . . . SCR-120 Peak 1 - 0 0
slow process. This large induction period was not observed Peak 2 613 a1 453
for the second use of the catalyst, suggesting that once the Peak 3 658 5 54.7

sulphate species are formed, they remain on the catalyst.
Upon NH; removal the reaction still proceeds to some ex-
tent for more than 90 min. This period is much longer than
the 24 min that it takes the fresh catalyst to finish the reac-
tion upon NH removal. The reason for this can be found in
the larger reservoir of adsorbed NHh the sulphated cata-
lyst. Integration of the area above the NO curve aftersNH
shutoff gives an indication of the reacted NO and therefore
of the NH stored. in the catglyst. Simple calculations show reaction on stream at 423 K (SCR-15) (i.e., within the induc-
Fhat reacted NO is 0.34 ml in the f“?Sh catalyst and 1.4 ml tion period) and after 120 min of the SCR reaction on stream
in the sulphated one. Furthermore, in the latter catalyst theat 423 K (SCR-120) (i.e., after steady state is reached).
reaction is far from finished. In a previous wdd8], NH3- Fig. % shows the TPD-desorption profiles of S&hd NH;,
TPD experiments showed that the sulphated catalyst is ablegng Fig. 9 shows the deconvolution of the $@rofile. Ta-

to adsorb about two orders of magnitude moresNHan e 1displays the parameters of the deconvolution. The,NH
the fresh one. Despite the large blkéservoir, itis apparent  and SQ profiles of the catalyst in the different stages show
that the SCR reaction rate decreases; thatiscdicentra-  substantial differences. The temperature at which S@rts

tion diminishes and NO concentration increases, as soon aso be released is 465, 524, and 551 K for the PRE-SCR,
NH3 is removed from the feed gas. This suggests that the SCR-15, and SCR-120 catalysts, respectively. It is obvious
main storage of Nkltakes place in sites different from ac- that the stability of the sulphates increases during the SCR
tive sites. induction period. As derived from the previous section, the

3.5. Characterisation by temperature-programmed
desorption

TPD was carried out to characterise the sulphate species
involved in the SCR reaction of presulphated catalyst. The
catalyst with 5% V was characterised by TPD just after the
sulphatation process (PRE-SCR), after 15 min of the SCR
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NH,HSO, Fig. 10shows the NH-TPD desorption profiles ofi /e = 17

NH, ' (NH3), m/e = 64 (SGQ), andm/e = 28 (N, or CO) for
NH; — arm/e=17 the presulphated catalyst after SCR reaction. The integra-
tion of the NH; profile showed that the sulphated catalyst
adsorbs two orders of magnitude more N\tdan does the
fresh catalysf18]. The latter (not shown here) only showed
b: m/e=64 a NHz desorption at 500 K (weakly bound NHbut did
not exhibit desorption of Nklat temperatures higher than

Intensity/ a.u.

S0, 600 K. On the other hand, the sulphated catalizgg.(10
showed a NH desorption at 500 K (weakly bound NH
and at 605 K (forming ammonium sulphates) and a broad
\\/ peak from 700 to 1000 K (strongly bound MH The SQ
J desorption £2/e¢ = 64) shows the peak at 605 K, due to

c: m/e=28 ammonium sulphates, and a shallow shoulder from 700 to
300 400 500 600 700 800 900 10001100 1000 K for very stable sulphates. The profilerafe = 28

Temperature/ K indicates that upon sulphate decomposition there is an ensu-

ing gasification of carbon support (CO), but this signal may

Fig. 10. TPD desorption profile after NHpreadsorption at 373 K with also include N produced by oxidation of strongly bound
sulphated 5% V catalyst after steady state SCR reaction at 423 K dur-

ing 72 h. Reacting gas composition: 500 ppm NO, 600 pprms N6 ammonia.
O, 400 ppm S@ and Ar to balance. Total flow rate 100 ml/min and o
GHSV = 34,000 1. Spectrometer signals: (a)/e = 17, (b)m /e = 64, 3.6. Characterisation of catalysts by XPS

(c)m/e=28.

XPS spectra were recorded for the fresh and sulphated
buildup of ammonium sulphates is an intermediate step for catalyst Eig. 11). Binding energies (eV) and surface atomic
the formation of these more stable sulphate species. Con-ratios are listed infable 2 The binding energy of V 2p is
cerning the NH desorption profile, the SCR-15 catalystonly 517.0 and 517.2 in the fresh and sulphated catalysts, respec-
exhibits a peak at 602 K, associated with sulphate decompo-tively. These binding energies indicate that vanadium is in
sition, whereas SCR-120 shows two peaks, one at 521 K foroxidation state % in both catalysts. There is a small shift
adsorbed N and a second peak at 621 K coinciding with (40.2 eV) to higher binding energies in the sulphated cata-
a desorption of S@ The appearance of the NHdsorption lyst with respect to the fresh one. This shift is only slightly
peak at 521 K suggests an increase in acid sites differenthigher than the uncertainty of the measure (0.1 eV), and it
from ammonium sulphates. can be considered to be caused by the presence of an elec-

In the deconvolution of the SOprofile (Fig. %), three tronegative group as sulphates in the vicinity of'V The
peaks can be distinguished: a low-temperature peak centredinding energy of the S 2p peak at 168.7 eV is typical of
between 536 and 565 K (peak 1), one middle-temperaturesulphur in oxidation state# as sulphates. The C 1s peak
peak centred in the 601-615 K range (peak 2), and a high-can be deconvoluted in two components: a first intense one
temperature peak centred in the 651-658 K range (peak 3).at 284.9 eV, due to C-C bonds in aromatic and/or aliphatic
In catalyst PRE-SCR, peak 1 is predominant, with 81% of structures, and a weak one at 286.3 eV due to single C-O
total SGQ released. In S@TPD of SCR-15 catalyst, peak 1  bonds. This latter carbon species may account for the labile
has decreased drastically, and the intensities of peak 2 andcarbon atoms evolved in the initial stages of SCR.
peak 3 are larger than those in PRE-SCR, with peak 2 pre- The V/C ratio (Table 9 decreases upon sulphation, sug-
dominating over peak 3. In SOTPD of SCR-120, peak 1  gesting a certain agglomeration of Y@nits. The low sur-
has fully vanished, the area of peak 2 has decreased, andace density of vanadium (5 VVOper 1000 carbon) and the
that of peak 3 has increased. Thus the intensity of peak lhigher surface density of sulphates (16 S per 1000 carbon)
decreases during the SCR induction period and almost dis-shows that sulphate species are mostly anchored to carbon.
appears after 15 min on stream. This brings about anincrease XPS spectra were recorded for the sulphated catalyst af-
in peak 2, and, when SCR proceeds further, peak 2 partiallyter SCR reaction at 423 K for 72 h. The XPS spectra of
transforms in more stable species (peak 3). N 1s shows two peaks, one at 399.4 eV with a 40% rela-

We also carried out TPD of preadsorbed ammonia up to tive abundance and the other at 401.2 eV with a 60% rel-
1073 K on fresh and sulphated catalyst after SCR reactionative abundance. The peak at 401.2 eV can be ascribed to
at 423 K for 72 h in the presence of 2O0’he gas composi- ammonium ion because its value is close to the values re-
tion in SCR experiments was 500 ppm NO, 600 ppmsNH  ported in the literature for ammonium salts. For instance, the
3% Oy, 400 ppm SQ, and Ar as the balance. The catalyst binding energies of N 1s core-level in N8I and NH;NO3
has not shown any significant deactivation in these experi- are 401.7 and 401.9 eV, respectivgd}. This ammonium
ments, which emphasises the stability of the catalyst, evenion can either form the sulphate salt or be chemisorbed on
in the presence of a significant amount of S0 the feed. Brgnsted acid sites. From the relative abundances of each
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Fig. 11. XPS spectra: at the left, spectra of V 2p in fresh and sulphated catalyst; at the right, spectra of S 2p of sulphated catalyst.

Table 2 catalyst PRE-SCR, and it can be ascribed to sulphur oxides

Binding energies (eV) and surface atomic ratios of 5 wt% V oxide on car- |ess stable than sulphates, most likely adsorbed. SBis

?é);cfigﬁff 4’2;”}‘<°gﬁ‘riazt";'§ fresh and presulphated before and after SCRyy5orhed S@becomes S@- as the SCR proceeds because
of reaction of S@ with water produced in the SCR. This

Catalyst Cls Vzp S2p M SV Nbls ge'a“"e process is relatively fast, since after 15 min of SCR reac-
Frosh e 5170 Ztg;no éitom a_ undance) tion more than 89% of S§Ypeak 1') has been transformed tp
2863 SOs~ (peak 2). As the SCR reaction proceeds further, the in-
Sulphated 280 5172 1687 0005 320 — crease in peak 3 is apparent. This is a slower process, which
2863 takes around 90 min, and at steady state these very stable sul-
Sulphated 2849 5172 168.7 0006 42 3994 (40) phate species (peak 3) are predominant over the less stable
after SCR 2863 4012 (60) ammonium sulphates (peak 2).

a Reacting gas composition: 500 ppm NO, 600 ppmaNB% Oy, The mo;t stable- sulphlate sp(_eueg (peak 3 |Q?$) .
400 ppm S and Ar to balance. formed during the induction period is not associated with

NH3. Hence they are not forming ammonium sulphates and

peak, it is apparent that ammonia is predominantly presentshould be responsible for the superior performance of sul-
as ammonium ion, since a great part of ammonia is forming Phated catalyst compared with the fresh one. Some evidence
ammonia sulphate salts, as deduced frongNIRD. On the has been produced by this work that enables us to associate
other hand, the peak at 399.2 eV can be assigned to ammoni&hese species with sulphates neighbouring vanadium sites.
molecularly chemisorbed on Lewis acid sites. This binding The superior activity of the sulphated catalyst can be ex-
energy is higher than that of free NKa Lewis base), which ~ plained because these sulphates facilitate the reoxidation of
is 398.9 eV. Electron donation from the lone pair of elec- vanadium, thus improving the redox properties, as proved
trons of the N atom of the Nigdmolecule to the Lewis-acid by TPReaction experiments in the absence o{fg. J). In

site leads to a higher binding energy than that of freqgNH  these experiments, the SCR reaction proceeds to a consider-

able degree in the absence of @r the sulphated catalyst

but not for the fresh one. Hence, lattice oxygen from sul-
4. Discussion phates close to vanadium is involved in the reoxidation of
the catalyst. Despite the enhanced mobility of lattice oxy-
From a comparison of experiments on stepwise addition- gen for reoxidation of vanadium in the sulphated catalyst,
removal of NH; (Fig. 8) with SO,-TPD experimentsHig. 9) this catalyst does not exhibit evolution of @@ the ab-
in the sulphated catalyst, it is apparent that sulphate speciessence of gas-phaseQurve c,Fig. 4). Therefore this lattice
endowed with higher stability are developed during the in- oxygen does not contribute to gasification of the most labile
duction period observed in the former experiment. In the carbon groups. The ability of these sulphate species to reox-
SQ,-TPD profile, peak 2 can be unambiguously assigned idise vanadium and hence promote the SCR reaction, along
to ammonium sulphates because it coincides with the des-with the inability to oxidise the most labile carbon groups
orption of ammonia. Peak 1 is the most abundant species infrom support is clear evidence for the assignment of these
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species to sulphates in the vicinity of vanadium groups. The evidence that the reoxidation of' may be rate limiting at
positive shiftin V 2p binding energy{g. 11, Table 2 in the low temperaturef21,31-33] Our experimental results also
sulphated catalyst also supports the occurrence of an interacsupport the conclusion that the reactivity is controlled by the
tion between sulphates and vanadium sites. Hence sulphateseoxidation of VAt that is, by the mobility of lattice oxygen,
must be close to vanadium sites. In forthcoming research, rather than by the amount of adsorbed ammonia. To the best
we intend to use Raman spectroscopy to identify possible of our knowledge, this enhancement of the redox properties
structural changes in vanadyl sites induced by sulphates. by surface sulphates is not described in the literature.
Several authors described the adsorption of sulphates on
catalysts that are not supported on carbon but on metal ox-
ides[12,13,27,28] The promoting effect of sulphates onthe 5. Conclusions
catalytic activity of SCR at high temperature 623 K) has
been attributed to the enhanced chemisorption of ammo- According to transient-response experiments, the SCR
nia [9,12,13] Sulphates are new acid sites on whichqNH reaction of NO at low temperatures (393-523 K) over vana-
is adsorbed. The increase in acid sites in our sulphated catadium supported on carbon-coated monoliths, both fresh and
lyst is apparent from the increase in the fdtbsorption peak  presulphated, takes place between strongly bound ammonia
at 521 K during the induction periodrig. 9a). The increase  and gaseous or weakly bound NO, in line with an Eley—
in acid strength due to sulphates is also described in the lit- Rideal mechanism. In SCR isothermal tests, presulphated
erature[13,29] S=0 has a covalent double bond and has a catalyst exhibits almost twofold higher conversion at steady
much stronger affinity for electrons as compared with that of state than fresh catalyst. The former shows complete conver-
simple metal. Hence the Lewis acid strength of vanadium be- sion and 100% selectivity for Nat a temperature of 473 K.
comes substantially stronger because of the inductive effectOne difference between fresh and presulphated catalyst is
of S=0. The presence of Lewis acid sites in relatively high that the presulphated catalyst is able to store about two or-
amounts (40%) was confirmed by XPS results. When a wa- ders of magnitude more ammonia compared with the fresh
ter molecule is bonded to the Lewis acid site, the Lewis acid catalyst. The higher amount of stored ammonia cannot ac-
site can become a Brgnsted acid site. The increase in aciccount for the higher SCR activity at steady state. This reveals
strength created by the inductive effect of the@ bond is that the storing and activating sites of ammonia are different
demonstrated in our catalyst by the positive shift of V 2p in the sulphated catalyst. In contrast to fresh catalyst, sul-
binding energy and by the broad Nideak between 700 and phated catalyst showed relevant activity in the absence of
1000 K in NHs-TPD of sulphated catalyst after the SCR re- gas-phase © Thus sulphated catalyst has superior mobil-

action Fig. 10. This desorption of strongly bound NHs ity of lattice oxygen, which is involved in the reoxidation of
not correlated with an equivalent 3@esorption at temper-  vanadium during the redox process.
atures higher than 700 K. Thus Nlhust be strongly bound With the presulphated catalyst, a slow induction period

to vanadium sites with a high acid strength due to the in- occurs in the SCR reaction before steady state is reached. In
ductive effect of the SO bond. This also confirms the fact this induction period, more stable sulphate species are devel-
that some sulphate groups are in the vicinity of vanadium oped, as suggested by $@PD. These very stable sulphates
because the inductive effect may occur in vanadyl groups must account for the enhanced conversion. These sulphate
relatively close to sulphates because of the extension of thegroups are located in the vicinity of vanadyl groups, since

charge delocalisation to the supp[s0]. they facilitate the reoxidation of vanadium during the SCR
As we have observed in Nf-stepwise addition-removal  in the absence of gas-phase. Burthermore, these sulphate
experiments with freshHig. 6) and sulphatedFig. 8) cata- groups do not contribute to the gasification of the most labile
lysts, NHs reacts from an adsorbed state. Unlike the results carbon groups of support. Another additional feature of the
reported in the literature for M05—WQOg/TiO2 [11,21,22] sulphate species is the increase in acid strength of vanadium

in our catalyst the SCR reaction rate decreases immediatelysites due to the inductive effect of the=® bond. This fact
after NHg shutoff in both the fresh and sulphated catalysts. also confirms that these sulphate structures are in close prox-
This occurs despite the large MNireservoir of sulphated cat-  imity to vanadium sites. To summarize: the superior SCR
alyst. Accordingly, the higher ammonia surface content in activity at low temperatures of sulphated catalyst compared
sulphated catalyst cannot account for the enhanced SCR acwith fresh catalyst can be ascribed to the close interaction of
tivity at steady state. This decrease in SCR reaction rate uporvanadium and sulphates. This interaction enhances the reoxi-
NH3 shutoff can be explained because the storing and ac-dation of reduced vanadium by lattice oxygen from sulphates
tivating sites of ammonia are different, and the process of neighboring vanadium sites.

NH3 desorption from storing sites (i.e., as ammonium sul-

phates on carbon) and readsorption on vanadium active sites

is a relatively slow process at these low reaction tempera- Acknowledgments
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