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a  b  s  t  r  a  c  t

A  combination  of theoretical  and  experimental  methods,  including  DFT  calculation,  BET,  Raman  spec-
troscopy,  NH3-TPD,  H2-TPR  and  XPS,  has  been  used  to elucidate  the mechanism  of  lead  deactivating
effect  on  the V2O5 based  SCR  catalyst.  The  theoretical  calculations  have  shown  that  the doping  of lead
atom  will  cause  the  great  change  of the  surface  electronic  property.  Each  lead  atom  will influence  two
active  sites,  resulting  in  the  decrease  of  the  acid  formability  and  reducibility  of  the catalyst  surface.  The
eywords:
elective catalytic reduction
eactivation
ead
ensity functional theory

NH3-TPD  and  H2-TPR  experiments  have  shown  the  decrease  of acid  site amount  and  reducibility,  which
is  in accordance  with  the calculation  result.  The  BET  result  has  also  shown  the  physical  influence caused
by  the doping  of  lead compound.  The  NO  conversion  experiment  has  confirmed  the  deactivation  effect
of lead  on  the  V2O5 based  catalyst.

© 2011 Elsevier B.V. All rights reserved.

2O5

. Introduction

The selective catalytic reduction (SCR) of nitric oxides has been
idely used to remove NOx emitted from stationary sources and

ehicles [1].  V2O5 based catalyst has been regarded as an efficient
CR catalyst and successfully applied for decades.

During the industrial application of V2O5 based catalyst, cata-
yst deactivation has drawn much attention. Alkaline metals, such
s alkali metals (K, Na), alkaline earth metals (Ca) and some heavy
etals (Pb, As) are all responsible for catalysis deactivation, as

eported by many researchers [2–13]. The influences of alkali and
lkaline earth metals on the SCR catalyst have been widely reported
2–10]. Lots of experimental and theoretical methods, including
ET, FTIR, XPS, NH3-TPD, H2-TPR and DFT calculations, have been
mployed to reveal the mechanism of catalyst deactivation by alkali
etals. The results showed that alkali metals, such as K and Na,

trongly affect the acidity and surface reducibility, thus reducing
he activity of the catalyst [2–10].

Lead (Pb) is one of the main poisonous elements in the flue gas
f power plants and municipal waste incinerator [11]. Khodayari
nd Odenbrand [12] found a strong accumulation effect of lead on

he SCR catalyst and the lead concentration reached 3350 ppm after
unning for 1908 h in a municipal waste incinerator. Therefore, it
s important to reveal the deactivating mechanism of V2O5 based
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catalyst by lead. The subsequent research by Khodayari and Oden-
brand [12] suggested that Pb will significantly decrease the NH3
chemisorption, thus resulting in the deactivation of SCR catalyst.
Chen et al. [11] also found the deactivation of lead and suggested
that the poisoning strength of Pb was between the two  serious poi-
soning elements K and Na. Unlike alkali metals, the deactivation
mechanism of lead has been rarely reported.

In this work, the deactivation mechanism of Pb on V2O5 based
SCR catalyst was studied. DFT calculations were carried out to
elucidate the atomic interaction of the Pb with the catalyst sur-
face. Electrostatic potential (ESP) analysis was firstly performed
to illustrate why  Pb will influence the surface acidity of the V2O5
based catalyst. Meanwhile, BET, NH3 TPD, H2-TPR and XPS were
performed to experimentally reveal the deactivation effect of Pb
compound.

2. Experimental

2.1. Computational details

All density functional theory (DFT) calculations were performed
with Gaussian 03 [14] code using the gradient corrected Becke’s
[15,16] three-parameter hybrid exchange functional in combina-
tion with the correlation functional of Lee et al. [17] (B3LYP).

LanL2DZ basis was  used for all these models. Each stationary
structure was confirmed as a minimum-energy structure from
the calculated vibrational frequencies. The vibrational frequencies
obtained by frequency calculations were scaled by 0.9607 [18].

dx.doi.org/10.1016/j.cattod.2011.05.025
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:xgao1@zju.edu.cn
mailto:dxs_1987@zju.edu.cn
mailto:fyc_hust_zju@zju.edu.cn
dx.doi.org/10.1016/j.cattod.2011.05.025
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Fig. 1. The stationary s

In this study, a V10O39H12 model (Fig. 1), which is thought to be a
roper model to represent the geometric and electronic structure of
anadium pentoxide [19–24],  is employed to simulate the V2O5 cat-
lyst surface. Fig. 1 was achieved by optimizing a V10O39H12 model,
hich was conducted by taking ten vanadium atoms and 39 bonded

xygen atoms from the (0 1 0) plane of V2O5 catalyst. This surface
ontains three structurally different oxygen sites: vanadyl oxygens
oordinated to one vanadium, O(1) and bridging oxygens [O(2) or
(3)] respectively coordinated with two or three vanadium atoms.
harge neutrality was maintained by adding hydrogen atoms to the
eripheral oxygen atoms. After optimization, the V–V distances are
39 pm and 354 pm, in good agreement with 346 pm and 361 pm
25]. The deviations are attributed to the different basis employed.
he V O(1), V–O(2), V–O(3) are 158 pm,  176 pm and 1.87–2.12 pm
espectively, in agreement with the former computing results [20].

Lead atoms were doped to the center of four O(1) to probe
he chemical influence of lead on the V2O5 catalyst. The doped
ystems were also optimized at the B3LYP/LanL2DZ level. Through-
ut the optimization process, all the vanadium atoms were fixed.
ulliken charge and ESP (electrostatic potential) calculations were

onducted to evaluate the electronic property and approachability
f H+ to the O(1) of the models.

.2. Catalyst preparation

All the experiments were carried out on a V2O5/TiO2 cata-
yst with V2O5 loading of 1 wt% (1V/Ti) prepared by impregnation

ethod. Ammonium metavanadate (NH4VO3) precursor was used
o impregnate the TiO2 support (anatase). The mixture was heated
t 70 ◦C in a water bath for 4 h and then dried at 105 ◦C for 12 h.
fterwards, the catalyst was incinerated at 500 ◦C in air for 5 h.
The Pb-containing samples were prepared by impregnating the
V/Ti catalyst with aqueous acetate solution (Pb(CH3COO)2). Cat-
lyst doping procedure is as follows: impregnated with aqueous
cetate solution, heated at 70 ◦C in a water bath for 4 h, dried at
re of V10O39H12 model.

105 ◦C for 12 h and incinerated at 500 ◦C in air for 5 h. The doping
concentration of lead was 50 mol% based on vanadium (Pb/V = 0.5).

2.3. NH3-TPD

The Temperature Programmed Desorption of ammonia (NH3-
TPD) was  carried out on an AutoChem II 2920 instrument
manufactured by Micromeritics Corporation. NH3 desorption was
detected by a QIC20 mass spectrum instrument provided by Hiden
Corporation. The mass number used for monitoring the desorbed
NH3 is m/e = 17. Approximately 0.2 g of powder catalyst was first
pretreated in a stream of He at 20 mL/min while heating up to
500 ◦C at 50 ◦C/min. After a hold time of 30 min, the sample was
cooled down to 100 ◦C and saturated with a 20 mL/min gas mixture
of 5% NH3 in He for 30 min. At the end of the saturation process, the
sample was cooled to 50 ◦C and flushed with pure He at 50 mL/min
until the TCD signal was stabilized. The sample was then heated up
to 700 ◦C (ramp 10 ◦C/min) and the mass spectrum signal of NH3
desorbed from the catalyst surface was collected.

2.4. H2-TPR

Hydrogen temperature-programmed reduction (H2-TPR) was
performed in a quartz tube reactor. A H2/Ar mixture (10 vol.% H2)
with a flow rate of 20 mL/min was used as the reductant. Each sam-
ple (100 mg)  was  placed in the reactor and pre-treated at 500 ◦C in
Helium for 30 min. Subsequently the sample was  cooled to room
temperature and then the temperature increased to 800 ◦C at a
rate of 10 K/min under 10 vol.% H2/Ar. The consumption of H2 was
measured by a thermal conductivity detector (TCD).
2.5. Catalytic activity test

The catalytic activity tests for the reduction of NO by NH3 were
carried out in a fixed bed micro-reactor with catalyst samples of
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Fig. 2. The stationary struc

25 mg.  The simulated gas for these tests contained 1000 ppm
O, 3 vol.% O2 and 1000 ppm NH3 in He. The catalytic reactions
ere carried out at 0.1 MPa  with a total flow rate 0.5 L/min and
HSV = 1.2 × 105 h−1 (based on the total bed volume of catalyst
amples). The NO concentrations were determined by a Rosemount
GA2000 analyzer. N2O, NO2 and NH3 were detected with infrared
ethods using a Gasmet analyzer.

.6. Catalyst characterization

Brunauer–Emmett–Teller (BET) surface area was measured by
2 adsorption at 77 K using a Quantachrome Autosorb-1 instru-
ent. Raman spectra were run with a single monochromator

enishaw Invia microscope Raman. The powder samples were
xcited with the 514 nm Ar+ line; spectral resolution was 2 cm−1

nd spectrum acquisition consisted of 20 accumulations of 10 s. The
PS spectra were recorded on a Thermo ESCALAB 250 X-ray pho-

oelectron spectrometer using Al Ka (h� = 1486.6 eV) as a radiation
ource at 150 W.  Binding energies (BE) were measured for Pb and
ample charging effects were eliminated by correcting the observed
pectra with the C 1s binding energy value of 284.8 eV.

. Results and discussion

.1. Theoretical calculations and discussion

Two lead atoms are added onto the surface of the V10O31H12
atalyst model and the achieved model was optimized at the
3LYP/LanL2DZ level. The stationary structure of the Pb-doped
2O5 catalyst model is shown in Fig. 2. From the calculation results,

b doping will have a significant influence on the catalyst. As can
e seen in Fig. 2, Pb is strongly adsorbed to the middle of two  V O
ites. In the optimized model, Pb is coordinated to two O(1) with

 bond length of 0.218 nm for O(1)-Pb. Some characteristics of the
f Pb-doped catalyst model.

undoped and doped models are given in Table 1. The Pb doping
will cause the extending of the V O bond. The V(1) O(1a) bond
length in the undoped model is 0.158 nm at the B3LYP/LanL2DZ
level, which agrees with the previous calculation results [10]. Dop-
ing with Pb will extend the V(1) O(1a) bond length to 0.166 nm,
which decreases the interaction between V and O(1). The frequency
calculation results show a great shift of V O stretching frequency
from 1130/1109 cm−1 to 909/880 cm−1 for Pb-doping.

Mulliken charge calculations were performed to analyze the
interactions between the doped Pb and nearby atoms. The doped
Pb atoms are positively charged (+0.765), which implies the contri-
bution of the valance electron to nearby O(1) atoms. The Milliken
charge of a PbO molecular was  also calculated to compare with
the Pb in this Pb-doped catalyst. The result shows that Pb in the
Pb-doped catalyst model is more positively charged than in the
PbO molecular (+0.695). The contribution of the valance electron
from Pb to the catalyst will produce electron reorganization on the
catalyst surface, which might lead to a change in catalyst reactiv-
ity. Lowest unoccupied molecular orbital (LUMO) calculations were
carried out to probe the reactivity of the catalyst with nucleophilic
species. The results demonstrate an increase of LUMO energy with
the doping of Pb, as shown in Table 1. The higher LUMO energies
of the doped models indicate the lower activities to nucleophilic
species.

Terminal Brønsted acid V-OH is thought to be very important
to SCR reaction [25]. Brønsted acid sites can be formed by the
dissociation of water molecular [26]. The process begins when a
H2O molecule approaches the V2O5 surface. Due to the polarity of
the V O double bond, the H2O molecule will dissociate into OH−

and H+, interacting with V and O, respectively. The ionic bonding

between OH− and H+ will vanish because of the highly charged V
and O. This produces the terminal Brønsted acid that serves as the
active site for the adsorption and activation of ammonia, V-OH. The
approachability of H+ to the O(1) indicates the formability of termi-
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Table 1
Model characters before and after Pb-doped.

Catalyst model Basis V(1) O(1a) bond length Stretching frequency (V O) LUMO energy

n
e
a
T
p
e
E
f
(
O
w
r

F
t

V10 Lanl2dz 0.158 nm 

V10pbpb Lanl2dz 0.166 nm 

al Brønsted acid V-OH. The ESP characteristics were calculated to
valuate the approachability of H+ to the terminal O for V10O39H12
nd doped systems to elucidate the Brønsted acid sites changes.
he ESP indicates the approachability of a proton from infinity. A
ositive value of ESP indicates the approach of H+ from infinity is
ndothermic, while a negative value implies the opposite. In Fig. 3,
SP contours in the V(1)-V(2)-O(1b)-O(1a) plane (Fig. 1) are given
or the undoped and doped models. The undoped catalyst model

Fig. 3A) has a negative-value ESP zone around the two  terminal
(1) atoms. Hence, H+ can easily approach this area and interact
ith O(1). Afterwards, the terminal Brønsted acid, V-OH, can be

eadily generated. Doping with Pb will influence the ESP, as can

ig. 3. ESP contours of catalyst models. (A) Undoped and (B) Pb-doped. Red lines indicate
he  references to color in this figure legend, the reader is referred to the web  version of th
1130 cm−1 −0.1686 Hartree
880 cm−1 −0.1527 Hartree

be seen in Fig. 3B. The Pb atom diminishes the negative-ESP zone
around the terminal O(1), which reduces the approachability of H+

to the O(1) atoms. The positive charges (Table 1) of Pb are respon-
sible for the change in ESP. The positively charged Pb will repel the
approach of H+ and increase the energy consumption required for
H+ to approach.

3.2. Experimental results and discussion
N2 BET was measured to evaluate the physical properties of the
samples. The results (Table 2) show that the V2O5/TiO2 catalyst
surface area decreases with the doping of PbO. Table 2 has also

 negative values; Yellow-green lines indicate positive values. (For interpretation of
e article.)
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Table 2
Physical properties of the undoped and Pb-doped catalysts.

Sample Pb loading (%) Surface area (m2/g) Total pore volume (cm3/g) Average pore size (Å)

0.3702 146.8
0.3229 163.2

s
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t
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w
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a
t
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Undoped 0 98.57 

Pb-doped 1.1392 79.14 

hown the total pore volume and average pore size of the catalysts.
he decrease of the total pore volume indicates that PbO will cover
he surface of the catalyst surface and block the pores. The average
ore size increases from 146.8 to 163.2 Å, which confirms that PbO
ill block the smaller pores of the catalyst.

The Raman spectra of the undoped and Pb-doped samples were
hown in Fig. 4. The calculated V O stretching frequencies were
lso inserted in this figure. The band at 1023 cm−1 is attributed
o the vibration of the terminal vanadyl group (V O) [28]. The
ddition of the Pb to the catalysts induces a red shift (from 1023
o 973 cm−1) of the vibration frequency related to V O bond. It
ndicates a weakening of the V O double bond. The experimental
esults obtained confirm the red shift of V O bond stretching and
he prediction of V O bond elongation caused by Pb addition to the
atalyst described by modeling.

NH3-TPD was used to probe the change of surface acidity caused
y the PbO doping. Fig. 5 shows the original NH3-TPD curves from
he catalyst samples in the range of 100–600 ◦C. As can be seen
rom the figure, the NH3 desorption of the catalyst shifts to the low-
emperature side because of the Pb doping. According to previous
esults [7],  the curves of V2O5/TiO2 catalyst can be treated as two
eaks, i.e. weakly chemisorbed NH3 and strongly chemisorbed NH3.
he weakly chemisorbed NH3 has a maximum desorption peak at
emperatures around 250 ◦C and strongly chemisorbed NH3 largely
esorbed at around 400 ◦C, as shown in Fig. 5. The comparison
etween the results of undoped and Pb-doped sample reveals that
oth the weakly chemisorbed NH3 and strongly chemisorbed NH3
ecrease due to the doping of lead compound. This phenomenon
an be caused by either the physical covering of PbO on the catalyst
urface or chemical interaction between Pb atoms and the active

 O sites. Another noticeable phenomenon is the shift of the des-
rption curve to lower temperature because of the Pb doping. This
onfirms that PbO can chemically interact with the active site on

he catalyst surface.

The H2-TPR curves of the undoped and PbO doped catalyst are
hown in Fig. 6. Only one H2 consumption peak at 467 ◦C has been
bserved for the undoped sample. The doping of PbO has caused

ig. 4. Calculated and experimental Raman profiles of the undoped and Pb-doped
amples.
Fig. 5. NH3-TPD profiles of Undoped and Pb-doped catalyst.

a shifting of the main peak to a high temperature and an arising
of a new consumption peak (C). The difference between these two
curves indicates the decrease of reducibility of the catalyst at low
temperature because of the PbO doping. The arising of the new peak
(C) is attributed to the reduction of surface oxygen coordinated to
the Pb atoms.

The XPS characterization was also performed for Pb element in
the Pb-doped catalyst. As detected, Pb in the catalyst possesses a
4f2/5 peak at 144.3 ev and a 4f2/7 peak at 139.5 ev. The traditional
molecular Pb has a 4f2/7 peak at 136.6 ev and PbO has a 4f2/7 peak
at 137.5 ev [27]. Thus the Pb element in our Pb-doped sample is
more highly oxidized than that in PbO molecular. This is in accor-
dance with the calculated result that Pb in the Pb-doped catalyst

is more positively charged than that in the PbO molecular. This
also confirms the electronic interaction between Pb and the catalyst
surface.

Fig. 6. H2-TPR profiles of Undoped and Pb-doped catalyst.
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Fig. 7. NO reduction activities of the undoped and Pb-doped catalysts; Outlet NO2,
N2O and NH3 concentrations in the inserted figure (solid, black symbol for undoped
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ample; hollow, red symbol for Pb-doped sample). (For interpretation of the refer-
nces to color in this figure legend, the reader is referred to the web version of the
rticle.)

Finally, NO reduction experiments were carried out to identify
he results discussed above. The results are given in Fig. 7. The NO
onversion was reduced by the PbO doping at the temperatures
elow 400 ◦C. This phenomenon is in conformity with the results
iscussed above. The doping of Pb has caused the decrease of sur-
ace area, NH3 adsorption amount and reducibility of the surface
s well. Thus, these changes have led to the decrease of NO con-
ersion. The NO2, N2O and NH3 concentrations after reaction are
lso detected, as shown in the inserted figure of Fig. 7. NO2 and
2O were both below 30 ppm at all these temperatures when the

nletting NO is 1000 ppm. The calculated results indicted that the
electivity was maintained at a high level (above 97%) for both
ndoped and Pb-doped samples. The NH3 concentrations of these
wo samples showed the similar profiles, which led to the fact that
he Pb doping did not enhance the side reactions, such as NH3
xidation.

. Conclusions

Acid sites and the reducibility of the surface are crucial for a V2O5
ased catalyst in an SCR reaction. DFT calculations and experiments
ere carried out to probe the influence of Pb on a V2O5 based cata-

yst. The theoretical calculations have shown that the doping of Pb
ill cause the great change of the surface electronic property. Each

b atom will influence two active sites, resulting in the weaken-
ng of the V O double bond and the increase of LUMO energy. The
alculated Mulliken charge and XPS result have both shown that
b element in Pb-doped catalyst is more positively charged than in

he PbO molecular. This electronic interaction between Pb and the
atalyst surface will cause the surface reducibility. Red shifts in the

 O stretching frequency were observed with the Pb doping. The
heoretical ESP differences between the undoped and doped mod-

[

[
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els show the decrease of Brønsted acid formability caused by the
Pb doping. The NH3-TPD and H2-TPR experiments have demon-
strated the decrease of acid site amount and surface reducibility,
which are in accordance with the calculation results. The BET result
has also revealed the physical influence caused by the PbO doping.
The deactivation effect of Pb on the V2O5 based catalyst was finally
confirmed by The NO conversion experiments.
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