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Surface acid property and its relation to SCR activity of
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To examine the influence of phosphorus on the commercial V,05(WQO3)/TiO, SCR catalyst, measurements were carried out by
means of infrared and Raman spectroscopy, XPS, and NO reduction measurement as a function of phosphorus loading. Phosphorus
added to the catalyst was found to disperse well over the catalyst without a significant agglomeration up to 5 wt% P,Os addition. The
number of the hydroxyl groups bonded to the vanadium and titanium species decreased readily with increasing amount of phosphorus.
Correspondingly, the hydroxyl groups bonded to the phosphorus species were formed. NH3 adsorbed on both hydroxyl groups bonded
to vanadium and phosphorus as ammonium ions, implying that the P-OH groups formed are also responsible for the Brgnsted acidity.
The NO reduction activity was found to be decreased with increasing amount of phosphorus; however, the influence of phosphorus was
relatively small irrespective of the large amount of phosphorus addition. The deactivation might be caused by the change in the nature
of the surface hydroxyl groups as Bransted acid sites. Phosphorus species might partialy wrap the surface V=0 and W=O groups,

which might also contribute to the deactivation.
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1. Introduction

The selective catalytic reduction (SCR) of nitric oxide
(NO) by ammonia is one of the most successful technolo-
gies for NO,, emission control from stationary sources [1].
The most widely used catalyst for this purposeis the mixed
oxides of V,0s and WOs3, or MoOs, supported on the
anatase phase of aTiO, carrier. AlthoughV,0s isthe active
phase, its content is generally low, ~2 wt%, in the commer-
cial catalysts. The surface vanadyl species disperse well in
monomeric or polymeric forms over TiO, [2,3]. By com-
parison, WOsz, normally ~10 wt%, is also expected to pro-
videthermal stability to the catalyst. The nature of an active
phase, i.e., isolated and polymeric vanadium species, can be
readily affected by small amounts of the additives, resulting
in a possible deactivation when the flue gas contains trace
amounts of metal compounds. So far, several studies have
been made on the effect of the additives on the structures
and the SCR activities for V,0s-supported TiO, catalysts
[4-8]. The effect of akaline or alkaline earth metal on the
SCR activity has been studied for the V,0s/TiO, catalyst
[4-6] and, also, for bulk V,0s [7]. Chen and Yang [8] re-
ported that alkaline metal oxides deactivated the V,0s5/TiO,
catalyst. The change in molecular structure of the surface
species upon addition of compounds has been studied in-
tensively by using Raman spectroscopy [9,10]. The surface
structure of vanadium species is affected by the pH at the
point of zero charge of the surface moisture layer, which, in
turn, is dependent on the nature of additives, for example,
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acidic or basic compounds [9]. Under hydrated conditions,
WOj3;, Nb,O3, and SIO, are non-interacting; on the other
hand, K,O and P,Os are interacting compounds from the
point of view of the coordination between the additives and
the surface vanadium species [10].

For the phosphorus compounds, it has been reported that
the addition of phosphorus causes degradation of the SCR
activity for the V,0Os/TiO, catalyst [11]. The decrease in
SCR activity was also observed for aV,05(WO3)/TiO; cat-
alyst with the addition of H3PO, as an extrusion binder [12].
Compared with the SCR catalyst, the phosphorus-doped
V,05/TiO, catalyst has been given much attention as an
application in the oxidation of hydrocarbons [10,13-16].
Zhu et al. [14] reported that the phosphorus species added
to the monolayer-type V,0s/TiO, catalyst decreased the ac-
tivity of toluene oxidation and, also, changed the selectivity.
A small effect of phosphorus was reported on the catalyst
properties for up to 1.2 wt% P,Os added to the V,05/TiO,
catalyst [15]. An enhancement of the acid properties by
phosphorus was suggested for the V,0s/TiO, catalyst. The
effect of phosphorus on the catalytic activity of hydrocar-
bon oxidation was found to depend on the type of the re-
action process [16]. From studies on phosphorus added to
the V,0Os/TiO, catalyst, it was suggested that phosphorus
compounds change the nature of the surface active sites for
the catalytic oxidation of hydrocarbons. To understand the
role of the surface species in the SCR reaction, it is worth
examining how the phosphorus compounds change the na-
ture of the active phase and their relation to the activity of
the NO reduction.



66 H. Kamata et al. / The influence of phosphorus on V,05(WO3)/TiO,

For the purpose mentioned above, we focused our at-
tention on the effect of phosphorus addition on the acid
properties of the V,05(WO3)/TiO, SCR catalyst. To obtain
information on the industrial use, a commercial SCR cata-
lyst, V,05(WO3)/TiO, with S—AI-O fiber, was used. The
change in the surface acid properties and the SCR activity
on addition of the phosphorus oxide, P,Os, were exam-
ined by means of diffuse reflectance infrared spectroscopy
(DRIFT) of NH3 adsorption and SCR activity measurement.
Raman spectroscopy and X PS analysis were also performed
to examine the structure of the surface species.

2. Experimental
2.1. Catalyst

The catalyst used in this study was obtained by gen-
tly crushing and sieving a commercial honeycomb mono-
lith into particles of 100-180 pm in diameter. The chem-
ical composition of the catayst was determined by a
Perkin-Elmer Plasma 2000 ICP-AES; 1 wt% V,05—8 wt%
WO3/TiO, (V : W : Ti =0.012 : 0.028 : 0.96 in atomic
ratio) with approximately 10 wt% silica-aluminafiber. Cat-
alyst, added with phosphorus, was prepared by impreg-
nation via incipient wetness with agueous solutions of
H3PO,4. The impregnation was performed in small con-
tainers overnight to obtain a homogeneous distribution of
phosphorus throughout the particles before drying at room
temperature. Subsequently, the catalyst was dried at 383 K
and then calcined at 723 K for 4 h under a stream of dry
air.

2.2. Characterisation

The textural properties of the catalyst were determined
by N, adsorption at 77 K (Micromeritics Co., ASAP 2400).
Before the measurements, degassing was carried out at
423 K for 16 h.

DRIFT spectrawere collected using a Mattson Polaris™
spectrometer with a Harrick Scientific Praying Mantis dif-
fuse reflectance attachment. Adsorption measurements
were carried out in a heatable reaction cell with a reso-
lution of 4 cm~. The catalyst powder was preheated in
the reaction cell at 593 K (3 h) under a stream of argon
before adsorption was carried out. After being cooled to
room temperature, the catalyst was exposed to a gas mix-
ture of 1% NH3 and Ar for 30 min before being purged by
Ar for another 30 min. To examine the behaviour of NH3
adsorbed on the catalyst upon heat treatment, the catalyst
was heated from 373 to 573 K under a stream of argon in
the IR cell and then cooled to room temperature for the
collection of spectra. All spectra were collected at room
temperature.

Raman spectra were recorded with a Bruker IFS66 FTIR
spectrometer, equipped with an FRA 106 Raman device,
with aresolution of 4 cm~2. The laser power at the sample

location was set to 50 mW. To examine the molecular struc-
ture upon dehydration, Raman spectra were also collected
on increasing laser power from 50 to 200 mW.

XPS measurements were performed with a Kratos
XSAM 800 instrument with standard Mg radiation. The
analyser was operated at 80 €V of pass energy and at low
magnification. The satellite was subtracted before the cal-
culation of the intensities. Peak intensities were determined
from the area above a linear base line.

2.3. Activity measurements

The NO reduction activity was measured at steady-state
conditions in a plug-flow microreactor (5 mm in diameter)
using an apparatus described in the literature [17]. The op-
erating conditions were: total flow rate (STP) 900 mi/min;
catalyst weight 0.08 g; total pressure ~ 0.12 MPa; reaction
temperature 533-673 K. The concentrations of reactants
were 600 ppm NO, 700 ppm NH3, and 2% O, (He bal-
ance). The concentrations of reactants and products were
determined by mass spectrometry (Balzers, type QMG 311)
using argon as an internal standard. The conversion of NO,
Xno, was calculated by the difference of the NO concentra-
tionsin theinlet and exit streams. The formation of nitrous
oxide, N,O, was sufficiently low (less than 8 ppm) up to
673 K for each catalyst tested.

3. Results and discussion
3.1. Influence of phosphorus on textural properties

The textural properties of the V,05(WO3)/TiO, catalyst
with different P,Os contents are summarised in table 1.
With increasing P,Os loading, both the specific surface area
and the pore volume of the catalyst gradually decrease. In
agreement with these changes, the average pore diameter
increases with increasing amount of P,Os loading. The
change in the average pore diameter is mainly due to the
decrease of the pores with radii less than 200 A upon ad-
dition of phosphorus.

3.2. Dispersion of phosphorus species on the catalyst

Figure 1 shows the intensity ratios of Ip,,/ Iti,,, Ip,/Iv.,,
and Ip, /Iw,, measured by XPS as a function of nominal
P,Os loading. All ratios increase amost linearly with in-
creasing amount of P,Os added to the catalyst. This indi-

Table 1
Textural properties of the V,0s5(WQO3)/TiO, catalyst with different P,Osg
contents.

P,0Os loading (wt%)

0 05 1 2 3 5

643 630 610 579 554 524
0.280 0.279 0.272 0.264 0.257 0.240
174 177 179 183 186 184

Specific surface area (m?/g)
Pore volume (cm?3/g)
Average pore diameter (A)
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Figure 1. Intensity ratios of Ip, /ITi,,, IPZS/IVZp’ and IpB/IW2p as a
function of nominal P,Os content.

cates that phosphorus disperses well over the catalyst sur-
face without significant agglomeration. Since the intensity
ratios of Ip,,/Iv,, and Ip, /Iw,, increasein parallel with the
increase of Ip,/Iti,, phosphorus might not preferentially
coordinate to specific sites, such as vanadium species, dur-
ing the preparation. On the surface of the catalyst without
P,Os addition, the existence of sulphur species was ob-
served. According to the ICP result, the concentration of
sulphur is approximately 94 umol/g. The intensity of Sy,
electron spectra was found to decrease nearly proportion-
aly to the amount of P,Os, suggesting a decrease in the
coverage of sulphur species on surfaces after phosphorus
addition. There was no effect on the V,, Wap, and Tigp
electron spectra on addition of phosphorus.

3.3. NO reduction activity

Figure 2 shows the temperature dependence of the con-
version of NO for the catalyst with different P,Os |oad-
ings. For the catalyst without P,Os addition, the conver-
sion increases with temperature up to 0.92 at 673 K. For
the catalyst in which lower amount of P,Os was added, no
pronounced effect upon addition of P,Os on the activity is
observed; however, the conversion decreases gradually with
increasing amount of P,Os, particularly at higher tempera-
tures. With increasing amount of P,Os loading, the effect
on the activity becomes more significant. However, even
the catalyst with 5 wt% P,Os still retains, to a certain ex-
tent, NO reduction activity, Xno =~ 0.5 at 673 K. Compared
with the effect of alkaline metal oxides, such as K,0 [18],
phosphorus has little effect on the NO reduction activity of
a commercial SCR catalyst. This behaviour is essentially
consistent with the effect caused by the addition of P,Os
on NO reduction over V,0s/TiO, catalyst [11].

Well dispersed phosphorus can be expected to modify
the surface species. Thus, the observed deactivation is not
only caused by the change in the textural property, but also
by the alteration of the active sites on the surface.
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Figure 2. Temperature dependence of NO conversion, Xyo, for

V,05(WO3)/TiO, catalyst with different amounts of P,Os. Experimental

conditions were: total flow rate (STP) 900 mi/min (600 ppm NO, 700 ppm

NH3, 2% O, and He as balance), catalyst weight 0.08 g, and total pressure
approximately 0.12 MPa.

3.4. Change in the nature of the surface acid sites on the
catalysts

3.4.1. Surface acid sites on the V,05(WQO3)/TiO, catalyst
Figure 3 showstypical DRIFT spectra of NH3 adsorption
on the catalyst without P,Os addition. After being heated
at 593 K for 3 h under a streeam of argon, the bands at
3672 and 3742 cm~1, which are due to surface hydroxyl
groups bonded to titanium, v7;(OH) [19,20], are observed
(spectrum (A) of figure 3(b)). The band due to V—OH
groups, 1/ (OH), is also confirmed at 3640 cm~1 [20]. The
band due to hydroxyl groups bonded to the surface wolfram
atoms is not clearly distinguished. Further information on
the surface OH groups on WOs is still needed. As expected
from the XPS result, aweak band, which may correspond to
surface sulphate species, was observed at 1378 cm~? (spec-
trum (A) of figure 3(a)). The sulphur species might enhance
the strength of the acidity of the catalyst surface [19].
After the catalyst is exposed to gaseous ammonia, as ex-
pected, the bands due to the NH3 species adsorbed on the
surface are observed at 1432, 1666, and 1609 cm~2. They
have been assigned to dxs(NHZ ), 6s(NHZ), and ds(NH3),
respectively (spectrum (B) of figure 3(a)) [21,22]. The
Bransted and Lewis acid sites correspond to the adsorp-
tion sites for ammonium ions, NH;, and coordinatively
adsorbed NHj3, respectively. As to the surface hydroxyl
groups, the intensity of the 1, (OH) band readily decreases
after being exposed to gaseous NH3;. Compared with the
change in the intensity of the 1 (OH) band, the vr;(OH)
band (at 3672 cm~1) is not significantly affected by the
NH; adsorption (spectrum (B) of figure 3(b)). This sug-
gests that the V—OH groups are responsible for the sites,
where NH3 adsorbs as ammonium ions, i.e., NH3 prefer-
entially adsorbs on the V-OH groups. The band due to
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Figure 3. DRIFT spectra of NH3 adsorption on V,05(WO3)/TiO, without

P,Os addition. Two spectral regions, 1800-1300 and 39003500 cm—1,

are shown in (&) and (b), respectively. (A) After being heated at 593 K

under flowing argon for 3 h, (B) after being exposed to gaseous NH3 for

30 min and subsequently purged by argon for 30 min at room temperature,

and (C)—E) after being heated at 473 (C), 523 (D), and 573 K (E) under
a stream of argon. All spectra were collected a room temperature.

the surface sulphate species disappears, when the catalyst
is exposed to gaseous NHs.

After subsequent heating at higher temperatures under
a stream of argon, the bands due to the ammonium ions
and coordinatively adsorbed NH3 decrease in intensity, as
shown in figure 3(a). From the comparison of the change
in intensity of these bands, the adsorbed NH3 on the Lewis
acid sites is more stable against temperature than ammo-
niumions. The reduced intensity of the 11, (OH) bands upon
NH3 adsorption is restored toward its original shape accord-
ing to the desorption of NH3. The band due to the surface
sulphate speciesis restored at a somewhat lower wavenum-
ber after the heat treatment (473 K) (compare spectra (A)
and (C) of figure 3(a)). The band due to sulphate species
increasesin intensity slowly with increasing activation tem-

PZOS—VZO5 (WO3) /Ti
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Figure 4. DRIFT spectra in the OH region of V,05(WO3)/TiO, with
different P,Os contents after being heated at 593 K under a stream of
argon for 3 h. (A) O, (B) 0.1, (C) 1, (D) 2, (E) 3, and (F) 5 wt% P,0s.

perature. The band position also shifts toward its original
position. This suggests that chemisorbed NH3 also interacts
with the surface sulphate species.

3.4.2. Change in the nature of acid sites on the

V205(VV03)/Ti02 Catalyst with P,Os addition

Figure 4 shows the DRIFT spectra in the OH region
for the catalyst with different P,Os contents after being
heated at 593 K under a stream of argon. The vr(OH)
and 1/ (OH) bands (at 3672 and 3640 cm~1, respectively,
in spectrum (A) of figure 4) readily decrease in intensity
with increasing amount of phosphorus. For the sample with
P,Os addition, the band due to the hydroxyl group bonded
to phosphorus, vp(OH), is found at 3663 cm~! [14]. In
accordance with the decrease in intensity of v4(OH) and
vy (OH) bands, the vp(OH) band increased in intensity with
increasing amount of P,Os. Since most part of the hydroxyl
groups bonded to titanium and vanadium are replaced with
the P-OH groups at higher P,Os loading, the catalyst sur-
face might be well covered with phosphorus species. As
an aqueous solution of H3PO,4 was used for impregnation,
O(HO),=0" ions might preferentially coordinate around
the surface hydroxyl groups on titanium as well as those
on vanadium. During the preparation, a reaction may pro-
ceed between phosphorus species and titanium on the sur-
face. Consequently, the P-OH groups replace the Ti—OH
and V-OH groups.

The band due to the surface sulphate species decreases
in intensity with increasing amount of P,Os addition, and
almost disappears above 2 wt% P,Os loading (not shown
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Figure 5. DRIFT spectra of NH3 adsorption on V,05(WQO3)/TiO, with
2 wt% P,Os content. Two spectra regions, 1800-1300 and 3900—
3500 cm—1, are shown in (&) and (b), respectively. (A) After being heated
at 593 K under flowing argon for 3 h, (B) after being exposed to gaseous
NH3z for 30 min and subsequently purged by argon for 30 min at room
temperature, and (C)—(F) after being heated at 373 (C), 473 (D), 523 (E),
and 573 K (F) under a stream of argon. All spectra were collected at room
temperature.

in figure). The disappearance of sulphate species would
contribute to the decrease of the acid strength.

After being exposed to gaseous NHs, al samples with
addition of phosphorus also show the characteristic fea-
ture of NH3 adsorbed on them. Figure 5 shows DRIFT
spectra of NH3 adsorbed on the sample with 2 wt% P,Os
content as an example. When the catalyst is exposed to
gaseous NHs, the vp(OH) band decreases readily in inten-
sity. With increasing activation temperature, both 6.(NH;")
and 6s(NH3) bands decrease in intensity. Correspondingly,
the intensity of the vp(OH) band is restored to its origi-
nal intensity. This implies that the P-OH groups are also
responsible for the Bransted acidity. Compared with the
V—OH groups, the acid strength of the P-OH groups may

P205—V205 (WO3) /'I‘:LO2

- 792

intensity (-)

] ] | ]

1200 1100 1000 900 800 700

Raman shift (cm-)

Figure 6. Raman spectra of V,05(WO3)/TiO, with different P,Os con-
tents under ambient conditions. (A) 0, (B) 0.1, (C) 1, (D) 2, (E) 3, and
(F) 5 wt% P,0s.

be weaker, because the intensity of the vp(OH) band is
readily restored to its original intensity at the lower tem-
peratures of the heat treatment.

3.5. Surface vanadyl and wolframyl species

Figure 6 shows Raman spectra of the V,05(WO3)/TiO,
catalyst with different P,Os contents under ambient condi-
tions collected at 50 mW of laser power. A strong Raman
band is present at 984 cm~* for all samples, which is char-
acteristic of theterminal V=0 group, vv—o, of the hydrated
surface vanadyl species [23]. Up to 5 wt% P,Os loading,
the position of the 1—o band does not change, suggesting
that phosphorus does not significantly modify the structure
of the surface V=0 species. At higher amounts of P,O5 ad-
dition, a Raman band becomes visible at around 930 cm~1,
indicating an interaction between phosphorus and the sur-
face species, with the possible formation of VOPO, [24].
The Raman band of the terminal W=O groups is not ob-
served in this study because of the lower intensity of the
W=0 groups compared to that of V=0 groups [23].

According to Deo and Wachs [9], the molecular structure
of the surface vanadyl species is controlled by the net pH
at point of zero charge (pzc) under hydrated conditions, be-
cause the catalyst surface is covered with water molecules.
Chrigtiani et al. [25] reported that the change in the Raman
band of surface vanadyl species on increasing laser power
for a 10 wt% V,05/TiO, catalyst was due to the dehy-
dration of the catalyst surface. Their observations showed
that the band near 995 cm~?! decreases in intensity, while
that at 1030 cm~? increases with increasing laser power.
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Figure 7. Raman spectra of V,05(WQO3)/TiO, without P,Os (8) and with
5 wt% P,0s (b) on increasing laser power from 50 to 200 mW.

These bands correspond to the hydrated and dehydrated
forms of the terminal V=0 groups, respectively [25]. To
test whether the molecular structure of the surface species
changes upon dehydration, we also collected the Raman
spectra on increasing laser power up to 200 mwW, which
would dehydrate the surface of the catalyst. As shown in
figure 7, the position of the 1 _o band does not change
on increasing laser power, irrespective of the dehydration
of the surface. The results obtained in this study imply
that, on the commercial SCR catalyst, the surface vanadyl
species are strongly immobilised on the surface of TiO;
and, probably, also on WO3. Consequently, the water mol-
ecules on the surface would not significantly affect them.
The structure of the surface species, however, has not been
clarified in detail. Since the Raman band broadens (com-
parefigure 7 (a) and (b)), the phosphorus-containing species
should cover the catalyst surface as expected by XPS and
infrared spectroscopy.

At higher oxygen concentrations, for example, above
1%, the reaction rate does not significantly depend on the
oxygen concentration [26,27]. Topsge et al. [28] suggested
that both Brgnsted acid sites and the V=0 groups are in-
volved in the SCR reaction. The re-oxidation step of the
surface V=0 groups, however, might not be a rate-limiting
step for the V,0s/TiO, catalyst under higher oxygen con-
centrations [28]. Since the phosphorus species might cover
the magjority of the surface at higher loadings, the termi-
na V=0 and W=0O groups may be partially covered by
phosphorus species. The decrease in the NO reduction ac-
tivity, due to the blockage of the surface V=0 and W=0
groups, therefore would become noticeable at lower oxygen
concentrations. The hydroxyl groups bonded to phospho-
rus species, P-OH, dtill have a certain extent of Bransted
acidity, athough their strength is weaker than that of the
V—OH groups. Consequently, the P-OH groups could also
assist to activate adsorbed NH3 for the NO reduction with-
out significant deactivation.

4, Conclusions

Large amounts of phosphorus modify the textural prop-
erties of the catalyst dueto theinteraction with the TiO, car-
rier as well as with V,05 and WO3. Phosphorus added to
the catalyst replaces the surface hydroxyl groups with those
bonded to phosphorus, P-OH. The P-OH groups still have
a certain strength of Brensted acidity, which can also acti-
vate adsorbed ammonia for the subsegquent NO reduction.
Large amounts of phosphorus as contamination eliminate
the sulphur species on the catalyst surface, which would
also result in a decrease of the acid strength. The deac-
tivation of the catalyst might be caused by the ateration
of the nature of the acid sites, probably the Bransted acid
sites. Phosphorus species might partially wrap the surface
V=0 and W=O0 groups, which may aso contribute to the
deactivation.
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