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Abstract A novel and high performance silver loaded
hydroxyapatite (HAp) catalyst for the selective catalytic
reduction (SCR) of NO, by propene is reported for the first
time. The catalysts with variable silver contents have been
prepared and characterized extensively by different tech-
niques such as XRD, XPS, BET-surface area, TPR, TPD
and ICP analyses. The DeNOy activities of these catalysts
are measured at reaction temperature ranged from 250 to
500 °C. The 1.5 wt.% Ag/HAp is found to be best among
all the catalysts studied showing about 70% conversion and
60% selectivity towards N, formation at 375 °C in oxygen
rich atmosphere.

Keywords Hydroxyapatite - Ag/HAp - Selective catalytic
reduction of NO, - NO, conversion to N, - XPS - TPR

1 Introduction

Air pollution by nitrogen oxides (NOy) is currently one of
the most serious environmental problems. The conven-
tional three-way catalyst shows low NO, conversion in
lean-burnt exhaust that contains high concentration of O,.
Awareness of this pollution control and the new stringent
regulations on the emission levels of nitrogen oxides from
transportation vehicles lead to a recent active research
in the catalytic reduction of NO, to N, with hydrocar-
bons. Metal-ion exchanged zeolites are among the most
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promising and more efficient at lower temperatures and
lower oxygen partial pressures for DeNOy but failed under
lean conditions and high temperatures. Alumina based
catalysts are more attractive as they are hydrothermally
stable. Many metal/metal oxides (In, Mn3O4, Mn, Co,
CoO,, Ag, Sn, Ga, Ga,03, Cu, Au) supported on alumina
have been synthesized by either sol-gel or incipient wet-
ness impregnation methods and investigated for NO,
reduction [1-5]. The noble metal catalysts have shown high
activity for this reaction, presenting NO, conversion win-
dow at much lower temperatures than zeolite catalysts,
however, they showed poor nitrogen selectivity [6].

Hydroxyapatite (HAp) is the major inorganic compo-
nent in natural bones and can be synthesized by
precipitation, solid-state reaction, hydrothermal method,
sol-gel synthesis and other routes [7]. Owing to its unique
acid-base properties, hydroxyapatite attracted much atten-
tion as solid catalyst more recently for various reactions
such as dehydration and dehydrogenation of alcohols [8, 9],
oxidation of alkanes [10, 11], Knoevenagel condensation
[12], Friedel-Crafts alkylation [13], and Michael addition
[14] and WGS reaction [15]. Hydroxyapatite is also used as
a catalyst support for transition metal catalysts in various
types of oxidation and carbon-carbon bond forming reac-
tions [16].

Silver catalysts were known to be most effective mate-
rials for selective catalytic reduction (SCR) of NOy in
excess oxygen and were investigated intensively since
1990s [17-21]. Among the several supports for silver,
g-Al,05 is superior to TiO,, SiO,, ZrO,, TiO,—ZrO, and
Ga,03 [22-24]. Moreover, most of reports have already
suggested that highly isolated Ag cations, strongly bonded
to alumina, are the active sites for the selective catalytic
reduction of NO, [25], whereas metallic silver clusters
dominate in the high silver content alumina-based
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catalysts, which are less selective for NO, reduction and
good for the direct combustion of hydrocarbons [26]. Much
attention was paid by previous researchers to correlate the
nature of Ag species with their catalytic behaviors and
redox properties of the catalysts as mentioned in literature
[19, 25, 27]. As the alumina surface —OH groups might
contribute to Ag species being evenly dispersed, it is hoped
that hydroxyapatite surface —OH groups also possible to
contribute to Ag species evenly dispersion. Due to its redox
properties, hydroxyapatite has been chosen for the first
time as a catalyst support for selective catalytic reduction
of NO,.

In this communication, we report silver loaded
hydroxyapatite catalyst prepared by simple wet impregna-
tion method and DeNOj activities were measured using
propene under oxygen rich atmosphere.

2 Experimental
2.1 Catalyst Preparation

The hydroxyapatite was prepared by conventional method
as reported elsewhere [15, 28]. Different weight percent-
ages of silver i.e., 0.5, 1.0, 1.5, 2 and 4 were loaded by
incipient wet impregnation method using AgNO; as pre-
cursor and the loaded catalyst was dried and subsequently
calcined at 600 °C for 4 h.

2.2 Characterization of Catalysts

The powder XRD patterns were measured on a Siemens
5000 X-ray diffractometer with Bruker D8 Advance having
Cu Ku radiation (4 = 1.5418 A). X-ray photo electronic
spectrographs (XPS) were recorded on a PHI 5800 ESCA
system. The BET-surface area, H,-TPR and NH;-TPD
patterns are measured by using Auto-Chem II chemisorp-
tion analyzer and ICP analysis was carried out by Perkin-
Elmer ELAN DRC plus system.

2.3 Activity Measurements

Catalytic activity tests were performed in a dynamic on-
line micro reactor using a feed stream consisting of
800 ppm NO,, 800 ppm Cs;Hg, 6% O,, balance helium,
with a total flow rate of 100 cc/min over 0.25 g catalyst.
The effluent from the reactor was analyzed by an online
NDIR Fuji NO analyzer and VARIAN Micro-GC 4900
using Poraplot-Q and Molecular Sieve 5SA columns. The
NO conversion and selectivity towards N, formation were
calculated using the formulae NO,*“/NO,™ x 100 and
2[N,1/NO,™ x 100 respectively.

3 Results and Discussion
3.1 XRD and BET-SA

Figure 1 shows the XRD patterns of HAp and silver loaded
HAp catalysts. The peaks at 20 = 31.74, 32.18 and 32.89
can be indexed to hydroxyapatite (JCPDS card No.24-33).
Increasing silver weight percentage on HAp from 0.5 and 4
wt.%, peaks due to metallic silver appeared in higher
loadings at 20 = 38.1 and 44.2 (JCPDS card No. 4-783).
The peaks due to Ag,O appeared at 20 = 32.7 (JCPDS
card No. 6-505) in higher loading catalysts. In lower
loadings the presence of Ag,O (0.5-1.5%) phase is not
observed due to high dispersion. Figure 2 represents the
comparison of XRD patterns between fresh and used cat-
alysts. The size of the corresponding silver crystal was
estimated by the Scherrer procedure. The estimated silver
crystallite sizes were given in the Table 1. The analysis of
the peak at 2 theta 38.1° (Fig. 2) revealed the presence of
bigger silver crystals in used catalysts compared to fresh
catalysts after calcination [29]. A narrow peak accounted
for a silver content of 1.5% Ag/Al,O3 and corresponded to
a crystal size of 19 nm (Table. 1). This is significantly
lower size of silver crystal compared to 4% Ag/HAP cat-
alyst which shows 51 nm. Crystallite size was also
calculated for the used catalysts after reaction and is shown
in Table 1. Due to the sintering at higher temperatures of
the used catalysts of higher loadings shows bigger crys-
tallite sizes. BET-Surface areas and weight percentage of
silver of all the samples were given in Table 2. It could be
seen that the highest surface area is obtained for pure
hydroxyapatite, the values decrease with progressive
increase in loading of silver to the support which is
expected.
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Fig. 1 X-ray diffraction Patterns of (a) HAp (b) 4% Ag/HAp (c) 2%
Ag/HAp (d) 1.5% Ag/Hap (e) 1% Ag/HAp (f) 0.5% Ag/Hap
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Fig. 2 X-ray diffraction Patterns of fresh and spent catalysts (a)
Fresh—1% Ag/HAp (b) Spent—1% Ag/HAp (c) Fresh—4% Ag/HAp
(d) spent—4% Ag/Hap

Table 1 Crystalline properties of silver observed in XRD patterns of
fresh and used catalysts

Catalyst Silver crystal size (nm)

Fresh Spent
1.5% Ag/HAp 19 30
2.0% Ag/HAp 35 67
4.0% Ag/HAp 51 93

Table 2 ICP analysis and BET-surface area of the fresh catalysts

Catalyst Wt.% of Ag (ICP) BET-SA (m%g)
HAp 0.0 57

0.5% Ag/HAp 0.47 50

1.0% Ag/HAp 0.95 46

1.5% Ag/HAp 1.55 43

2.0% Ag/HAp 1.91 41

4.0% Ag/HAp 3.96 40

3.2 XPS

The XPS results of pure HAp and 1.5 wt.% Ag/HAp cat-
alysts are shown in Fig. 3 A. The binding energy values of
Ol s of hydroxide and phosphate are observed at
531.91 eV and 530.79 eV respectively (Fig. 3a (a)). In
case of silver loaded HAp catalysts additional peak per-
taining to silver oxide is also seen. In Fig. 3a (b) XPS
spectrum of 1.5% Ag/HAp catalyst an additional Ag,O
peak at the binding energy of 529.27 eV is observed,
confirming the presence of silver dispersion over HAp. The
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typical XPS for Ag 3d in all silver loadings (Fig. 3b)
showed two peaks at the binding energies of 368.3 eV and
367.8 eV corresponding to metallic silver and silver oxide
respectively [30].

3.3 NH;-TPD and TPR

Acidity measurements of all samples are carried out by
NH;-TPD experiment using 5% NHjz/He gas (Table 3)
from RT to 600 °C. The T,.x was decreased with the
increasing silver loading from 0.5 to 4 wt.% and total
acidity also decreased with increasing Ag loading on HAp.
Figure 3 shows the H,-TPR patterns of all calcined sam-
ples of HAp and Ag/HAp, which showed no reduction peak
for HAp. TPR profiles of all Ag/HAp catalysts showed one
reduction peak in whole temperature range, which can be
attributed to silver oxide reduction. In Table 3 hydrogen
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Fig. 3 XPS spectra of (a) Ol s: (a) HAp (b) 1.5% Ag/Hap catalysts.
(b) Ag 3d: Ag (wt.%) loaded Hap catalysts
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cT}?al;Li t3e rgf CRS f‘)‘f‘dHil; Da;’(fi NHs  Caratyst H, uptake T, (°C) NH; desorbed T, (°C)
Ag/HAp catalysts (pmol/g) (pmol/g)

Hydroxyapatite 0.0 - 554 126

0.5% Ag/HAp 10.5 210.5 48.2 110

1.0% Ag/HAp 38.4 203.6 44.7 94

1.5% Ag/HAp 48.2 179.5 39.6 94

2.0% Ag/HAp 37.5 182.6 30.8 91

4.0% Ag/HAp 352 167.7 29.5 100

consumptions at their corresponding T,,,x of reduction of
all the catalysts are given. It can be seen from Fig. 4 that
the T.x of the peak decreased from lower loadings to
higher, which is assigned to the increase in size of Ag,O
clusters with loading (Table 1). The highest intensity and
broad reduction peak is observed for 1.5 wt.% Ag/HAp
among all the catalysts indicating that the well dispersed
higher amount of small Ag,O clusters (19 nm) are present
over this catalyst in comparable amount of Ag loaded.
Since 1.5 wt.% Ag/HAp catalyst showed the highest
activity for NO, conversion, this activity seems to be
dependent on the amount of small Ag,O clusters (19 nm)
and dispersion. The maximum reduction peak of Ag,0 is
observed at 179.5 °C for 1.5 wt.% Ag/HAp with high
hydrogen consumption of 48.2 pmol [31]. Hydrogen con-
sumptions increased with the increasing silver loading upto
1.5 wt.% Ag/HAp catalyst and then decreased, which
suggests the presence of high amount silver oxide in lower
loadings. In case of 2 and 4 wt.% Ag/HAp catalysts low
temperature reduction may be attributed to the formation of
high amount of metallic silver and bigger particles of silver
oxide of 35 nm and 51 nm, which is also observed in XRD
and XPS results.

(2)

1 1 1 1 1 1 1 1 1 1 1

50 100 150 200 250 300 350 400 450 500 550
Temperature (°C)

Fig. 4 H,-TPR profiles of fresh catalysts (a) HAp (b) 0.5% Ag/Hap
(c) 1% Ag/HAp (d) 2% Ag/HAp (e) 4% Ag/HAp (f) 1.5% Ag/Hap

3.4 Activity

Activity measurements are carried out with the reaction
mixture containing 800 ppm NO,, 800 ppm C3Hg and 6%
O, balanced helium gas. Figures 5 and 6 show the NO,
conversions and the NO, conversion to N, There is no
formation of ammonia observed throughout the reaction
temperatures from 250 to 500 °C. The pure hydroxyapatite
was found to be poorly active for the NO, reduction. Under
the reaction conditions the vacancy formed on the surface
of phosphate group of HAp transfers the electrons to Ag,O
to reduce the incoming NO, by propene with redox
mechanism at low temperatures [32, 33]. This may be due
to the lattice oxygen participation from the phosphate
group in HAp to increase conductivity of Ag, which is well
reported over V,0s5-WO3/TiO, catalyst [34, 35]. The
activity of the high silver loaded catalyst is significantly
different from that of the hydroxyapatite and the lower
loading catalysts. However, Ag/HAp catalysts with lower
loadings of silver showed high temperature NO, conver-
sion and vice versa. The temperature range of NO,
conversion in presence of oxygen was explained for the
Ag/HAP catalyst according to the proposed reaction

100 T T T T T T T T T T T

9 - —=—HAp i
—0—0.5% Ag/HAp
30 L —a—1.0% Ag/HAp _|

—v—1.5% Ag/HAp
—<a—2.0% Ag/HAp
—%—4.0% Ag/HAp

X

70 F y—y

60 |- 4\\

50

40 -

% conversion of NO

30

20

10 |-

0

225 250 275 300 325 350 375 400 425 450 475 500 525
Temperature (°C)

Fig. 5 NO, conversion of HAp and Ag/HAp catalysts. Conditions:

800 ppm, NO,, 800 ppm C3Hg, 6% O,, helium balance, total flow
rate 100 cc/min, 0.25 g catalyst
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Fig. 6 NO, conversion to N, of HAp and Ag/HAp catalysts.
Conditions: 800 ppm NO,, 800 ppm C3Hg, 6% O,, helium balance,
total flow rate 100 cc/min, 0.25 g catalyst

scheme in Iwamoto et al. [36]. A maximum NO, conver-
sion of 45% is achieved at lower temperature at 350 °C
over 4 wt.% Ag/HAp, where as with the decreasing Ag
loading the temperature of maximum conversion increased.
The 0.5 wt.% Ag/HAp yielded NOy conversion at higher
temperatures with lower NO, to N, conversion. The NOy to
N, conversion over 1.5 wt.% Ag/HAp remained signifi-
cantly higher than 1 and 2 wt.% Ag/HAp catalysts. The
maximum NO, conversion of 70% is achieved at low
temperature 375 °C of 70% over 1.5 wt.% Ag/HAp with
60% NO, to N, conversion due to the presence of well-
dispersed Ag,O prevailed by the phosphate group on HAp.
H.-W. Jen [37] reported a lower NO, to N, conversion of
40% observed at 400 °C temperatures over 2% Ag/Al,O3
catalyst. In case of 4 wt.% Ag/HAp catalyst the NO, to N,
conversion is very low, this may be due to higher silver
loading and presence of larger metallic silver particles
(Table 1), which lead to the non-selective reduction of NO,
and direct decomposition of the reductant. The maximum
NO, to N, conversion of 60% is obtained over 1.5 wt.%
Ag/HAp at 375 °C and in 2 wt.% Ag/HAp of 44% at
400 °C. Whereas, in the case of 0.5 wt.% Ag/HAp cata-
lysts 21% is achieved at 500 °C and over 4 wt.% Ag/HAp
catalyst 25% conversion at 325 °C. In all cases, N, is the
main product of reaction and N,O is observed in small
amounts.

Figure 7 shows propene conversion with temperature
over HAp and Ag/HAp catalysts. The conversion profiles
of hydrocarbon revealing that the partial oxidation of the
hydrocarbon initiating the NO, reduction and the complete
oxidation at high temperatures is minimizing the avail-
ability of partially oxidized intermediates for the reduction
of NOy. Hence, the rate of the NOy reduction may be
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Fig. 7 Propene conversion of HAp and Ag/HAp catalysts. Condi-
tions: 800 ppm NOy, 800 ppm C3Hg, 6% O,, helium balance, total
flow rate 100 cc/min, 0.25 g catalyst

decreasing [39]. Therefore, the temperature range for NO,
reduction is closely related to that for C3Hg oxidation as
shown in Fig. 7. The complete conversion of the reductant
is achieved at 375 °C over 4 wt.% Ag/HAp, in contrast to
the temperatures of complete conversion over 0.5 wt.%
Ag/HAp and HAp at 500 °C. The presence of bigger par-
ticles of metallic silver leads to low temperature
decomposition of the propene in 4 wt.% Ag/HAp than over
the catalysts with lower loadings of silver [39]. The com-
plete conversion of propene is obtained at 500 °C for HAp,
0.5 and 1 wt.% Ag/HAp catalysts, whereas over 1.5, 2 and
4 wt.% Ag/HAp catalysts it is achieved at 425, 400 and
375 °C respectively. Further experiments are in progress to
improve the activity of novel Ag/HAp catalyst by adding
promoters.

4 Conclusions

In summary, increasing silver loading over HAp increased
the NO, conversion upto optimum level of silver (1.5%)
and then decreased. The highest NO, conversion of 70% is
obtained over 1.5 wt.% Ag/HAp catalyst and also highest
NO, conversion to N, is observed at 375 °C. The higher
performance of 1.5 wt.% Ag/HAp catalyst is due to pres-
ence of well-dispersed Ag,O, which is observed in XRD,
XPS and TPR results. Finally, it may be concluded that the
presence of highly dispersed silver oxide in 1.5 wt.% Ag/
HAp showed higher NO, to N».
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