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ABSTRACT: Alumina-supported silver catalysts (Ag/Al,0) derived from wet
impregnation, a semiwet method, and water-free ball-milling were investigated for
the selective catalytic reduction of NOx by ethanol. It was found that Ag/Al,O,
catalysts with the highest NO, reduction efficiency can be obtained via wet
impregnation and the semiwet method but not by water-free ball milling. To
optimize the preparation parameters and discern the effect of water in the
production of Ag/Al,Oj; catalysts, the resulting series of alumina-supported silver
samples were characterized by means of XRD, BET, XAS (XANES and EXAFS),
in situ DRIFTS, and NMR. The results indicated that silver species were oxidized
and highly dispersed on the large surface area Al,O; obtained from wet
impregnation and the semiwet method. In situ DRIFTS revealed that the vital
intermediate enolic species were correspondingly predominant on the surfaces of
catalysts prepared by these methods, while the inactive intermediate acetate
species were significantly formed on Ag/ALO; catalysts prepared by water-free
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ball milling. Solid state '"H NMR suggested that the water employed in the wet methods enhances the exchange of Ag" with
protons from hydroxyl groups on the alumina surface, which leads to silver species being highly dispersed and forming active

Ag—O—Al entities.

1. INTRODUCTION

Compared with lean-burn gasoline engines, the use of diesel
engines has become a popular strategy to improve fuel
economy. However, emission control, especially NOx abate-
ment, is a major challenge_for environmental catalysis under an
oxidizing atmosphere. > Since the pioneering work of
Iwamoto et al.’° and Held et al,” selective catalytic reduction
of NOx by hydrocarbons (HC-SCR) has drawn more and more
attention for the removal of NOx from lean-burn exhaust.*~"°
Among the available catalysts, Ag/Al,O; is deemed one of the
most effective materials for HC-SCR of NOx.""'"* In particular,
when ethanol is used as a reductant, good activity'”'* and
moderate tolerance to water and SO, can be achieved.”
Currently, the low-temperature activity'®'” (<350 °C) of Ag/
AlLO; and the complexity of its preparation still remain
bottlenecks for the development of HC-SCR.

Understanding the structure of Ag/AL,O; catalysts at the
molecular or atomic level opens a window to enable solution of
these problems. Numerous studies have shown that both the
support and silver loading are critical in producing an active
Ag/AlL, Oy catalyst. Over this catalyst, oxidized silver (Ag* and/
or Ag,’") rather than metallic silver species are believed to be
the active species for catalysis of the reduction of NO, by
hydrocarbons.ls_20 Moreover, entities at the interface of the
metal and support like Ag—O—Al were found to be highly
active in the reduction of NOx by methane.”’ In surface
mechanism studies, Burch et al.** and Yu et al.>* found that the
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interface between active silver and alumina plays a very
important role in activating vital intermediate isocyanate species
(=NCO) and enolic species (RCH = CH—O") respectively.
Recently, On the basis of solid-state nuclear magnetic
resonance (NMR) results and density functional theory
(DFT) simulation of the structure of Ag—O—Al entities, we
found that oxidized Ag" anchored on the Al tetrahedral site of
alumina, forming the Ag—O-—Al.,, entity, is vital to the
excellent catalytic performance of Ag/ALO;. ">

To design a highly efficient Ag/Al,O; catalyst for application
in HC-SCR systems, many preparation methods have been
tested. Wet impregnation, ®*”**™*® coprecipitation,”"”” sol—
gel processes,”®*** and solvent-free ball-milling treatments'”
have been reported. In general, wet impregnation from aqueous
solution with AgNOj as a precursor has been able to produce
the highest activity Ag/ALO; catalysts.'”>° However, the role
of the solution or water in the preparation of the catalyst still
remains an open question.

In this study, the NOx removal efliciency of Ag/Al,O,
catalysts derived from the wet impregnation method, semiwet
method, and water-free ball-milling method was compared. The
effect of water in preparation of the catalyst was addressed by
analyzing a variety of characterization results. It was found that
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Figure 1. NO,, conversion for SCR by C,H;OH over Ag/Al,Oj catalysts prepared by dry ball-milling method: (A) rotation speed and (B) rotation

time.

water is vital for forming highly dispersed active Ag—O—Al
entities. Solid-state 'H NMR results indicated that water
enhances the exchange of silver with surface hydroxyl groups
(APP*—OH) via a proton exchange mechanism.

2. MATERIALS AND METHODS

2.1. Materials Preparation. Water-Free Ball-Milling
Method. Ag/ALO; catalysts (2 wt %) were prepared by
water-free ball-milling (dry method) using AgNO; or Ag,O as
the silver precursor. Typically, an appropriate amount of silver
precursor and 25 g of y-Al,0; (SASOL, SBa-200) were mixed
in a 500 cm? sintered alumina oxide grinding jar with several 10
and S mm diameter sintered alumina grinding balls. The milling
procedure was performed in a Retsch PM100 Planetary ball
mill at different rotation speeds (150, 300, 400, and 500 r/min,
respectively). At fixed rotation speed, the effects of different
rotation times (1, 3, S, and 7 h, respectively) were also
compared. The resulting powders were calcined at 600 °C for
3h.

Wet Impregnated Method. Catalysts were also prepared by
wet impregnation (wet method) as a comparison.24’25 An
appropriate amount of y-AlL,O; (SASOL, SBa-200) was
immersed in an aqueous solution of silver nitrate to obtain 2
wt % silver loading. After stirring for 1 h, the excess water was
removed by a rotary evaporator under vacuum at 60 °C. Then,
the samples were calcined in a furnace at 600 °C for 3 h.

Semi Wet Method. On the basis of these dry and wet
catalyst preparation methods, a new semiwet method was
explored. A fixed amount of water (solid—liquid ratio = S, 2.5,
and 1.25 g/mL, respectively) was added to Al,O; or a mixture
of AgNO; and ALO; before the ball-milling process (300 r/
min, 1 h). The resulting silver-loaded powders were also
calcined at 600 °C for 3 h. The Ag content of the catalysts was
determined by ICP-OES to be ~2 wt %. Before activity testing,
the catalysts were crushed and sieved to a diameter range from
0.25 to 0.42 mm.

2.2. Catalytic Measurements. A gaseous mixture of NO
(800 ppm), C,H;OH (1565 ppm), water vapor (10%), and O,
(10%) in N, balance at a mass flow of 1 L min™" was accurately
fed into the experimental reactor filled with 0.3 g catalysts, as
described in our previous studies.”>”*>*” The concentrations of
NO, NO,, N,0, NH;, and CO were analyzed online
simultaneously by an FTIR spectrometer (Nicolet Nexus
iS10). The details of the experimental setup can be found in
our previous work.”>™>* In all of the experiments, the
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concentration of N,O was negligible, and thus NO, conversion
can be calculated using the following equation

NOx conversion (%)

NOJ, + [NO, ], — [NO — [NO
— [ :|1n |: Z]m |: ]out |: 2]0ut % 100%
[NOJ,, + [NO,],,
The N, selectivity was defined as follows
N, selectivity (%)
[NOJin + [NOZJin - [No]out - [Nol]out - [NHE]

= U % 100%
[NO],, + [NO,],

2.3. Catalyst Characterization. The X-ray powder
diffraction patterns of the various catalysts were collected on
a Rigaku D/max-RB X-ray diffractometer (Japan). The patterns
were run with Cu Ka radiation (1 = 1.5406 A) at 40 kV and 40
mA with a scanning speed of 5°/min. The patterns were taken
over the 26 range from 10 to 90°.

Nitrogen adsorption—desorption isotherms were measured
using a Quantachrome Autosorb-1C instrument at 77 K. The
specific surface area of the samples was calculated by the
Brunauer—Emmett—Teller (BET) method. The pore volume
and size distribution were determined by the Barrett—Joyner—
Halenda (BJH) method from the desorption branches of the
isotherms.

The XANES and EXAFS of Ag—K edges were measured in
transmission mode at room temperature on the BLI4W1beam-
line, Shanghai Synchrotron Radiation Facility (SSRF), Shanghai
China. Ag foil and AgNO; were used as references. The storage
ring was operated at 6.5 Gev with 50 mA as an average storage
current. The synchrotron radiation beamline was monochrom-
atized with a Si (3 1 1) double-crystal monochromator, and
mirrors were used to eliminate higher harmonics. Before
measurements, all samples were crushed and sieved to 200
mesh or finer and then diluted with flour powder at appropriate
ratios and pressed into thin disks.

XANES and XAFS data were analyzed by the Demeter 9
software package.”® XANES spectra were normalized with edge
height; then, the first-order derivatives were taken to compare
the variation of absorption edge energies. EXAFS oscillation
x(k) was extracted using spline smoothing and weighted by k*
to compensate for the diminishing amplitude in the high k
range. The filtered k’-weighted y(k) was transformed to R
space in the k range of 2 to 9 A™' with a Hanning function
window.
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Figure 2. NO,, conversion for SCR by C,H;OH over Ag/Al,O; catalysts prepared by wet ball-milling method: effect of (A) water amount and (B)

rotation process.

In situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) spectra were recorded on a Nexus
670 FT-IR (Thermo Nicolet), equipped with an in situ diffuse
reflection chamber and a high-sensitivity MCT /A detector. All
Ag/AlL,O; catalysts were finely ground and placed in ceramic
crucibles in the in situ chamber. Prior to recording each
DRIFTS spectrum, the sample was heated in situ in 10% O,/N,
flow at 823 K for 1 h, then cooled to the desired temperature to
measure a reference spectrum. All spectra were measured with a
resolution of 4 cm™" and with an accumulation of 100 scans.

All 'TH MAS NMR experiments were performed at room
temperature (303 K) on a Bruker 400 MHz WB solid-state
NMR spectrometer, operating at a magnetic field of 9.4 T. The
spectrometer frequency is 400.25 for "H. All of the spectra were
acquired at a sample spinning rate of 6.5 kHz with a 7 mm
ZrO, MAS rotor. A 90° single pulse of 4.5 us was used. Each
spectrum was acquired using a total of 64 scans with a recycle
delay time of 4 s and an acquisition time of 0.013 s. All spectra
were externally referenced (ie., the 0 ppm position) to sat.
aqueous DSS. The raw spectral data were normalized by
weight, where constant or known weights of samples were
recorded.

3. RESULTS AND DISCUSSION

3.1. Catalytic Activity of Ag/Al,O;. To examine the effect
of ball-mill rotation parameters on the activity of Ag/Al,O;
catalysts in the reduction of NOx by ethanol, different rotation
speeds ranging from 150 to 500 r/min for 1 h were used to
prepare the catalysts. At a fixed rotation speed of 300 r/min,
increasing the rotation time (3, S, and 7 h) was also considered.
Figure 1 compares the NOx conversion as a function of
temperature over catalysts obtained by the ball-milling and wet
impregnation methods. The effect of rotation speed was
significant, as shown in Figure 1A. At the lowest rotation speed
of 150 r/min and AgNO3 as silver precursor, a maximum NOx
conversion of 40% was obtained at 348 °C. Increasing the
rotation speed to 300 and 500 r/min significantly enhanced the
NOx conversion. For instance, at the rotation speed of 300 r/
min, NOx conversion of 93% could be achieved at 392 °C.
However, surpassing this rotation speed did not enhance the
NOx conversion except for the slight promotion of catalytic
activity in the high-temperature region (above 400 °C).
Therefore, the rotation operating conditions were 300 r/min
for 1 h in subsequent experiments.
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As a comparison, silver oxide (Ag,0) also was used as silver
precursor to prepare Ag/AlL,O; by the ball-milling method at
300 r/min, and similar activity was found to that prepared from
the AgNO; precursor. The wet impregnation method, which
has always been considered as the best way to prepare Ag/
AlLO; catalysts,'”*® was also tested in this study. It was
confirmed that wet impregnation produced the best catalysts
amonyg all samples in the reduction of NOx. As shown in Figure
1B, increasing the rotation time from 1 to 7 h at a fixed speed of
300 r/min was helpful in improving the activity. However, these
ball-milled samples were still worse that the wet impregnated
sample.

The major difference between the dry method of ball-milling
and the wet impregnation method was the absence of water.
Because the wet-impregnated sample was the best catalyst
among all samples prepared, a semiwet ball-milling method was
explored. A trace amount of water was added to the mixture of
Al,O; and AgNO; during the dry ball-milling. The effect of the
water amount is examined in Figure 2A in terms of NOx
conversion. It can be clearly seen that the optimum water
amount (ratio of solid to liquid) was ~2.5 g/mL. On increasing
the ratio to 1.25 g/mL, the NOx conversion was almost
unchanged. If the amount of water kept increasing, then the dry
ball-milling method would fail and would simply become the
wet impregnation method. However, on decreasing the water
amount to a ratio of § g/ mL, the NOx conversion was
significantly depressed.

To understand the water effect, we explored different
semiwet ball-milling processes, as shown in Figure 2B. Ball-
milling the bare Al,O; at 300 r/min for 1 h prior to adding and
grinding the AgNO; precursor in the mixture resulted in a
significant decrease in NOx conversion. However, ball-milling
the mixture of silver and alumina together with water boosted
the catalytic activity significantly, and this catalyst was more
active than the sample prepared without water. Ball-milling the
bare Al,O; together with water prior to adding AgNO; and
then further milling the mixture lead to the maximum NOx
reduction activity. The catalyst resulting from this preparation
method not only exhibited the same activity as the best wet-
impregnated sample but also avoided complicated steps
necessary in the wet method process, such as vaporization of
excess water. In summary, the semiwet method shows
considerable potential as a substitute for the traditional wet
impregnation process for preparing Ag/Al,O; catalysts.
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Figure 3. XRD patterns of 2 wt % Ag/ALO; catalysts prepared by different methods: (A) rotation speed, (B) rotation time, and (C) rotation

process.

3.2. Catalyst Characterization. XRD patterns of all Ag/
AL Oy catalysts are exhibited in Figure 3. y-ALO; (JCPDS
reference no. 00-010-0425) was the main phase detected for all
samples with silver loading of 2 wt %, indicating that the silver
species are highly dispersed. In our previous study,”’ XRD
peaks for the metallic Ag and Ag,0O phases were observed only
for high silver loading of 8 wt %. However, the sample with
silver loading of 2 wt % prepared by ball-milling at the low
rotation speed of 150 r/min (Figure 3A) also exhibited peaks
for the Ag metallic phase, indicating the aggregation of silver
species. A similar result was found for the sample prepared by
ball-milling bare Al,O; prior to adding silver precursors (as
shown in Figure 3 C). The appearance of peaks attributable to
silver metal along with poor activity suggests that highly
dispersed silver species, especially oxidized species,'*~>"**~*
might be the active sites. Because the dry method was
employed without the use of water, the silver precursor crystals
might not be dispersed efficiently at low rotation speed. On
addition of water in the semiwet preparation method, no peaks
indexed to silver metal could be found (as shown in Figure 3
C). Thus, a conclusion can be drawn that a trace amount of
water is beneficial for the dispersion of silver species. The BET
surface areas of various catalysts are also summarized in Table 1
to examine the differences in physical structure.

The results show that the specific surface areas were in the
range from 158 to 197 m? g~' for all Ag/ALO; catalysts.
Increasing the rotation speed and time resulted in a gradual
decrease in the surface area and pore volume, while the pore
diameter remained unchanged. It should be noted that the

Table 1. Textural Parameters of Ag/Al,O; Catalysts
Prepared by Different Methods Derived from N,
Physisorption Results

mean pore

BET  pore volume diameter

sample (mifg) © (mL/g) (om)
ALO, 186 0.491 105
wet-impregnated 198 0.516 10.5
150 r/min 187 0.478 10.2
300 r/min 176 0.442 9.89
400 r/min 171 0.431 10.1
500 r/min 158 0.388 9.98
300 r/min 3h 174 0.427 9.96
300 r/min Sh 167 0.414 9.88
300 r/min 7h 163 0.392 9.49

(mill condition: 300 r/min 1 h)

ALO, mill + AgNO, mill 167 0453 107
ALO, + H,0 mill + AgNO, mill 179 0432 9.67
ALO, + H,0 + AgNO, mill 189 0429 921

surface area followed the order: wet impregnation > semiwet
method > water-free ball-milling. The catalysts prepared in the
presence of water exhibited higher surface area than those
without water, indicating that water is favorable to maintaining
the basic physical structure of Al,O;.

To determine the precise chemical state of the supported
silver, we compared the Ag—K XANES of Ag/Al,O; samples
prepared by different methods with spectra of AgNO; and Ag
foil, as shown in Figure 4. It can be clearly seen in Figure 4A

DOI: 10.1021/acs.jpcc.6b08886
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that the Ag/y-AL,O; catalysts and AgNO; show similar Ag—K It has been reported that Ag has lower binding energy with
absorption edge energies, which are lower than that of Ag foil. increasing oxidation state due to its core-level photo-
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emission.'*** According to this empirical rule, supported silver
species for all samples are mostly close to the +1 oxidation
state, just like Ag* ion in AgNOj solid, even though silver metal
XRD peaks were found for “150 r/min” and “AL,O; mill +
AgNO; mill” samples.

Figure 4B shows the Fourier transforms of k*-weighted
EXAFS oscillations at the Ag K-edge. A bond distance in the
range of 1.75 to 2.5 A was observed over all Ag/Al,O5 samples,
which can be assigned to an Ag—O shell. A peak at ca. 2.7 A
could be due to backscattering from adjacent silver
atoms.”**>** For all Ag/Al,O; samples (impregnated, 300 r/
min 1 h, 300 r/min S h, ALO; + H,0 mill + AgNO; mill), the
peak of the Ag—O shell is predominant, suggesting that silver
species are highly dispersed in the oxidized state, which play a
very important role in the HC-SCR process.'*™>"**72%%3 A
Ag—Ag shell is clearly predominant in the samples “150 r/min”
and “Al,O; mill + AgNO; mill”. This indicates that the active
component silver species are not effectively dispersed but rather
aggregate together, which is detrimental to catalysis of the
reduction of NOx by ethanol, as shown in Figures 1 and 2.
Therefore, we can conclude that the preparation method is
crucial for Ag/Al,O; catalysts. High dry-milling speed and long
rotation time are both helpful to increase the dispersion of
silver species. Meanwhile, the addition of water can easily
optimize the interaction between silver species and the support
Al,O;. However, the mechanism of how water enhances the
dispersion of active silver species has not been revealed in
depth.

3.3. In Situ DRIFTS Study. It is well known that the key to
the HC-SCR of NOx over Ag/Al,Oj catalysts lies in the surface
mechanism. HC-SCR of NOx usually starts with the partial
oxidation of the reductant, and thus in situ DRIFTS spectra
were collected over different Ag/Al,O; samples in a flow of
C,H OH (1565 ppm) + O, (10%) over the temperature range
200—500 °C. For convenience of comparison, Figure 5 shows
the in situ DRIFT spectra at the reaction temperature of 300
°C over different Ag/Al,O; catalysts.

Exposure of different samples to the feed gas resulted in the
appearance of seven peaks (1633, 1585, 156S, 1465, 1450,
1400, 1336 cm™) within the range of 2000—1200 cm™.
According to our previous studies,” ”"** peaks at 1633 and
1410 together with 1336 cm™" were assigned to the asymmetric
and symmetric stretching vibrations and C—H deformation
vibration of adsorbed enolic species, respectively. Peaks at 1585,
1565, 1465, and 1450 cm™' were due to acetate species
adsorbed on the catalyst surface.””* The partially oxidized
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species, especially the enolic species, were identified as
important intermediates in the ethanol-SCR process because
of their higher activity toward NO + O, than acetate, even
though the latter was also formed during the partial oxidation of
ethanol, 15/182325,31,34,35

It can be clearly seen in Figure S that the samples showing
the characteristic XRD pattern peaks of metallic silver were
covered by both enolic and acetate species equally. For
instance, the dry ball-milling sample prepared at 150 r/min
exhibited strong peaks of both enolic and acetate species, while
samples with well-dispersed silver species, such as wet-
impregnated Ag/Al,O;, were dominated by enolic species.
Increasing the rotation time or adding water to the mixture
made the enolic species” absorbance peak sharp, indicating that
well-dispersed silver species are favorable to the formation of
active partially oxidized intermediates. This was consistent with
other reports'®*® that metallic silver resulted in complete
combustion of ethanol. Thus minimizing the concentration of
large silver particles was necessary to improve the efficiency of
NOx reduction. Compared with improving mechanical factors
like rotation speed, adding a trace amount of water was more
facile and effective.

3.4. Effect of Water on Dispersion of Silver Species. y-
ALO; is one of the most commonly used supports for
heterogeneous catalysts. A defect spinel lattice structure is
terminated by surface hydroxyl groups,”” which play an
important role in determining the surface chemistry of the
resulting catalysts. During the preparation of Ag/Al,O;
catalysts, the silver species might interact with the alumina
hydroxyl groups to produce dispersed silver oxide phases. To
determine the effect of water on the preparation of catalysts, we
compare the '"H MAS NMR spectra of y-Al,O; and Ag/ALO,
in Figure 6.

Resonances centered at S ppm that have been assigned to
hydroxyl groups produced when water is adsorbed on to
alumina®®” can be clearly seen in Figure 6A, while the
shoulder resonance at 1 ppm can be attributed to the basic and
acidic hydroxyl groups of alumina.”®*” Calcination of Al,O5 (as
shown in Figure 6A) in air at 600 °C resulted in a decrease in
the observed resonance at S ppm, but the addition of water
caused a considerable increase in the intensity of the resonance
at S ppm. The corresponding changes were expected because
we have attributed them to hydroxyl groups produced when
water is adsorbed. It should be noted that calcination of Al,O,
did not cause considerable changes in the resonance centered at
1 ppm. Moreover, the resonance intensity of hydroxyl groups in

DOI: 10.1021/acs.jpcc.6b08886
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the range from —S5 to 15 ppm was almost unchanged whether
the Al,O; support was ball-milled or not.

Because the sample was exposed to the ambient atmosphere,
a resonance to physisorbed water on spectra can be easily
found, which is consistent with other literature.’® It is
commonly accepted that the acidic hydroxyl groups and
especially the basic OH groups are the anchoring sites for metal
species.38 After silver loading, the 'H MAS NMR spectra of Ag/
Al,O; derived from different preparation methods were
compared with those of the support Al,O;, as shown in Figure
6B. The intensity order of resonances attributed to basic and
acidic OH groups on different samples was as follows: Al,O; &~
Al,05;-600 °C> Al,O; mill, then + AgNO; mill =
Al,O;+AgNO;, mill > Al,0;+H,0+AgNO;, mill >
AlL,O;+H,0 mill, then + AgNO; mill > wet impregnation. It
is suggested that silver species can exchange with protons from
both acidic and basic OH groups on alumina. Water addition
enhanced the degree of proton exchange, which is favorable to
the formation of well-dispersed silver species. On the basis of
this result, we can hypothesize that selecting a more suitable
solvent may enable the preparation of advanced Ag/Al,O;
catalysts.

4. CONCLUSIONS

For the ethanol-SCR process, it was found that the general
order of NO, reduction efficiency as affected by preparation
method can be described as wet impregnation & semiwet
method > water-free ball milling. Among them, the semiwet
method not only produced the highest activity catalyst but also
can be implemented conveniently. Metallic silver species can be
found on catalysts prepared by the water-free ball milling
method, which indicates that silver species are not dispersed
effectively. As a consequence, predominantly inactive inter-
mediates like acetate species are formed on their surfaces, which
lower the efficiency of NOx removal. On the contrary, water in
catalyst preparation plays a very important role in maintaining
silver species in a highly dispersed and oxidized state.
Correspondingly, the active intermediate enolic species
predominate during the ethanol-SCR. With the aid of 'H
solid NMR, we found that after silver loading, the remaining
hydroxyl groups on Ag/Al,O; decrease as follows: water-free
ball milling > semiwet method > wet impregnation. This
indicates that the presence of water strengthens the proton
exchange from hydroxyl groups on the surface of alumina by
silver species. Thus the mechanism for silver species anchored
on the surface of alumina to form Ag—O—Al entities is partly
unraveled.
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