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Abstract

Ag/γ-Al2O3 is an effective catalyst for the selective reduction of NOx (SCR)

using propylene as a reducing agent. The catalyst performance is greatly

influenced by the synthesis procedure. Various methods for synthesis of

Ag/γ-Al2O3 are analyzed, and their performance is examined via packed

bed reactor experiments in this work. An optimal one-pot synthesis

method, single-step sol–gel (SSG) synthesis, is explored systematically. The

SSG-synthesized catalyst shows better performance than those prepared via

wet impregnation. The influence of synthesis conditions, specifically pH, on

the textural and morphological properties of the SSG-synthesized Ag/γ-Al2O3,

and therefore the activity for hydrocarbon-based SCR in a packed-bed reactor,

are analyzed using experiments and simulations. The optimized catalyst dem-

onstrates excellent performance (90% NOx conversion) for NOx reduction

under nominal operating conditions with a wide activity temperature window

(300–600�C). The catalyst shows good time-on-stream performance and is

effective at higher inlet oxygen concentrations and space velocities. A global

kinetic model, which uses synthesis-pH-dependent parameters, is proposed,

and its ability to predict the activities of these catalysts is validated.
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1 | INTRODUCTION

Nitrogen oxide (NOx) emissions from stationary or
automotive sources are environmentally damaging as
they contribute to the formation of acid rain, photochem-
ical smog, and depletion of tropospheric ozone.[1] In addi-
tion to NOx and other pollutants, the exhaust from
lean-burn gasoline and diesel engines contains an excess
amount of oxygen.[2] Under net-oxidizing conditions, the
conventional three-way catalyst favours oxidation reac-
tions rather than the selective reduction of NOx.[2,3]

Selective catalytic reduction (SCR) of NOx remains a

major challenge in environmental catalysis in these
oxygen-rich exhaust conditions.[4] The potential for using
hydrocarbons (HCs) as reducing agents has generated
interest in HC-SCR. Since NOx emissions are the highest
at cold-start conditions, low-temperature light-off of
HC-SCR as well as sustained activity at high tempera-
tures, are vital goals.[5–8]

Although several catalysts have been tested for
HC-SCR to date, no catalyst seems to be suitable for NOx
reduction in lean-burn exhaust conditions. Among vari-
ous catalysts investigated, silver-based catalysts have
shown higher activity at relatively low temperatures,[9,10]
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even in the presence of SOx and water vapour.[11,12] In
contrast, metal ion-exchanged zeolite catalysts, although
used in ammonia-SCR, suffer from low activity for
HC-SCR, are inactive at higher temperatures, and have
poor hydrothermal resistance.[13–16] Platinum group
metal catalysts were also investigated for HC-SCR under
lean-burn conditions[17]; however, the formation of N2O
and a narrow temperature region for NO reduction[18,19]

were identified as key disadvantages. Experimental and
kinetic modelling studies have shown the formation of
N2O over Pt/γ-Al2O3 catalysts at low temperatures[20,21]

and poisoning of the catalyst surface with oxygen either
as chemisorbed O or as Pt oxides owing to the highly
oxidizing nature of NO2.

[22] The role of support, such as
γ-Al2O3, SiO2,

[23–25] as well as ZrO2, CeO2, WO3, TiO2,

and MgO,[25–27] has been investigated. Among all the
tested catalysts, γ-Al2O3 is the preferred support due to
its resistance to hydrothermal conditions and tolerance to
the presence of SOx and water vapour in the feed stream.
As a result, it is an effective support for Ag—supported
catalysts used for the selective reduction of NOx.[24–28]

Consequently, Ag supported on γ-Al2O3 is chosen in this
work based on its higher activity and hydrothermal
stability.

The preparation method of Ag-based catalysts affects
their structural and textural properties and hence the
catalytic performance.[4] Co-precipitation, sol–gel, and
impregnation are common methods to prepare Ag/γ-Al2O3

catalysts. The Ag/γ-Al2O3 catalysts prepared by
co-precipitation[4] and precipitation from inverse
microemulsions[29] showed lower activity, with significant
NOx conversion occurring only at higher temperatures.
Several researchers[1,2,4,30–33] used the impregnation
method to prepare the Ag/γ-Al2O3 catalysts with an aque-
ous solution of AgNO3 on commercial Al2O3 supports.
Angelidis and Kruse[12] reported that using silver lactate
(instead of AgNO3) during the impregnation process led to
a homogeneous distribution of Ag on the Al2O3 support
and hence a higher de-NOx activity. The Ag/γ-Al2O3 cata-
lysts synthesized by the sol–gel method[4,34] performed
better than those prepared by co-precipitation and impreg-
nation. The Ag/γ-Al2O3 catalysts have been prepared
using sol–gel co-gelation[35] and precipitation-gelation[36];
though these catalysts achieved higher NOx conversions,
the activity temperature window reported was narrow and
not satisfactory.[4,32–34] The Ag/Al2O3 catalysts, while
promising, have higher light-off temperatures and a
narrow range of temperatures at which they are suffi-
ciently active for SCR. The role of synthesis conditions on
activity is poorly understood.

Though the synthesis conditions affect the morphol-
ogy and activity of Ag/Al2O3 catalysts, these conditions
are not optimized, and their role is not well understood.

In this work, Ag/γ-Al2O3 catalysts are prepared by a
single-step sol–gel (SSG) method and compared with wet
impregnation of Ag on both commercial and in-house
synthesized γ-Al2O3. The SSG method is optimized by
preparing the catalysts at different hydrolysis pH using
nitric acid as a pH controller during the synthesis. The
role of the hydrolysis pH in improving the textural and
structural properties of the catalyst—crystallinity of
γ-Al2O3 phase, surface area and pore geometry, as well as
the morological properties such as active metal nanopar-
ticles size and dispersion over the support—is investi-
gated. The role of pH on catalyst activity for HC-SCR is
explored, and the synthesis procedure is optimized.
A reaction kinetic model that predicts the activity of
these catalysts prepared at various values of hydrolysis
pH is also proposed and validated.

2 | EXPERIMENTAL SECTION

2.1 | Starting materials

The chemicals of analytical grade were used without fur-
ther purification. The chemicals, aluminium isopropox-
ide (AIP; > 98%) and silver nitrate (AgNO3; > 99%) were
obtained from Sigma–Aldrich, nitric acid (HNO3; 69%)
from Merck, and commercial γ-alumina (γ-Al2O3) from
SASOL. The calibration grade gases, namely, propylene
(3000 ppm C3H6, balance N2), nitric oxide (3000 ppm
NO, balance N2), oxygen (21 vol.% O2, balance N2), and
nitrogen (N2, >99.99% high purity), were purchased from
Sri Karumari Amman Gas Agency, Indo Gas and Rana
Industrial Gases and Products from Chennai, India and
used without further purification.

2.2 | Catalyst preparation

2.2.1 | Wet-impregnation (WI) method

The γ-alumina supported silver (Ag/γ-Al2O3) catalysts
were prepared by the WI method. A calculated amount
of aqueous AgNO3 was added in a drop-wise manner to
the commercial γ-Al2O3(SASOL) support while stirring
constantly. Thereafter, it was dried at 110�C for 1–2 days,
followed by calcination in a tubular furnace at 600�C for
6 h at 1�C/min under airflow conditions. For ease of dis-
cussion, this catalyst is referred to as Ag/γ-Al2O3(SASOL).

For comparison, γ-Al2O3 was prepared by the sol–gel
technique at a pH of 6.0, referred to hereafter as γ-Al2O3

(SG). Subsequently, 5% Ag was impregnated as before,
and the resulting catalyst is referred to hereafter as
Ag/γ-Al2O3(WI); see Table 1.
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2.2.2 | Single-step sol–gel (SSG) method

The Ag/γ-Al2O3 catalysts were prepared by SSG method
using AIP and silver nitrate (AgNO3) as alumina and sil-
ver precursors, respectively. Since the pH of the synthesis
medium affects the hydrolysis and condensation pro-
cesses, nitric acid (69%) was added in various amounts to
the stirring solution, and after that, the pH of the stirring
solution was measured. Accordingly, the catalysts were
synthesized as follows: At first, 10 g of AIP was dissolved
in 100 mL of milli-pore water. Nitric acid (69%) was then
added in various amounts to the stirring solution and the
pH of the synthesis medium was measured. Next, the cal-
culated concentrations of aqueous AgNO3 were added to
the stirring solution to get 3–7 wt.% Ag loading. The final
values of pH were recorded just before the completion of
the reaction synthesis and reported here. The resulting
solution was stirred for 24 h. After completion of the gel
formation, the sample was dried in a hot air oven at
110�C for 24 h, followed by calcination in a tubular fur-
nace at 600�C for 6 h, at 1�C/min under airflow condi-
tions. The catalysts prepared using the SSG method is
referred to hereafter as the Ag/γ-Al2O3(x), where x in the
parenthesis represents the hydrolysis pH value.

2.3 | Characterization

Powder X-ray diffraction (XRD) measurements were
recorded on a Bruker D8 Advance XRD with Cu Kα
(λ = 1.5418 A�) radiation source operating at 40 kV and

30 mA. Nitrogen-physisorption isotherms were obtained
in Micromeritics ASAP 2020 surface area analyzer at liq-
uid nitrogen temperature 77 K, in which the catalysts
were degassed at 250�C for 12 h before measurements.
The specific surface areas (SBET) of the samples were
calculated using the Brunauer–Emmett–Teller (BET)
method, whereas pore size distribution (DBJH) curves
were obtained from Barrett–Joyner–Halenda (BJH)
method. The surface morphology and composition of the
deposited material were studied using a QUANTA
200-FEI SEM instrument equipped with a METEK
energy dispersive X-ray analysis (EDX) system. The sam-
ple in powdered form was spread on the carbon tape
(adhesive tape, normally used in scanning electron
microscopy (SEM) measurements for conduction pur-
poses) and mounted on the SEM sample holder, and
imaged. High-resolution transmission electron micros-
copy (HR-TEM) images were obtained from a JEOL,
JEM-2100 Plus transmission electron microscope oper-
ated at 200 kV. The powder samples were added to the
carbon-coated Cu-grids using the drop-casting method.

2.4 | Reactor details

A packed bed reactor (PBR) connected to an on-line gas
analyzer was used to measure the HC-SCR activity, and
high-purity N2 gas was used for purging. The high-purity
synthetic gases, namely, propylene (3000 ppm C3H6, bal-
ance N2), nitric oxide (3000 ppm NO, balance N2), and
oxygen (21 vol.% O2, balance N2) were metered through

TABLE 1 Preparation and characterization details of various γ-Al2O3 and Ag/γ-Al2O3 catalyst samples.

Catalyst Preparation method pH
Ag loading
(wt.%)

Surface area
(m2/g)

Pore volume
(cm3/g)

Pore
size (nm)

γ-Al2O3 (SASOL) - - - 180 0.34 5.9

γ-Al2O3 (SG) Sol–Gel 6.0 - 200 0.22 4.3

Ag/γ-Al2O3 (SASOL) Wet impregnation 5.7 5 161 0.32 6.6

Ag/γ-Al2O3 (WI) Wet impregnation 5.7 5 174 0.32 6.2

Ag/γ-Al2O3 (4.0) Single-step sol–gel 4.0 5 56 0.08 4.2

Ag/γ-Al2O3 (4.7) SSG 4.7 5 109 0.10 3.0

Ag/γ-Al2O3 (5.0) SSG 5.0 5 132 0.14 3.6

Ag/γ-Al2O3 (5.5) SSG 5.5 5 170 0.22 4.1

Ag/γ-Al2O3 (5.7) SSG 5.7 5 190 0.25 4.8

Ag/γ-Al2O3 (6.0) SSG 6.0 5 207 0.27 5.0

Ag/γ-Al2O3 (5.7) SSG 5.7 3 165 0.23 4.5

SSG 5.7 5 190 0.25 4.8

SSG 5.7 7 178 0.25 4.5

Abbreviations: SSG, single-step sol–gel; WI, wet-impregnation.
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mass flow controllers (Bronkhorst High-Tech BV) and
mixed to obtain the desired inlet concentrations. The
PBR consists of a quartz reactor tube with an 8 mm ID,
12 mm OD, and 1000 mm length placed inside a vertical
down-flow furnace (Ants Ceramics Pvt. Ltd.). Cylindrical
quartz beads (2 � 4 mm) were used as an inert packing
material to ensure uniform flow. The catalyst powders
were pelletized, made into small (<2 mm) particles and
loaded into the quartz tube reactor and held in place with
quartz wool, while the top and bottom of the catalyst bed
were packed with the packing material. A k-type thermo-
couple (REOTEMP Instrument Corporation) was used to
measure the temperature at the surface of the quartz
tube reactor in the furnace. The temperature was con-
trolled within ±1�C using a proportional-integral-derivative
controller (PID) temperature controller (Ants-1100PC;
Ants Ceramics Pvt. Ltd.). The outlet was connected on-line
to a non-dispersive infra-red (NDIR) multi-component gas
analyzer (HORIBA—Model VA-3000) to measure NO and
NOx (NO + NO2) concentrations in the product gas
mixture.

2.5 | Reaction studies

The catalytic measurements were performed in the PBR
with 980 ppm NO, 1050 ppm C3H6, and 7 vol.% of oxygen
for all the prepared catalysts. The feed stream gases with
different NO:C3H6 ratios from 1:1 to 1:2.2, and oxygen con-
centration from 3.4 to 12.0 vol.% were used to study the
effect of inlet composition. The activity of the catalyst for
NOx reduction was studied in the temperature range of
200 to 600�C at ambient pressure, and at various gas hourly
space velocities by changing the catalyst volume at different
flow rates. The reactor was raised to a temperature of
200�C at a ramping rate of 2�C/min and held at this tem-
perature for an hour while being purged with high-purity
N2. Subsequently, the temperature was raised in steps of
50�C with a ramp rate of 5�C/min and the reaction was car-
ried out by passing the reactant gas mixture. The reactor
was held at each temperature for 30 min to reach a steady
state before recording the outlet concentration.

3 | RESULTS AND DISCUSSIONS

3.1 | Catalyst characterization

pH and/or the concentrations of acid or base in the sol
during the sol–gel transition have a profound influence
on the formation of gel structures.[37] The effect of syn-
thesis conditions on the structural, textural, and morpho-
logical properties of Ag/γ-Al2O3 is discussed below.

3.1.1 | Structural properties

Figure 1 depicts the powder XRD patterns of dried
samples of γ-AlO(OH) and Ag/γ-AlO(OH) (alumina pre-
cursors after drying at 110�C) prior to calcination as well
as the calcined γ-Al2O3 and Ag/γ-Al2O3 prepared at dif-
ferent pH conditions. In-house synthesized boehmite
(γ-AlO(OH)) calcined at 300�C is added for reference in
Figure 1A to identify the presence of pseudo-boehmite
phase in the dried catalyst samples. The alumina precur-
sors (Figure 1A) exhibit a typical boehmite structure,
while the characteristic γ-alumina structure can be seen
in Figure 1B. It is reported that at lower pH values, the
bayerite phase is commonly observed along with the
boehmite phase.[38,39] The bayerite phase is marked with
the reverse triangle symbols (5) and the reference for the
boehmite phase and the diffraction planes are indicated
in Figure 1A. It shows the formation of bayerite along
with the amorphous nature of the pseudo-boehmite
phase, at low pH values. An increase in pH enhances
the crystallinity of the pseudo-boehmite phase along with
a diminishing of the bayerite phase. Further, the basic
gel shows a network of boehmite particles interconnected
with one another, while the acidic gel displays
aggregates[35,36]; these results are in good agreement with
high resolution-scanning electron microscopy (HR-SEM)
(discussed in Section 3.1.3). Figure 1B shows the
XRD patterns of the calcined γ-Al2O3 and supported
5%Ag/γ-Al2O3 catalysts. The diffraction patterns corre-
spond to typical γ-Al2O3 structures.

[4,26] The Ag nanopar-
ticles are smaller in size and finely dispersed on the
support (this is in good agreement with HR-TEM data
discussed in Section 3.1.3). The characteristic reflections
overlap with γ-Al2O3 and therefore the reflections corre-
sponding to elemental Ag cannot be seen clearly.[24,29]

3.1.2 | Textural characteristics

The N2-physisorption isotherms with pore size distribu-
tions are shown in Figure 2. The samples exhibit typical
type-IV isotherms, which indicates that the materials are
mesoporous in nature[40] with the hysteresis loops of H1-
and H2-types. However, as can be seen from Figure 2,
the shape of the hysteresis loops of the samples prepared
at low pH and calcined show lower crystallinity
(Figure 1B) than the samples prepared at higher pH. At
lower pH values, samples exhibit H2-type hysteresis loops
(ink-bottle type pore geometry). An increase in pH values
beyond pH = 5 leads to type-H1 hysteresis, indicating
channel-type pore geometry.[39,41,42] The specific surface
area, pore volume, and pore sizes of the prepared cata-
lysts are given in Table 1. The specific surface area for

4 KUMMARI ET AL.
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the sol–gel prepared γ-Al2O3 is 200 m2g�1 while for the
commercial γ-Al2O3 is 180 m2g�1. As shown in Table 1,
the surface area of the Ag/γ-Al2O3 catalysts rises as the
pH of the synthesis medium is increased. The specific
surface area is increased from 56 m2g�1 for pH = 4.0 to

207 m2g�1 for pH = 6.0; likewise, the pore volume also
increased from 0.08 to 0.27 cm3/g. Furthermore, at lower
pH (<5), the pore geometry indicates the ink-bottle type
with pore-blocking, whereas with an increase in pH, the
pore geometry changed to open mouth ink-bottle type
pores, and at higher pH (>5.5), the pores present channel
type geometry.

3.1.3 | Morphological properties

Figure 3 depicts the HR-SEM images of various
Ag/γ-Al2O3 catalysts. At lower pH, the catalysts display
aggregated dense large particles; at higher pH, particle
size is reduced considerably. In the case of the former,
the particles are seen to aggregate just after the addition
of nitric acid and bring about a rapid increase of viscosity
resulting in the formation of aggregated dense particles.
This is because at lower pH, the hydrolysis process is fas-
ter and the network formation in the gel process is
poorer, and therefore the formation of random dense par-
ticles, and the flocculation of particles is promoted by the
shielding effect of excess electrolyte (nitric acid in this
case).[43] At higher pH, with the addition of very small
amounts of nitric acid, a colloidal suspension with con-
stant low viscosity is formed. That is, there is a phase
transformation of boehmite particles from the randomly
aggregated state to an ordered state of the smaller

FIGURE 1 Powder X-ray diffraction patterns of dried samples (A) and calcined samples (B) prepared at different pH conditions.

FIGURE 2 Textural properties of the 5% Ag/γ-Al2O3 catalysts

synthesized using single-step sol–gel method, N2-physisorption

isotherms with pore size distribution. STP, standard temperature

and pressure.
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particles with parallel orientation.[43] The formation of a
poorly connected network of boehmite particles is clearly
evidenced by both the XRD and HR-SEM results at lower
pH values. At higher pH levels, controlled hydrolysis-
condensation processes yield well-crystallized smaller
particles. The EDX analysis of the samples reveals the
presence of the constituent elements and also that the
estimated Ag-loading on the γ-Al2O3 support is 5 wt.%
with ±0.5 wt.% deviation.

Figure 4 illustrates the HR-TEM images of various
Ag/γ-Al2O3 catalysts. These micrographs show that the
influence of pH on the variation of silver nanoparticles

size and dispersion on the alumina support is strong.
Furthermore, the Ag/γ-Al2O3 catalyst, which is synthe-
sized at lower pH = 4.0, shows larger size silver nanopar-
ticles with an average size of 17 nm, whereas the
catalysts prepared at higher pH >5.0, indicates smaller
silver nanoparticles with an average size of 7 nm at
pH = 5.0 and 4 nm at pH = 5.7. On the other hand, at
lower pH, there is improper dispersion of Ag nanoparti-
cles over the γ-Al2O3 support, whereas, with an increase
in pH, a remarkable improvement in the dispersion of
nanoparticles is achieved. This will be of advantage in
terms of catalytic activity as the activity for NOx

FIGURE 3 High resolution-scanning electron microscopy images of 5% Ag/γ-Al2O3 catalysts prepared at various hydrolysis pH using

single-step sol–gel method: (A) pH = 4.0, (B) pH = 4.7, (C) pH = 5.0, (D) pH = 5.5, (E) pH = 5.7, and (F) pH = 6.0.

FIGURE 4 High resolution-scanning electron microscopy images of 5%Ag/γ-Al2O3 prepared by SSG method at various hydrolysis pH:

(A) 4.0, (B) 5.0, and (C) 5.7. The inset shows the particle size distribution.

6 KUMMARI ET AL.
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conversion can significantly be improved with a decrease
in the size of the silver nanoparticles,[44,45] and improved
dispersion. Thus, Ag/γ-Al2O3 catalysts prepared at higher
pH result in high surface area and smaller silver
nanoclusters with good dispersion on the support, which
are presumably responsible for the enhanced activity of
Ag-based catalysts, particularly at low temperatures. We
hypothesize that this increase in activity with pH may be
because of the varying ionic strength of the synthesis
medium. The ionic strength in the medium influences
the nanoparticle nucleation and growth and particle
agglomeration.[46] Since pH is varied by adding different
amounts of HNO3, the ionic strength changes, resulting
in changes in the morphological properties of the cata-
lyst, as evidenced in the SEM and TEM micrographs as
well (Figures 3 and 4).

3.1.4 | Preliminary catalyst evaluation
studies

Before discussing the effect of pH on sol–gel synthesis,
we first compare the catalyst prepared by SSG with that
using the wet impregnation method in Figure 5. Specif-
ically, as a part of optimizing the synthesis conditions
for Ag/γ-Al2O3(SSG) catalysts, we tested the activities
of the Ag/γ-Al2O3 catalysts prepared using the impreg-
nation method over the sol–gel synthesized γ-Al2O3

(i.e., Ag/γ-Al2O3(WI)) and over the commercial
γ-Al2O3 support (i.e., Ag/γ-Al2O3(SASOL)). The results

were compared with the catalyst activity of unsupported
γ-Al2O3 (without Ag loading) as well. It is clearly seen in
Figure 5 that the presence of silver significantly improves
the NOx conversion at all temperatures. Further, the cata-
lysts synthesized using SSG method (SSG) showed better
activity than those synthesized using wet impregnation.
Therefore, for further evaluation of the catalyst, we employ
the catalysts synthesized using the SSG process as they are
expected to give highly reproducible and reliable results.

3.2 | Catalyst performance

The variations in the catalytic activity for NOx reduction
among catalysts prepared at different pH conditions of the
synthesismedium yielded attractive results and are discussed
in this section. The various characterization techniques indi-
cated the role of synthesis conditions on the structural, tex-
tural, andmorphological features of the catalysts.

3.2.1 | Role of pH on catalyst performance

Figure 6 shows the NOx conversion for the catalysts pre-
pared at various hydrolysis pH. The activity of all the cata-
lysts was tested using propylene (C3H6) as the reductant in
excess oxygen in the temperature range 200–600�C with

FIGURE 5 The catalytic activity results of 5%Ag/γ-Al2O3

catalysts prepared by different methods. Reaction conditions: 1.0 g

catalyst, 980 ppm NO, 1050 ppm C3H6, 7 vol.% O2 with a total flow

rate of 600 mL min�1. SSG, single-step sol–gel;
WI, wet-impregnation.

FIGURE 6 De-NOx activity for 5%Ag/γ-Al2O3 prepared at

different pH. The numbers in the parentheses indicate the pH

values of the synthesis medium. Reaction conditions: 1.0 g catalyst,

980 ppm NO, 1050 ppm C3H6, 7 vol.% O2 with a total flow rate of

600 mL min�1. The inset shows the reproducibility results of three

batches of 5%Ag/γ-Al2O3 catalyst prepared at pH = 5.7. Reaction

conditions: 1.0 g catalyst, 780 ppm NO, 1170 ppm C3H6, 7 vol.% O2

with a total flow rate of 600 mL min�1.
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feed conditions of 980 ppm of NO, 1050 ppm of C3H6,
7 vol.% of O2 and N2 balance. The total flow rate into the
reactor is 600 mL min�1, and 1.0 g of catalyst is loaded
into the reactor. It can be seen from Figure 6 that the
Ag/γ-Al2O3 catalysts prepared at lower pH demonstrate
lower catalytic activity, whereas catalysts prepared at higher
pH demonstrate higher (> 90%) NOx conversion. Moreover,
the peak temperatures (where conversion is maximum)
shift to lower temperatures from 500 to 450�C. Further, a
broader temperature activity window is observed with NOx
conversion exceeding 70% over a temperature range from
400 to 600�C. The increase in NOx conversions for the cata-
lysts prepared at higher pH (>5.0) can be attributed to the
increase in surface area (cf. Table 1).

The synthesis procedure and reactor experiments are
well reproducible for all the Ag loadings studied. The
experiments were repeated at least three times each, and
only minimal differences in NOx conversions were
observed. The reproducibility of the activity of 5% Ag is
highlighted and shown in Figure 6 (inset) as an example.
The reproducibility was tested with the three different
batches of the 5%Ag/γ-Al2O3 (5.7) catalyst, which was
synthesized at the same hydrolysis pH = 5.7. The results
indicate that the activity is highly reproducible demon-
strating that the catalyst preparation method is reliable.

The effect of silver loading for NOx reduction has
been studied extensively in the literature. Generally,
lower Ag wt.% of 1–3%[4,27,47,48] give high conversions;
however, they present narrow temperature activity win-
dows. On the other hand, higher amount of Ag (>6 wt.%)
yields lower deNOx activities[4,49] at higher temperatures.
Overall, 4–6 wt.% catalysts tend to have the best combi-
nation of NOx conversion and broad temperature
window.[4,27,32,33] This was evident in our experiments as
well. The catalytic activity of the 5%Ag/γ-Al2O3 (5.7) was
tested and compared with the catalytic activities of
different Ag loaded, that is, 3%Ag/γ-Al2O3(5.7) and
7%Ag/γ-Al2O3 (5.7) catalysts. All the catalysts showed
high NOx conversions. Although 3%Ag/γ-Al2O3 (5.7)
showed higher NOx conversion at high temperatures, it
was not active below 350�C, whereas 7%Ag/γ-Al2O3 (5.7)
catalyst exhibited a decrease in activity at higher temper-
atures. Overall, 5%Ag/γ-Al2O3 (5.7) catalyst showed bet-
ter catalytic performance over a broad temperature range
(results are not shown here for the sake of brevity).

3.3 | Effect of operating conditions

3.3.1 | Time-on-stream studies

The time-on-stream studies were performed continuously
with the 5%Ag/γ-Al2O3 (5.7) catalyst in the packed-bed

reactor at 400�C for 50 h of time. The catalyst
temperature was increased with a ramp rate of 2�C/min
under N2 flow, as before, and held at this temperature for
an hour. Thereafter, the reactor feed was switched as
follows: 970 ppm of NO, 1170 ppm of C3H6, and 7 vol.% O2

with the 1.0 g catalyst loading at a total flow rate of
600 mL min�1. The NOx conversions were consistently
over 80%, and the catalyst was stable over the entire period
of time without any observable loss in activity.

3.3.2 | Effect of feed ratio

Figure 7 illustrates the catalytic activity tests performed
at different nitric oxide and propylene inlet concentra-
tions; with an increase in the C3H6:NO ratio, there is an
increase in NOx conversion. This was especially signifi-
cant at lower temperatures. At C3H6:NO = 2.25, the opti-
mized catalyst showed >50% NOx conversion even at
300�C. This light-off temperature is lower than previously
reported in the literature. This may be attributed to the
activation of propylene and the formation of oxygenates
(CxHyOz) in the low-temperature range over the smaller-
sized Ag clusters. Moreover, the catalyst showed a broad
activity temperature window in the temperature range of
320–600�C with more than 70% NOx conversion.

Figure 8 shows significant improvements in NOx con-
versions: From 8% to 55% at 300�C, from 26% to 85% at
350�C, and from 65% to 99% at 400�C, with increased
propylene concentrations from the C3H6:NO ratio of
0.9 to 2.2. This increase in NOx conversions at higher

FIGURE 7 Catalytic activities of 5% Ag/γ-Al2O3 (5.7) catalyst

at different ratios of NO and C3H6. Reaction conditions: 1.0 g

catalyst, different ratios of NO to C3H6 at constant 7 vol.% O2 with

a total flow rate of 600 mL min�1.

8 KUMMARI ET AL.
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C3H6:NO ratios is due to the availability of propene for
NOx reduction. The limits of C3H6 to NO ratios were cho-
sen to be representative of typical automotive exhaust
conditions, and not increased further though the results
were promising. In summary, the synthesized catalysts at
higher pH show higher activity for the entire temperature
range, including light-off at relatively lower temperatures
and higher propylene concentration.

3.3.3 | Effect of oxygen concentration

Figure 9 projects the effect of inlet O2 concentration, from
3.4 to 12 vol.%, on the NOx conversion, keeping the
NO:C3H6 ratio of 1:1.9. The catalyst performance for NOx
reduction is similar for all conditions, as shown in
Figure 9. Even at higher oxygen concentrations, the cata-
lytic activity has no significant drop. The NOx conversions
remain high, with a broad activity temperature window.
There are slight differences in NOx conversions at higher
temperatures beyond 500�C, for different inlet O2 condi-
tions, which may be attributed to a higher rate of propyl-
ene reaction with oxygen. But overall, the catalytic
activities remained high even at higher temperatures with
higher NOx conversions in excess oxygen concentrations.

3.3.4 | Effect of GHSV

The gas hourly space velocity (GHSV) is defined as the
ratio of the volumetric flow rate to the active volume of
the catalyst bed and was varied by varying the volumetric

flow rate and catalyst loading. The catalytic activities
were studied at GHSV of 30,000 to 120,000 h�1. Catalysts
were tested at different flow rates, namely, 600-, 900-,
and 2400 mL min�1 at two different volumes of the
catalyst—1.2 mL (which corresponds to 1.0 g of the cata-
lyst) and 0.6 mL (0.5 g of the catalyst). We investigated
catalyst activity at 30,000 h�1 (1.2 mL catalyst and
600 mL min�1 flow) as well as a high space velocity of
120,000 h�1 at (1.2 mL catalyst and 2400 mL min�1

flow). Figure 10 depicts the typical profile for different

FIGURE 8 Catalytic activities of 5% Ag/γ-Al2O3 (5.7) catalyst

at different ratios of NO and C3H6 at different temperatures.

Reaction conditions: 1.0 g catalyst, 7 vol.% O2, and flow rate of

600 mL min�1.

FIGURE 9 Catalytic activity of 5%Ag/γ-Al2O3 (5.7) catalyst at

different concentrations of oxygen. Reaction conditions:

1.0 g catalyst, 520 ppm NO, 980 ppm C3H6, 3.4 vol.%, 7 vol.%, and

12 vol.% of O2 with a total flow rate of 600 mL min�1.

FIGURE 10 Catalytic activities of 5% Ag/γ-Al2O3 (5.7) catalyst

at different space velocities. Reaction conditions: 520 ppm NO,

980 ppm C3H6, and 7 vol.% of O2. SV, space velocity.

KUMMARI ET AL. 9

 1939019x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cjce.24967 by C

entral L
ibrary, W

iley O
nline L

ibrary on [24/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



GHSV values. It can be seen from this figure that the
NOx conversion is almost the same at GHSV values of
30,000 and 45,000 h�1 with a higher NOx conversion of
98% and NOx conversion exceeding 70% in the tempera-
ture range of 350–600�C. In other words, with the same
catalyst loading (1.0 g; 1.2 mL), no drop in the activity
was observed when the total flow rate was increased from
600 mL min�1 to 900 mL min�1.

Likewise, the catalytic activity was also tested at
higher space velocities, that is, at 60,000 h�1 and
90,000 h�1. As shown in Figure 10, the NOx conversions
were high with a broad activity temperature window.
With a further decrease in the volume of the catalyst
from 1.2 to 0.6 mL, that is, by reducing the loading of the
catalyst from 1.0 to 0.5 g, there is only a slight drop in the
NOx conversion. Finally, the catalytic activity test was
done at very high space velocity, namely, at 120,000 h�1,
with a bed volume of 1.2 mL (1.0 g) by increasing the
total flow rate to 2400 mL min�1. Even at such a high
space velocity, the catalyst performed exceptionally well.
These results proved that even at higher space velocities
and in excess amounts of oxygen, which are reasonably
near-real diesel exhaust conditions, the optimized
Ag/γ-Al2O3 catalysts could achieve excellent NOx conver-
sions with the wider activity temperature window.

4 | KINETIC MODELLING AND
REACTOR LEVEL SIMULATIONS

A generalized kinetic model is proposed to predict the
activity of these catalysts in this section. In recent

work,[50] a structure-dependent reduced global kinetic
model is proposed and validated for SCR of NO with HCs
for the Ag and Co catalytic systems. In particular, the
effects of metal loading on catalyst performance are
closely examined.[50] In this work, we developed a kinetic
model to predict the activity of the catalysts described
above, which are prepared at various hydrolysis pH. The
kinetic model developed is based on the reaction scheme
proposed by Azis et al.[51] for the SCR of Ag/γ-Al2O3 with
a single surface site S1. The mechanism consists of five
reactions: NO oxidation, propene oxidation, NO2-assisted
propene oxidation, selective reduction of NO by propene,
and formation of surface nitrate, as listed in Table 2.[51]

NO oxidation and surface nitrate formation are consid-
ered reversible reactions, and the latter is assumed to be
in partial equilibrium. The equilibrium constant at any
temperature T is given by the Vant Hoff’s equation:

Keq Tð Þ¼K298 e
�ΔHrxn

298
R

1
T� 1

298ð Þ

Applying the partial equilibrium condition for R5 in
the site conservation equation yields the site fractions θS1
and θS1�NO3 . The equilibrium parameters (for R1 and R5)
and rate constants are summarized in Table 2. While oxy-
gen concentration was not considered for modelling the
reaction system in Azis et al.,[51] in this work, oxygen is
also considered in the reduction reaction (R4). Thus, the
kinetic parameters of reactions R1, R2, R3, and R4, along
with the order of reaction with respect to oxygen in reac-
tion R4, are obtained by fitting the model to the experi-
mental data. A pseudo-homogeneous plug flow reactor

TABLE 2 Reaction set is considered to model hydrocarbon-selective catalytic reduction (HC-SCR) and the corresponding rate constants.

Reactions ln k0ð Þ Ea
kJ
mol

� �
K298 ΔHrxn

298
kJ
mol

� �

R1 NOþ0:5O2 $S1 NO2
5 21.0 15:6�105 �58.1

R1 ¼ k1yNOyO2
1� yNO2

Keq1 yNOyO2

� �
θS1

R2 C3H6þ4:5O2 !S1 3CO2þ3H2O
31.4* 189.0*

R2 ¼ k2yC3H6
yO2

θS1

R3 9NO2þC3H6 !S1 3CO2þ9NOþ3H2O
33 57.8

R3 ¼ k3yNO2
yC3H6

θS1

R4 C3H6þNOþ4O2 !S1 0:5N2þ3CO2þ3H2O
25.37* 87.1*

R4 ¼ k4yC3H6
yNOy

n
O2
θs1

R5 NOþO2þS1$ S1�NO3 7:8�105 �18.1

θS1�NO3 ¼Keq5yNOyO2
θS1

Note: S1 denotes the empty site. θs1 and θs1�NO3 denote the fractional coverages of the empty site and surface nitrate species. Reaction R5 is in partial

equilibrium. The quantities marked with an asterisk (*) in the table can be varied as 17:36þ2:4αð Þ, (102:3þ14:8αÞ for R2 and 21:47þ0:7αð Þ, 105:47�3:18αð Þ
for R4 to obtain to the kinetic parameters (k0 & Ea) of the reaction system at other pH, where α represents pH of nitric acid used. The units of k0 are such that
the rate is in mol, kg, s.
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model is solved by considering 1.0 g of catalyst to predict
the outlet NOx conversion from the reactor. The kinetic
parameters are obtained by fitting the kinetic model to
the outlet NOx conversions at various temperatures
shown in Figure 6, for the conditions: 980 ppm NO,
1050 ppm C3H6, and 7 vol.% O2 with the flow rate of
600mLmin�1.

Figure 11 depicts the conversion obtained by simulat-
ing the reactor with the kinetic model presented in
Table 2 for the catalysts synthesized at a pH of 5.7. The
non-monotonic variation in the NOx conversions versus
reactor temperature is well predicted in the model
simulations. At low temperatures, the surface nitrate for-
mation is higher, and direct NO oxidation is low on
Ag/γ-Al2O3 catalysts.[36,51,52] The surface coverage of
nitrate species at 200�C is 0.8 and reduces to 0.12 at
600�C as predicted from the model, which is in agree-
ment with earlier literature findings.[51,53] When most of
the propene is utilized, such as at intermediate tempera-
tures in the reactor, the conversion of NOx demonstrates
a maximum. At higher temperatures, NOx conversion
drops since propene is completely oxidized by oxygen
preferentially. This can be confirmed by the rise in CO2

(and H2O) concentrations at higher temperatures. Conse-
quently, unconverted NOx increases in the reactor at
high temperatures. Overall, the proposed set of reactions,
global rate expressions, and kinetic parameters reason-
ably predict the experimental data on NOx conversion in

the catalytic reduction of NOx on Ag/γ-Al2O3 catalysts
and capture the effect of catalyst synthesis conditions on
the performance at the reactor level within the reaction
conditions of interest.

From the experimental results of Figure 6, we could
also deduce that the catalysts prepared at various pHs fol-
low the same trend in the conversion of NOx. However,
the temperatures at which these catalysts activate, peak
conversions, and temperature windows are significantly
different. Therefore, it is supposed that the reactions
(R1–R5) activate and proceed at different rates on cata-
lysts prepared at various pH. A sensitivity analysis is per-
formed at various temperatures (results not shown here
for the sake of brevity), and it is observed that the reduc-
tion of NOx (R4) and complete oxidation of propene
(R2) are the main reactions that determine the trend of
the conversion of NOx. The direct oxidation of NO (R1) is
difficult on Ag/γ-Al2O3, and the contribution of R3 is
expected to be low owing to negligible NO2 formed on
the surface.[51,53,54] The kinetic model reported in Table 2
thus provides the values of the various fitted kinetic
parameters—where the parameters for R2 and R4 are dif-
ferent at different synthesis conditions. A mathematical
correlation is proposed to enable the prediction of NOx
conversions of catalysts prepared at various pH. Figure 11
shows these predictions for the five reactions model of
Table 2, with kinetic parameters of R4 and R2 varied for
various pH, according to the correlation given in the
table. It can be observed that the proposed kinetic model
sufficiently predicts the various trends in NOx
conversions.

The activity of supported metal catalysts is usually
related to the amount of active phase dispersed.[55] How-
ever, in their studies, Arve et al.[44] could not relate the
difference in the activity at different silver loadings to the
dispersion and particle size alone. We believe that the dif-
ferences in the catalytic activity in catalysts synthesized
at various pH can really only be attributed to changes in
kinetics—which manifests in different activation energies
and other kinetic parameters in models. On a structural
level, the differences may be ascribed to the existence of
silver in various states on the support, which depends on
the preparation method and the synthesizing conditions.
The presence of silver in metallic, oxidized, and cluster
forms was reported by many researchers.[15,24,36,44,54,56,57]

Silver cations and oxidized silver clusters were reported
in the presence of oxygen in the feed.[15,56] The effect of
nitric acid leaching to remove weakly bound silver atoms
was studied, where ionic silver bound to alumina was
observed.[56] Ag+ cations or oxidized silver clusters are
known to favour the selective reduction of NO to N2,
whereas the metallic form of silver is known to favour
the complete oxidation of HC[24,58] in other words, the

FIGURE 11 NOx conversion at various temperatures at

pH = 5.7 (diamond) and feed conditions obtained from

experiments (filled symbols), and model predictions (open

symbols). NOx conversion at various temperatures at pH = 5.0

(triangle) and pH = 4.0 (square) at feed conditions. Model

predictions are obtained from packed bed reactor simulations

incorporating the kinetic model described in Table 2.

KUMMARI ET AL. 11
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relative proportion of these forms of silver on the support
may well determine overall activity. The HR-TEM image
of our prepared catalyst (Figure 4) shows the presence of
smaller nanoclusters. Therefore, the kinetic parameters,
including activation energies, vary for catalysts prepared
at various pHs, possibly due to the difference in the type
of active site. At this time, we conclude our work with
this statement. The kinetic model shown in Table 2 is a
structure-sensitive one, which specifically, through fitting
to lab-scale experiments, presents the kinetic parameters
of relevance for NOx-SCR on sol–gel Ag catalysts at a
host of synthesis conditions. A more intimate and direct
relationship between the structure of the catalyst, the
kinetic model, and, therefore, the predicted reactor level
performance may be explored in the future.

5 | CONCLUSIONS

The synthesis procedure of a catalyst has a significant
impact on the structure and morphology and hence
affects its activity. Synthesis of 5%Ag/γ-Al2O3 catalysts
was optimized for selective NOx reduction with propyl-
ene as a reducing agent (HC-SCR). The catalysts were
synthesized using wet impregnation and SSG methods.
Catalyst activity experiments for HC-SCR were per-
formed in a packed-bed reactor with inlet feed of NO and
C3H6 in the range of 500 to 2000 ppm in the presence of
excess O2. The catalysts prepared using the SSG method
were more active toward HC-SCR.

The pH of the synthesis medium influences the nucle-
ation and growth of nanoparticles and thus significantly
impacts the morphological properties of the catalyst and
its activity. At lower pH (<5.0), the catalyst was a mixture
of phases, including an amorphous phase, which resulted
in a lower surface area. A crystalline pseudo-boehmite
structure was obtained at higher pH, which increased the
surface area. The hydrolysis pH also affected the size of
Ag nanoparticles and their dispersion over the alumina
support.

A kinetic model that can predict the catalytic activity
over the range of temperatures was developed. The
kinetic analysis corroborated that those catalysts pre-
pared by varying the hydrolysis pH resulted in different
kinds of active sites, leading to differences in the activa-
tion energy and other kinetic parameters associated with
the surface reactions.

Detailed analysis of morphology and activity of the
optimized catalyst, combined with a kinetic model,
demonstrated that high surface area and small size of
well-dispersed Ag clusters enhance the activity toward
NOx reduction. The optimized 5%Ag/γ-Al2O3 (pH = 5.7)
catalyst showed the excellent time on stream behaviour

(with no change in activity over a 50-hour period), a
broad activity temperature window (of 300 to 600�C),
and good activity at higher inlet oxygen conditions and
higher space velocities as well. The effect of inlet condi-
tions was analyzed: At higher propylene:NOx inlet ratio,
the optimized catalyst showed higher activity and lower
light-off temperature compared to prior reports in the
literature.
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