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The effect of the support material on the Ag-catalyzed decomposition of acrylonitrile (AN) to form N2
was studied for catalyst systems of Ag-ZSM-5, Ag/Al2O3, Ag/TiO2, Ag/SiO2, Ag/MgO, and Ag/ZrO2. Ag/TiO2
and Ag/SiO2 exhibited high AN conversion with high N2 selectivity. X-ray diffraction, ultraviolet–visible
spectroscopy, and H2 temperature-programmed reduction revealed that both metallic and oxidized Ag
species were present on TiO2 and SiO2. On the basis of diffuse reflectance infrared Fourier transform
spectroscopy measurements, NH3 appeared to be formed by hydrolysis of AN, and this hydrolysis was
enhanced by the presence of oxidized Ag species in the catalysts. The high AN decomposition activity
was due to the presence of both oxidized and metallic Ag species, which promoted the hydrolysis of AN
to form NH3 and the subsequent oxidation of NH3 to N2, respectively.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Emission control of volatile organic compounds (VOCs) is im-
portant, because many VOCs have hazardous properties [1]. Incin-
eration is a simple way to remove VOCs, but the process is nor-
mally operated at high temperatures, around 800 ◦C [2]. Catalytic
oxidation can decrease the operation temperature for incineration,
and such catalytic removal has been studied extensively [3]. Re-
cently, combinations of catalysts with ozone and plasma also have
been studied as a means to further decrease incineration tempera-
tures [4,5].

VOCs include many nitrogen-containing compounds. The pres-
ence of these nitrogen atoms causes the formation of harmful
byproducts during incineration; for example, incineration and cat-
alytic oxidation cause the formation of nitrogen oxides (NOx) [2,6].
Some catalytic treatments generate other nitrogen-containing com-
pounds, such as HCN [7]; therefore, the conversion of nitrogen in
VOCs to inert products, such as N2, is highly desirable.

In this report, we focus on the catalytic removal of acrylonitrile
(CH2=CH–C≡N; referred to herein as AN), because AN is known
to be a carcinogenic VOC [8]. AN is a raw material of resins, such
as acrylonitrile–butadiene–styrene and acrylonitrile–styrene, and a
raw material for the synthesis of chemicals, such as acrylic acid or
acrylamide. AN has a vapor pressure of 23.1 Torr at 0 ◦C, and its
half-life in the atmosphere is estimated to be 2–3 days. These val-
ues are greater than those of benzene, which is also known to be
carcinogenic [9]. The threshold limit of AN in work environments
is as low as 2 ppm in the United States and Japan. Furthermore,
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AN is specified in Japan as one of 22 kinds of harmful pollutants
for which primary efforts to prevent release into the atmosphere
should be made. Therefore, the development of both a treatment
system for local exhaust gas containing AN and a method for con-
trolling AN concentrations in working environments is very impor-
tant.

The complete oxidation of AN over noble metal catalysts has
been reported, but no evaluation of the formation of N2 was car-
ried out in these studies [10]. We previously explored catalysts that
successfully convert AN into CO2, H2O, and N2 rather than NOx [6].
Ag is an efficient catalyst for AN decomposition [6]. Although
Al2O3 is generally an effective Ag support for environmental catal-
ysis applications, such as nitrogen oxide abatement and catalytic
oxidations [11–16], TiO2, SiO2, and ZrO2 are more effective sup-
ports for AN decomposition [6]. In this study, we investigated Ag
catalysts supported on various materials to clarify the relationship
between the AN decomposition activity and the oxidation state of
Ag, as well as the role of the support material in promoting cat-
alytic activity.

2. Experimental

2.1. Catalyst preparation

Silver catalysts supported on five kinds of metal oxide were
prepared by incipient wetness impregnation. AgNO3 (Wako Pure
Chemical Industries) was used for the Ag precursor. The following
metal oxides were used as support materials: Al2O3 (KHS-46; Sum-
itomo Chemical), SiO2 (Wakogel C-100; Wako Pure Chemical Indus-
tries), TiO2 (P-25; Nippon-Aerosil), ZrO2 (RSC-H; Daiichi-Kigenso),
and MgO (Nacalai Tesque). The amount of Ag loaded on the sup-
ports was adjusted to 5 wt% for each sample.
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Ag supported on ZSM-5 was prepared by ion exchange of
NH4-ZSM-5, which was prepared by ion exchange of Na-ZSM-5
(HSZ-820NAA, SiO2/A2O3 molar ratio = 23.8; Tosoh) with aqueous
1 mol/L NH4NO3. The Ag loading was 7.4 wt%, as measured by in-
ductively coupled plasma emission spectroscopy (Seiko Electronics;
SPS 1200A).

After impregnation or ion exchange, the samples were dried at
110 ◦C for 12 h and then calcined at 500 ◦C in static air for 4 h
at a ramp rate of 10 ◦C/min. After calcination, the catalysts were
pelletized and sieved to yield granules ranging in with size from
250 to 600 μm.

2.2. Activity tests

A fixed-bed flow reactor system operated at atmospheric pres-
sure was used to test the activity of the catalysts. Each catalyst
(0.1 g) was placed in a quartz tube, and the reactant gas was
flowed through the tube at a flow rate of 160 ml/min. The reac-
tant gas was composed of He containing approximately 200 ppm
AN and 5% O2. AN vapor was produced by passing He at a pre-
determined flow rate through liquid AN maintained at −18 ◦C.
Before activity measurement, the sample was pretreated by heat-
ing to 500 ◦C under 5% O2 at a ramp rate of 20 ◦C/min and then
maintaining this temperature for 1 h. The catalytic activity was
measured for steady-state reactions at temperatures from 500 to
200 ◦C in step of 25 ◦C. Gas chromatography (GC) and Fourier
transform infrared spectroscopy (FT-IR) were used to analyze the
catalysis products. The gas chromatograph (Agilent; M200) was
equipped with an MS-5A PLOT column (for H2, N2, CH4, and CO
analysis) and a PoraPLOT Q column (for CO2, N2O, and C2–C3
hydrocarbon analysis), as well as a thermal conductivity detec-
tor (TCD) for each column. An FT-IR spectrometer (Nicolet; Magna
560), equipped with a multi-reflection gas cell (Gemini Specialty
Optics Mercury series; optical path length = 2 m) and a mercury–
cadmium–telluride detector, was used for analysis of gaseous NO,
NO2, AN, and other nitrogen-containing products. FT-IR measure-
ments were performed with a resolution of 0.5 cm−1, and each
spectrum was obtained by integration of 50 scans. The validity of
product analysis was within 10 ppm [17]. Catalytic activity was
evaluated in terms of AN conversion and product selectivity:

AN conversion (%) = Inlet AN (ppm) − Outlet AN (ppm)

Inlet AN (ppm)
× 100,

Product selectivity (%) = N in product of interest (ppm)

Total product N (ppm)
× 100.

To ensure reliability, the selectivities were evaluated only for AN
conversion >5%.

Temperature-programmed surface reactions (TPSR) of the ad-
sorbed AN were carried out in the same apparatus used for the
activity tests. Each sample was pretreated in 5% O2/He at 500 ◦C
for 2 h (oxidizing conditions) or in 5% H2/He at 400 ◦C for 1 h (re-
ducing conditions). After pretreatment, the samples were cooled
to 50 ◦C in He, and the reactant gas was flowed for 1 h over the
samples at a rate of 160 ml/min, allowing AN to adsorb on the
samples. The samples then were heated to 500 ◦C at a rate of
5 ◦C/min in 1% O2/He at a flow rate of 160 ml/min.

The species present on the surface of the catalysts under the
conditions used for TPSR were observed by in situ diffuse re-
flectance infrared Fourier transform spectroscopy (DRIFTS), using
a Nicolet Nexus 870. Each sample was pretreated under oxidiz-
ing or reducing conditions as described above, and a background
spectrum was obtained at room temperature in a 1% O2/He flow.
AN was then adsorbed on the sample from the flowing reactant
gas at room temperature. After the sample was purged in He for
20 min, the temperature was raised at a rate of 10 ◦C/min in a 1%
O2/He flow. After the temperature reached a predetermined point,
the sample was cooled to room temperature, and a spectrum was
obtained. The spectra of adsorbed acrylamide and acrylic acid on
TiO2 also were obtained for comparison with the sample spectra.
Acrylamide was adsorbed on TiO2 by introducing the sample to its
aqueous solution and then purging the solvent water with He for
1 h. Adsorption of acrylic acid was carried through the method de-
scribed above for AN adsorption.

2.3. Characterization

The Brunauer–Emmett–Teller (BET) specific surface area of each
sample was measured by N2 adsorption under flow conditions
(Nikkiso model 4232). X-ray powder diffraction (XRD) patterns
were measured at 40 kV and 100 mA of X-ray power (Rigaku
RU-300). Ag particle size was measured by means of transmis-
sion electron microscopy (TEM) using a Hitachi H-9000. Mean
particle size was calculated from at least 100 Ag particles for Ag-
ZSM-5, Ag/Al2O3, Ag/TiO2, and Ag/SiO2. For Ag/ZrO2 and Ag/MgO,
at least 15 Ag particles were used for calculation. The molar
amount of exposed Ag was calculated from dispersion, estimated
as dispersion = 1.34/d (nm) [18,24], where d is the mean parti-
cle size. Ultraviolet–visible (UV–vis) spectra were obtained under
atmospheric conditions for fresh samples (Hitachi U-3500). BaSO4
was used to obtain a background spectrum for each of the samples
except for Ag/TiO2; because TiO2 absorbs strongly, TiO2 powder
calcined at 500 ◦C was used for the Ag/TiO2 background. The sam-
ple used in AN decomposition also was measured. AN decomposi-
tion was carried out in a conventional flow reactor at 400 ◦C for
3 h, and then quenched with He flow. Temperature-programmed
reduction by H2 (H2-TPR) was carried out with a temperature-
programmed desorption (TPD) apparatus equipped with a TCD
(Ohkura-Riken ADT700). Profiles from room temperature to 600 ◦C
were obtained in a 100 ml/min flow of 2% H2/Ar at a heating rate
of 10 ◦C/min after pretreatment in a 5% O2/He flow at 500 ◦C for
2 h. For comparison, a profile of Ag2O (Wako, 99.9%) was mea-
sured. TPD of NH3 (NH3-TPD) was carried out with a TPD appara-
tus equipped with a mass spectrometer (Bel Japan TPD-1-AT). TPD
profiles in the range of 100–500 ◦C were obtained in He at a flow
rate of 50 ml/min and a heating rate of 10 ◦C/min after adsorption
of NH3 at 100 ◦C. TPD of CO2 (CO2-TPD) was carried out in the TPD
apparatus used for the H2-TPR tests. TPD profiles in the range of
100–500 ◦C were obtained in He at a flow rate of 50 ml/min and
a heating rate of 10 ◦C/min after adsorption of CO2 at 100 ◦C.

3. Results and discussion

3.1. AN decomposition activity

We previously reported the AN decomposition activity of var-
ious supported Ag catalysts [6]. Table 1 summarizes the AN de-

Table 1
Catalytic activity of supported Ag catalysts for AN decomposition.

Catalyst T50 of AN
conversion
(◦C)a

TOF at T50

(mmol/Ag-mol/s)
Maximum
N2 selectivity
(%)c

TOF of N2 at
maximum
selectivity
(mmol/Ag-mol/s)

Ag-ZSM-5 433 (494) 0.86 55 (500) 0.49
Ag/Al2O3 383 (436) 7.8 52 (500) 3.3
Ag/TiO2 281 (337) 4.7 87 (350) 1.9
Ag/SiO2 274 (–b) 16 84 (350) 6.6
Ag/ZrO2 228 (311) 140 67 (300) 55
Ag/MgO 267 (490) 99 63 (300) 32

a The value in parenthesis is the activity of support.
b Negligible activity at whole temperatures measured.
c The value in parenthesis is temperature at which maximum N2 selectivity was

obtained.
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composition activity. The temperature at which 50% AN conversion
was observed (T50) decreased in the order Ag-ZSM-5 > Ag/Al2O3 >

Ag/TiO2 > Ag/SiO2 > Ag/MgO > Ag/ZrO2. Ag/TiO2 and Ag/SiO2 ex-
hibited the highest selectivity for N2 at 350 ◦C. The N2 selectivities
of Ag/ZrO2 and Ag/MgO both were approximately 65% at 300 ◦C,
but the N2 selectivities of Ag-ZSM-5 and Ag/Al2O3 never exceeded
55%.

T50 values for AN conversion over the support materials in the
absence of Ag also are given in Table 1. Obviously, the addition
of Ag enhanced AN conversion in all cases. For SiO2, the addition
of Ag resulted in the most substantial decrease in T50, because
SiO2 had negligible activity for AN decomposition. MgO also exhib-
ited a significant decrease in T50 on the addition of Ag. For ZrO2,
T50 decreased by approximately 80 ◦C. For ZSM-5, Al2O3, and TiO2,
T50 decreased by approximately 50–60 ◦C. We also calculated the
turnover frequency (TOF) of both AN conversion and N2 formation
(Table 1). The values were calculated from the molar amounts of
exposed Ag (Table 2). Ag/ZrO2 and Ag/MgO showed significantly
higher TOF values than the other catalysts. These results suggest
that Ag species on SiO2, ZrO2, and MgO had very high reaction
rates of AN decomposition.

Fig. 1 shows product selectivity at 400 ◦C. Ag/TiO2 had the high-
est N2 selectivity. Ag/SiO2 also had >50% N2 selectivity, as well
as the highest N2O selectivity. Ag/ZrO2 and Ag/MgO formed small
amounts of N2 and large amounts of NOx and N2O. Less N2 for-
mation occurred with Ag-ZSM-5 and Ag/Al2O3 than with Ag/TiO2
and Ag/SiO2. Substantial amounts of nitrogen-containing byprod-

Fig. 1. Product selectivity in AN decomposition at 400 ◦C over Ag catalysts. The
weight of each catalyst was 0.1 g, and the feed gas composition was ca. 200 ppm
AN and 5% O2 in He, with a total flow rate of 160 ml/min.
ucts were formed over Ag-ZSM-5 and Ag/Al2O3; HCN, HNCO, and
CH3CN were formed on Ag-ZSM-5, and mainly NH3 was formed on
Ag/Al2O3. These results suggest that Ag/TiO2 exhibited the most
preferable selectivity. Ag/SiO2 also was favorable for AN decom-
position. Notably, the main carbon-containing products formed in
all of the experiments were CO2 and, to a lesser extent, CO. With
Ag-ZSM-5, small amounts of C2H4 and C3H6 were formed as well.
No CH4 or H2 was observed in any of the cases. At temperatures
below 400 ◦C, the nitrogen and carbon balance was >95% for all
catalysts.

3.2. Characterization of the Ag species

Comparison of observed catalytic activities with the BET sur-
face areas of the catalysts (Table 2) reveals no correlation between
these two parameters. The mean particle size of Ag for each cat-
alyst was measured from TEM images (Table 2). Ag was highly
dispersed on ZSM-5 and TiO2. The mean particle size of Ag was
larger on Al2O3 than on ZSM-5 and TiO2. Notably, Al2O3 had a
wide distribution of particle sizes from 5 to 100 nm, with a mode
value in particle size distribution of 10–20 nm. Ag particles on SiO2
were of medium size, whereas Ag particles on ZrO2 and MgO were
very large (Table 2).

Fig. 2 shows the XRD profiles of the Ag catalysts. It shows no
peaks that can be ascribed to metallic Ag or Ag2O in the Ag-ZSM-5

Fig. 2. XRD profiles for supported Ag catalysts: (a) Ag-ZSM-5, (b) Ag/Al2O3, (c)
Ag/TiO2, (d) Ag/SiO2, (e) Ag/ZrO2, (f) Ag/MgO, (g) Ag, and (h) Ag2O.
Table 2
Characteristics of Ag catalysts.

Catalyst BET surface
area (m2/g)

Mean particle
size (nm)a

Exposed Ag

(μmol/g)b
H2 cons.
(μmol/g)

H/Ag
ratioc

Ag species

Ag Agn Agδ+
n Ag+ Ag2O

Ag-ZSM-5 259 4.3 142 350 1.02 ! ! !
Ag/Al2O3 172 33 18 145 0.62 ! ! ! !
Ag/TiO2 36 11 56 55 0.24 ! ! !
Ag/SiO2 455 38 16 60 0.26 ! !
Ag/ZrO2 38 340 1.8 7 0.03 !
Ag/MgO 13 250 2.5 5 0.02 !

a Particle size was measured from TEM images.
b Calculated from mean particle size.
c The value was calculated from H2 consumption determined by H2-TPR; a value of unity indicates stoichiometric reduction of Ag2O.
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Fig. 3. UV–vis spectra for (a) Ag catalysts and (b) Ag catalysts used in AN decomposition. The weight of each catalyst was 0.1 g, the feed gas composition was ca. 200 ppm
AN and 5% O2 in He, with a total flow rate of 160 ml/min, and the reaction temperature was 400 ◦C.
and Ag/Al2O3 profiles. The lack of a diffraction peak in Ag-ZSM-5
was due to high dispersion of the Ag particles, as suggested by the
mean particle size observed for this sample (Table 2). But Ag/Al2O3
also did not exhibit a diffraction peak, although its mean particle
size was relatively large; this observation is explained in greater
detail below. The Ag/TiO2, Ag/SiO2, Ag/ZrO2, and Ag/MgO profiles
all contained peaks characteristic of metallic Ag. The Ag particle
size for Ag/TiO2 could not be estimated, owing to superposition
of the Ag and TiO2 (anatase) peaks, but the lack of clear metallic
peaks in the Ag/TiO2 XRD profile suggests that the particles were
smaller than those on MgO, ZrO2, and SiO2.

In the UV–vis spectra (Fig. 3a), Ag2O exhibited a very broad
band above 330 nm. Ag-ZSM-5 displayed absorption bands at 210,
225, and 265–310 nm. We attributed the bands at 210 and 225 nm
to the 4d10–4d95s1 transition of isolated Ag+ ions [19,20], and
the small band at 265–310 nm was attributed to oligomeric Agn
clusters [21]. Ag/Al2O3 exhibited absorption bands at 220, 250,
280–300, and 420–700 nm. The band at 220 nm was attributed
to Ag+ ions, the band at 250 nm was attributed to partly cationic
Ag clusters (Agδ+

n ) [22,23], and the bands at 280–300 nm were
attributed to Agn clusters [13]. The bands at 420–700 nm were at-
tributed to Ag2O. Ag/TiO2 exhibited absorption bands at 250 and
370 nm. These bands were assigned to Agδ+

n and Agn clusters,
respectively [23,24]. Ag/SiO2 exhibited absorption bands at 230,
290, and 400 nm. We attributed the former two bands to Ag+
and metallic Ag, respectively, and the latter band to the plasmon
resonance of Ag aggregates [22,25]. Ag/ZrO2 showed bands at 270–
290 nm, which were attributed to metallic Ag. We confirmed that
a band at 225 nm also was observed for ZrO2. Ag/MgO had absorp-
tion bands at 290 and 380 nm, which were attributed to metallic
Ag and the plasmon resonance of Ag aggregates, respectively.

To confirm that Ag species maintained their oxidation states
during AN decomposition, UV–vis spectra were acquired for the
samples used in AN decomposition (Fig. 3b). The spectra of Ag/SiO2
and Ag/MgO after AN decomposition were nearly identical to those
obtained for the unused catalysts. For Ag/Al2O3, the bands at 420–
700 nm decreased slightly. This suggests that the composition of
the Ag species in the fresh samples was retained in AN decomposi-
tion. For Ag/ZSM-5, the absorption at 240–360 nm increased in the
spectrum of the sample used in AN decomposition, suggesting that
some Ag+ ions changed into Agδ+

n and Agn during AN decomposi-
Fig. 4. H2-TPR profiles for Ag catalysts: (a) Ag-ZSM-5, (b) Ag/Al2O3, (c) Ag/TiO2, (d)
Ag/SiO2, (e) Ag/ZrO2, (f) Ag/MgO, and (g) Ag2O.

tion. For Ag/TiO2, the band at 250 nm diminished, suggesting that
Agδ+

n disappeared during AN decomposition. For Ag/ZrO2, the band
at 225 nm due to ZrO2 decreased, and no change in Ag species ab-
sorption was observed.

In the H2-TPR profiles (Fig. 4), Ag/ZrO2 and Ag/MgO had no
distinct H2 consumption peaks. In contrast, the Ag/SiO2 profile
exhibited several peaks, with the peak near 90 ◦C the strongest.
The Ag/TiO2 profile had a peak at 80 ◦C and a shoulder at 160 ◦C,
and the Ag/Al2O3 profile also had a broad peak at 160 ◦C. The
Ag-ZSM-5 profile had three peaks at 120, 220, and 460 ◦C. The
reduction of Ag2O occurred at 160 ◦C, as shown in profile (g) in
Fig. 4. Therefore, we attributed the peaks for Ag/TiO2 and Ag/Al2O3

observed near 160 ◦C to the reduction of Ag2O. The lack of a band
attributed to Ag2O in UV–vis spectrum of Ag/TiO2 was probably
due to the small amount of Ag2O. Considering the UV–vis spec-
tra, we attributed the peak at 90 ◦C in the Ag/SiO2 profile to the
reduction of highly dispersed Ag+. In addition, the peak at 80 ◦C
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Table 3
NH3 and CO2 uptake of support materials.

Support NH3 uptake
(μmol/g)

NH3 uptake
(μmol/m2)

CO2 uptake
(μmol/g)

CO2 uptake
(μmol/m2)

ZSM-5 460 1.2 0 0
Al2O3 48 0.3 15 0.1
TiO2 24 0.4 2.9 0
SiO2 1.8 0 0 0
ZrO2 15 0.4 44 1
MgO 0.3 0 79 7.9

in the Ag/TiO2 profile might be attributed to dispersed Agδ+
n . For

Ag-ZSM-5, we attributed the peaks at 120 and 460 ◦C to the reduc-
tion of Ag+ ions and Agδ+

n formed by Ag+ reduction, respectively,
because Shibata et al. reported that the reduction of Ag+ proceeds
stepwise through an oxidized Ag cluster [26].

Values for the ratio of the amount of H consumption to the
amount of Ag are given in Table 2. Here, using the stoichiometry
of the reduction of Ag2O (Ag2O + H2 → 2Ag + H2O) as a standard,
a value of unity indicates that the amount of H2 consumed was
equivalent to the amount of Ag2O reduced. As summarized in Ta-
ble 2, the consumption of H2 was almost stoichiometrically equiv-
alent to the amount of Ag present in Ag-ZSM-5. In contrast, the
ratios for the other catalysts were less than unity and were quite
small for Ag/ZrO2 and Ag/MgO in particular. These results suggest
that the Ag particles were mostly metallic on ZrO2 and MgO, were
partially oxidized on TiO2 and SiO2, and were highly oxidized on
ZSM-5 and Al2O3. Considering these results for Ag/Al2O3, a pos-
sible reason for the lack of diffraction peak in the XRD profile of
Ag/Al2O3, regardless of the sample’s relatively large particle size,
might be that both metallic and oxidized Ag species coexisted in
each particles. Table 2 summarizes the Ag species that were likely
present on each of the supports during AN decomposition, on the
basis of all of the characterization results for the Ag catalysts.

3.3. Correlation of Ag oxidation states with support material
characteristics

Table 3 lists the NH3 and CO2 uptake values estimated from
NH3- and CO2-TPD of the support materials. The amount of acidic
sites (NH3 uptake per unit weight) decreased in the order ZSM-
5 > Al2O3 > TiO2 > ZrO2 > SiO2 > MgO, and the amount of basic
sites (CO2 uptake per unit weight) decreased in the order MgO >

ZrO2 > Al2O3 > TiO2 > SiO2 ∼ ZSM-5. NH3 uptake exceeded CO2
uptake for ZSM-5, Al2O3, and TiO2, whereas CO2 uptake exceeded
NH3 uptake for ZrO2 and MgO. Adsorption of both NH3 and CO2
was negligible for SiO2. These results suggest that the surfaces of
ZSM-5, Al2O3, and TiO2 were acidic; the surface of SiO2 was neu-
tral; and the surfaces of ZrO2 and MgO were basic. Because Ag2O
reacts with CO2 to form Ag2CO3 [27], Ag2O should have some basic
character. Considering the Ag species present on each support (Ta-
ble 2) along with the basicity of Ag2O, we suspect that the acidic
supports, ZSM-5 and Al2O3, favored the formation of highly dis-
persed, oxidized Ag species. In contrast, the basic supports ZrO2
and MgO should have favored the formation of metallic Ag parti-
cles. We also suspect that the neutral support, SiO2, formed mostly
metallic Ag particles with a small amount of Ag oxide, whereas
weakly acidic TiO2 formed both oxidized and metallic Ag. Thus, we
concluded that the acid–base characteristics of the support surface
influenced the oxidation state of the Ag deposited on the supports.

3.4. Correlation between Ag species and AN decomposition activity

The oxidized Ag species on the acidic ZSM-5 and Al2O3 sup-
ports exhibited low TOF and high T50 values, whereas the metallic
Ag present on the TiO2, SiO2, ZrO2, and MgO supports exhibited
low T50 values and high N2 selectivities (Table 1). These results
suggest that metallic Ag was necessary for the formation of N2 in
the decomposition of AN. However, the presence of metallic Ag,
which was found in large quantities on the basic ZrO2 and MgO
supports, also corresponded to substantial NOx formation (Fig. 1).
The oxidized Ag species on ZSM-5 and Al2O3 exhibited different
selectivities for nitrogen-containing byproducts. The UV–vis and
H2-TPR results indicated that most of the Ag on ZSM-5 was dis-
persed as Ag+ ions in the fresh sample, whereas Agδ+

n and Agn
clusters appeared in the spent sample. The UV–vis and H2-TPR re-
sults also indicated that the Ag species on Al2O3 consisted mainly
of Ag2O and clusters of Agδ+

n and Agn . Ag+ ions, Agδ+
n , and Agn

clusters would be involved in the cleavage of C=C and C–C bonds
to form HCN, HNCO, and CH3CN, whereas the dispersed Ag2O
would be involved in NH3 formation. Our results suggest that each
Ag species had a different catalytic activity for AN decomposition.

3.5. Effect of the coexistence of metallic and oxidized Ag

To examine the effect of coexistence of metallic and oxidized
Ag species (as was the case for Ag/TiO2 and Ag/SiO2), we carried
out TPSR of AN under a flow of 1% O2/He for oxidized and reduced
Ag/TiO2, as well as for the bare TiO2 support (Fig. 5). The oxidized
Ag/TiO2 exhibited AN desorption at around 130 ◦C, whereas the re-
duced Ag/TiO2 showed only a small amount of AN desorption at
low temperatures. The AN uptake values estimated from the total
amount of evolved carbon for oxidized and reduced Ag/TiO2 and
TiO2 were 0.16, 0.11, and 0.13 mmol/g, respectively, and the cor-
responding percentages of unreacted AN that desorbed from the
sample were 49%, 18%, and 29%. Because the reduced Ag/TiO2 is
expected to contain the largest amount of metallic Ag of the sam-
ples tested, these results suggest that metallic Ag promoted AN
conversion.

More NOx was formed over reduced Ag/TiO2 than over oxidized
Ag/TiO2 (Fig. 5). The NOx selectivities for oxidized and reduced
Ag/TiO2 were 3% and 21%, respectively. These results agree with
the results indicating that Ag/ZrO2 and Ag/MgO (Fig. 1), which
contained large proportions of metallic Ag, showed high NOx for-
mation. Furthermore, the temperature of CO2 formation over the
reduced Ag/TiO2 was lower than that over the oxidized Ag/TiO2.
Notably, H2O was formed at almost the same peak temperature as
that observed for CO2 and CO formation. Metallic Ag clearly exhib-
ited greater oxidizing ability, in agreement with previous reports
[22,28].

For all catalysts, NH3 was formed first in the TPSR measure-
ments. The peak temperatures for NH3 formation were 140 ◦C for
oxidized Ag/TiO2, 180 ◦C for reduced Ag/TiO2, and 185 ◦C for TiO2.
The fact that the peak temperature for the reduced Ag/TiO2 was
in good agreement with that for the bare TiO2 support suggests
that NH3 was formed on bare TiO2. The shift of the peak toward
lower temperatures for the oxidized Ag/TiO2 catalyst indicates that
the oxidized Ag species further enhanced the formation of NH3 on
TiO2.

3.6. Possible reaction pathway for the decomposition of AN

To clarify a formation pathway of NH3, which was the first
product observed in TPSR, DRIFTS spectra were acquired during
TPSR over TiO2, under the same gaseous conditions as used to ac-
quire the data in Fig. 5. The results are shown in Fig. 6a. After AN
adsorption at room temperature, bands appeared at 2294, 2262,
and 2235 cm−1, which were attributed to the C≡N functional
group in AN [29–31]. These bands decreased with increasing tem-
perature and disappeared at 150 ◦C. During TPSR, NH3 was formed
above 100 ◦C, resulting in the conversion of a portion of the C≡N
to NH3. Moreover, no carbon-containing products were observed in
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Fig. 5. TPSR profiles for the oxidized (a) and reduced Ag/TiO2 (b) and for the bare TiO2 support (c). The weight of each sample was 0.1 g. The AN adsorption temperature
was 50 ◦C. TPSR was carried out in 1% O2/He at a flow rate of 160 ml/min.
the TPSR profiles below 150 ◦C, suggesting that all of the carbon in
AN was retained on the TiO2 surface. Bands at 1700–1350 cm−1

were observed in the DRIFTS spectra, and these bands increased
in intensity up to 200 ◦C; we believe that these bands should be
assigned to carbon-containing adsorbed species. Above 150 ◦C, ad-
ditional bands appeared at 3417, 3371, and 3276 cm−1, ascribed to
adsorbed NHx (1 < x < 3) [32].

A possible pathway for the formation of NH3 from AN is hydrol-
ysis. Hydrolysis of AN proceeds through the following sequential
reactions:

CH2=CH–C≡N + H2O

→ CH2=CH–CONH2 (acrylamide),

CH2=CH–CO–NH2 + H2O

→ NH3 + CH2=CH–COOH (acrylic acid).

To confirm whether NH3 was formed through hydrolysis, we com-
pared the changes in the DRIFTS spectral bands at around 1700–
1500 cm−1 with the changes in the spectral bands in TPSR of
acrylamide adsorbed on TiO2. In TPSR of AN, the bands at 1662 and
1560 cm−1 decreased with increasing temperature; in contrast, the
bands at 1637, 1521, and 1442 cm−1 increased with increasing
temperature. In the case of TPSR of acrylamide, the adsorbed acry-
lamide at room temperature exhibited bands at 1676, 1591, 1436,
and 1364 cm−1 (Fig. 6b). The band at 1676 cm−1 decreased and
shifted to 1662 cm−1 with increasing temperature. An additional
band appeared at 1637 cm−1 at 100 ◦C. The band at 1591 cm−1

decreased and the band at 1521 cm−1 increased with increasing
temperature. The band at 1436 cm−1 shifted to 1445 cm−1 and
increased with increasing temperature. The bands appearing with
increasing temperature were identical to those observed for acrylic
acid adsorbed on TiO2. The changes in the bands at 1662, 1637,
1560, 1521, and 1442 cm−1 observed during TPSR of AN were in
agreement with the changes in the bands observed during TPSR
of acrylamide. The bands at 1560, 1521, and 1442 cm−1 observed
during TPSR of AN were attributed to overlapping bands of acry-
lamide and acrylic acid. Therefore, the formation of NH3 at low
temperature during TPSR of AN was suspected to proceed through
AN hydrolysis.

We carried out the same DRIFTS measurements with oxidized
and reduced Ag/TiO2; the results are shown in Fig. 7. For oxi-
dized Ag/TiO2, the DRIFT spectral bands at 2262 and 2235 cm−1

attributed to AN were weak even at room temperature (Fig. 7a).
A band at 1542 cm−1, likely due to overlapping of the bands at
1560 and 1521 cm−1, appeared at all temperatures. The bands at
1442 and 1369 cm−1, which were assigned to acrylic acid, also
were observed even at room temperature. An additional band ap-
peared at 1350 cm−1 above 50 ◦C, which was assigned to a species
of formate [33,34]. Because metallic Ag remained after the oxi-
dizing pretreatment, as evidenced by the H2-TPR data, the for-
mate species might have been formed by subsequent oxidation of
acrylic acid on this metallic Ag. NHx (1 < x < 3) bands appeared
at 3407, 3350, and 3255 cm−1 and were slightly shifted toward
lower wavenumbers compared with the corresponding bands ob-
served for bare TiO2, even at room temperature. The band observed
at 3467 cm−1 was assigned to NHx species [35]. These spectra
suggest that hydrolysis-induced derivatives of AN adsorbed on ox-
idized Ag/TiO2 were present even at room temperature; in other
words, the oxidized Ag species strongly promoted AN hydrolysis.
In the TPSR profiles, the apparent amount of AN desorption ob-
served for oxidized Ag/TiO2 exceeded the amounts observed for
TiO2 and reduced Ag/TiO2, although the amount of molecularly ad-
sorbed AN on oxidized Ag/TiO2 was very small according to the
DRIFTS spectra. A possible explanation for this discrepancy is the
reversible desorption of AN from adsorbed AN derivatives on oxi-
dized Ag/TiO2.

We previously reported that AN decomposition over Cu-ZSM-
5 proceeds by the hydrolysis of nitrogen-containing intermediates,
such as –NCO [29]. No obvious –NCO bands were observed in the
present case, however; thus, AN decomposition through the forma-
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Fig. 6. In situ DRIFT spectra observed during TPSR of AN (a) and during TPSR of acrylamide (b) over TiO2. The adsorption of AN, acrylamide, and acrylic acid was carried out
at room temperature.
tion of –NCO and its hydrolysis to form NH3 most likely does not
proceed on the present Ag catalyst.

For reduced Ag/TiO2, characteristic AN bands were observed
in the region of 2300–2230 cm−1 at temperatures up to 100 ◦C
(Fig. 7b). The changes in spectral features in this region with in-
creasing temperature were similar to the trends observed over
TiO2. The TPSR measurements with reduced Ag/TiO2 showed NH3

formation, with peaks observed at the same temperature as those
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Fig. 7. In situ DRIFT spectra observed during TPSR of AN over oxidized Ag/TiO2 (a) and reduced Ag/TiO2 (b).
observed for TiO2. The similarity of the trends in the DRIFTS spec-
tra for the reduced Ag/TiO2 and the bare TiO2 support suggests
that metallic Ag made only a small contribution to the reaction
pathway of AN hydrolysis.

We previously reported that the selectivity of Ag/TiO2 for N2
in the decomposition of AN nearly coincides with its selectivity
for NH3 oxidation [6]. A speculated reaction pathway of AN de-
composition to form N2 over Ag/TiO2 is the formation of NH3 by
hydrolysis of AN with subsequent oxidation of NH3 to form N2.
Considering that the hydrolysis-induced derivatives of AN were
formed in the absence of H2O feed, AN should be hydrolyzed by
surface hydroxyl groups. In the steady-state reaction, NH3 formed
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Fig. 8. Speculated reaction pathway of AN decomposition over Ag catalysts.
from AN hydrolysis should be oxidized to form N2 and H2O. There-
fore, the hydroxyl group consumed by AN hydrolysis was converted
into H2O, allowing regeneration of hydroxyl groups.

The speculated reaction pathway of AN hydrolysis over Ag cat-
alysts is illustrated in Fig. 8. AN hydrolysis proceeded on oxi-
dized Ag species, most likely Ag2O. Intermediate NH3 and acrylic
acid were oxidized into N2 and COx (CO + CO2), respectively, over
metallic Ag. The direct oxidation of AN over large metallic Ag par-
ticles in Ag/ZrO2 and Ag/MgO formed large amounts of NOx and
N2O. For Ag-ZSM-5, AN was decomposed into nitrogen-containing
products and some hydrocarbons over Ag+, Agδ+

n , and Agn clusters.
The high activity of Ag/SiO2, regardless of the inactivity of SiO2,

is due to a combination of AN hydrolysis and NH3 oxidation by
oxidized and metallic Ag, respectively. Therefore, Ag/SiO2 should
have activities for AN decomposition similar to those of Ag/TiO2.
In our previous work, we reported that AN conversion and N2 se-
lectivity over Ag/TiO2 were enhanced by the addition of H2O to
the feed gas. The TOF for N2 formation became 1.4 times higher
at 300 ◦C when H2O was added. Conversion of AN and forma-
tion of NH3 over Ag/SiO2 also were increased by the addition of
H2O [6]. Although the addition of H2O should enhance the rate
of AN hydrolysis on oxidized Ag species, NH3 should be easily re-
leased from the catalyst surface without interacting with the SiO2
support. The presence of NH3 adsorption sites on the support ma-
terial would promote the retention of NH3, which might then be
converted to N2.

For Ag-ZSM-5 and Ag/Al2O3, oxidized Ag species, such as Ag+,
Agδ+

n , and Ag2O, accounted for most of the Ag species; thus, the
oxidation ability of this catalyst should be lower than that of
the other catalysts. The low oxidative capacity of Ag-ZSM-5 and
Ag/Al2O3 due to the absence or deficiency of metallic Ag not only
decreased N2 formation, but also may have decreased AN conver-
sion. We have previously reported that acrylic acid formed from
the hydrolysis of AN can easily lead to a carbonaceous deposit on
acidic zeolite [36]. The low oxidation ability observed for Ag-ZSM-5
and Ag/Al2O3 might result from the covering of this surface by ac-
cumulated carbonaceous deposits.

Our results indicate that the best supports for the decompo-
sition of AN were those containing both metallic and oxidized Ag
species, as well as NH3 adsorption sites. We conclude that the high
AN decomposition activity and N2 selectivity of Ag/TiO2 resulted
from AN hydrolysis to form NH3 over the oxidized Ag species and
subsequent NH3 oxidation over metallic Ag.

4. Conclusion

We studied the effect of the support material on the Ag-
catalyzed decomposition of AN, in which AN was converted to CO2,
H2O, and N2. The conversion of AN increased in the order Ag-ZSM-
5 < Ag/Al2O3 < Ag/TiO2 < Ag/SiO2 < Ag/MgO < Ag/ZrO2. Ag/TiO2
and Ag/SiO2 exhibited high N2 selectivities (>80%) at 350 ◦C. Al-
though Ag/ZrO2 and Ag/MgO exhibited high AN decomposition ac-
tivities, substantial amounts of NOx were formed. With Ag-ZSM-5
and Ag/Al2O3, substantial amounts of nitrogen-containing products
were formed, including HCN, HNCO, CH3CN, and NH3. Comparing
the activities of the Ag-containing catalysts with those of the sup-
port materials alone indicates that Ag substantially enhanced the
decomposition of AN on TiO2, ZrO2, SiO2, and MgO. XRD, UV–
vis, and H2-TPR results indicate that the Ag species on ZSM-5
and Al2O3 were mainly Ag oxides, including Ag2O, Ag+ ions, and
Agδ+

n ; that those on TiO2 and SiO2 were both metallic and oxi-
dized species; and that those on ZrO2 and MgO were mostly in
the metallic state. Our results suggest that metallic Ag was neces-
sary for the decomposition of AN to form N2. NH3- and CO2-TPD
were carried out to characterize the acid–base properties of the
support material surfaces. The results suggest that the amount of
metallic Ag present in the catalysts increased with increasing ba-
sicity of the support surface. TPSR of AN revealed that oxidized
Ag/TiO2 exhibited lower NOx formation than reduced Ag/TiO2 and
that the oxidized catalyst promoted the formation of NH3. DRIFTS
spectra revealed that AN likely was hydrolyzed to acrylamide and
acrylic acid. The oxidized Ag species promoted AN hydrolysis, and
TiO2 also hydrolyzed AN. We conclude that the high AN decompo-
sition activity with high N2 selectivity of Ag/TiO2 and Ag/SiO2 was
due to the coexistence of oxidized and metallic Ag, which enabled
AN hydrolysis and subsequent NH3 oxidation, respectively.
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