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Abstract

Nitrogen oxides, NOx (NO+NO,), are considered significant air pollutants.
Selective catalytic reduction of NOx with NH3; (NH3-SCR) is a leading technology
candidate for NO, emissions control for diesel engine vehicles. Recently, the Cu-
exchanged chabazite framework type zeolite with small pores, such as SAPO-34 and
SSZ-13, has received a great deal of attention due to exceptional hydrothermal durability
and enhanced SCR activity. | have carried out a systematic study over both Cu-SAPO-34
and Cu-SSZ-13 catalysts to elucidate the reaction mechanisms, acid properties, Cu
structures, active centers and deactivation modes.

First, the intrinsic mechanism of the SCR reaction over a Cu-exchanged SAPO-34
catalyst at low temperature was studied by in-situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS), coupled with a mass spectrometer to measure inlet
and outlet gas concentrations. The evolution of the surface intermediates, as well as the
reactivity of NH3 with surface NOy species and NOy with surface NHj3 species, was
evaluated.

Second, a series of SAPO-34 catalysts with various Cu loadings (ranging 0.7-3.0
wt%) was prepared by a solid state ion exchange method (SSIE). The acid properties as
well as the Cu structures were characterized by XRD, NH3-TPD, UV-vis, DRIFTS and
H,-TPR.

Third, a SSIE method was developed to synthesize Cu-SSZ-13 catalysts with
excellent NH3-SCR performance and durable hydrothermal stability. After the SSIE

process, the SSZ framework structure and surface area was maintained. DRIFTS and



NH3-TPD experiments provide evidence that Cu ions were successfully exchanged with
Brensted acid protons in the pores.

Fourth, the hydrothermal stability of Cu-SAPO-34 and Cu-SSZ-13 was studied.
Their different evolutions of zeolite framework, acidity and Cu structure during the
hydrothermal aging were probed by XRD, DRIFTS and NH3-TPD. The results suggest
that Cu-SAPO-34 is more resistant to hydrothermal aging in comparison to Cu-SSZ-13.

Last, the SO, poisoning effect over Cu-SAPO-34 catalyst was investigated by
using in-situ DRIFTS combined with temperature programmed desorption (TPD)
experiments. It was found that the low temperature deactivation mechanism involved the
formation of ammonium sulfate species as well as the competitive adsorption SO, with

NOX-
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Chapter 1 Introduction and Background

1.1 Introduction

Over the last two decades, the lean burn diesel engine has attracted significant
interest due to better fuel economy and greater power density compared to conventional
gasoline engines. However, to meet regulations, their use depends on the effective
reduction of two primary diesel exhaust components: nitrogen oxides (NOy) and
particulate matter (PM). NOy, which is a mixture of NO and NO,, is one of the main air
pollutants causing acid rain and ground ozone formation as well as affecting human
health by irritating the lungs. According to the United States Environmental Protection
Agency (US-EPA), about 15.5 million tons of NOyx have been emitted into the
atmosphere in the United States in 2011 and about 57 % of this is attributed to
automobile exhaust (Figure 1.1) [1]. Fuel combustion in stationary sources, industrial

emissions and other processes contributed to the rest.
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Figure 1.1 2011 NOy emission by sources in United States (Source: USEPA)



Among the transportation sources, a significant amount of NOy emissions came
from heavy duty diesel engine exhaust. For example, NOx emissions from on-road mobile
sources in the Houston-Galveston-Brazoria area reached 56,000 tons in 2009 and
accounted for 38% of the total annual NOx emissions. As shown in Figure 1.2, among

these on-road mobile NOy emission sources, heavy-duty diesel contributed 48% [2].

Heavy-duty Gas
(Mostly Pickups)
5%

Bus (School and
Transit)

On-road
Mobile

Figure 1.2 2009 NOy emission by sources in Houston-Gaveston-Brazoria area (HGB)
provided by Houston-Galveston Area Council (HGAC)

In order to efficiently treat NOx emissions from heavy duty diesel engines, the
United States Environmental Protection Agency (USEPA) has been legislating very strict
emission standards. Figure 1.3 lists the EPA regulations for NOx and PM emissions
during the past two decades [3]. From 1988 to 2010, the EPA has mandated a 98%
reduction in NOy emissions from heavy duty diesel engines. In 2010, the NOy emission
standard was set to 0.2 g/bhp-hr; and in Europe, the ongoing emission standard Euro 6
(effective January 1, 2014) regulates the NO, emission limit to be 0.4 g/kwh (0.58 g/bhp-
hr), which is an 80% reduction in comparison to the Euro 5 standard that was effective

from 2010 [4].
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Figure 1.3 US heavy duty emission requirements by USEPA [3]

As the legislated targets become more and more stringent, new catalyst-based
after-treatment technologies have been developed. Here, the “traditional” three-way
catalytic converter technology used in today’s gasoline-powered vehicles does not result
in the needed reductions to meet most legislated standards and therefore is not applicable
to diesel engines. The main reason is that three-way catalysts are designed for emissions
control in exhaust conditions that are net stoichiometric while the diesel engine is lean-
burn. As a result, the fundamental challenge for NOy control in lean-burn engine exhaust
is the reduction of NOy in an O,-containing environment. Until now, the most promising
NOy abatement technologies are the selective catalytic reduction (SCR) catalyst and lean-
NOy trap (LNT). Besides NOy, the other key pollutants that need to be reduced are
hydrocarbons, CO, and particulate matter (PM). In terms of CO and hydrocarbons, the
excess oxygen released from combustion promotes the oxidation reaction. The challenge
is the lower temperatures associated with lean-burn engine exhaust and ensuring light-off

over an oxidation catalyst can be achieved. Particulate matter is filtered, typically using



what is called a wall-flow filter, where the exhaust gas passes through a highly porous
cordierite or silicon carbide wall and a cake builds up. The challenge is the controlled,
intermittent regeneration of the filter to remove the built-up carbonaceous species so that
the back-pressure is decreased while simultaneously ensuring that thermal runaway due
to the exotherm produced does not overheat the filter or downstream catalysts. For the
variety of pollutants, a series of devices needs to be used in a diesel engine after-

treatment system.
1.2 Diesel engine after-treatment system

Figure 1.4 shows an example of a commercial Cummins diesel exhaust after-
treatment system equipped with a SCR catalyst for NOy reduction [5]. The upstream
diesel oxidation catalyst (DOC) removes CO and hydrocarbons, and is followed by a
diesel particulate filter (DPF) where soot is filtered and removed. Subsequently, NOy is
reduced by a SCR catalyst (or lean-NOy trap in other systems). Here, NH3 is supplied by
the decomposition of urea injected from a fluid dosing system. An NH3 oxidation catalyst

(AMOy) is used after the SCR to prevent any NHj slip from the SCR catalyst.

Diesel Diesel Exhaust Fluid
Oxidation  Wall-Flow (DEF) Dosing
Catalyst ~ Filter

|-L-| I—J-—1 Valve

SCR Slip
Catalyst  Catalyst

Decomposition
Cummins Particulate Filter Reactor  Selective Catalytic Reduction
(SCR) Catalyst

Figure 1.4 An example of Cummins diesel after-treatment system [5]
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1.2.1 Diesel Oxidation Catalyst (DOC)

The DOC oxidizes the hydrocarbons, NO, and CO in the diesel exhaust. The

major reactions that take place on the DOC are as follows:

CO+% 0, > COy, (1-1)
NO + % 0, > NO,, (1-2)

HC + 0, © CO, + H,0, and (1-3)
SO, + % 0, > SOs. (1-4)

In many after-treatment designs, the DOC is used upstream of the SCR or LNT
catalysts and the DPF. On one hand, the NO, produced over the DOC enhances NOx
reduction catalyst performance and over particulate filters, soot is oxidized at
significantly lower temperatures with NO, as NO; is a stronger oxidant than O [6-8]. On
the other hand, hydrocarbons, which poison the NOy reduction catalyst, can be removed
in the DOC before entering the NOy reduction catalyst unit [9, 10]. In addition to NO,
hydrocarbon and CO oxidation, another primary role of the oxidation catalyst is to heat
up the exhaust for downstream NOy and soot control components. The rapid warm-up can
be accomplished by adding hydrocarbons to the exhaust mixture, either by directly
injecting fuel into the exhaust upstream of the oxidation catalyst or by decreasing the air-
to-fuel ratio.

The DOC typically contains Platinum (Pt) and/or Palladium (Pd) due to their high

catalytic activity. In addition, Cerium (Ce) and zeolites additives are sometimes added. It



is reported that the inclusion of Pd to Pt-based DOCs can prevent Pt particle sintering at
high temperature and therefore enhance the total DOC lifetime and durability [11-13].
Furthermore, if some Pt can be replaced by Pd, this reduces the DOC cost. Pt and Pd
show very different activities for hydrocarbon oxidation. The optimal ratio of Pd:Pt to
achieve lower light-off temperatures varies from 4:1 to 1:3, depending on the feed
composition [14, 15]. However, this dependence is non-linear, with particle sizes and

oxidation states a function of the ratio [13, 16-18].

1.2.2 Diesel Particulate Filter (DPF)

Diesel particulate matter (PM) is one of the primary pollutants in diesel engine
exhaust. It consists of carbon, inorganic oxides and hydrocarbons, caused by local low
temperature areas in the cylinder where the fuel is not fully atomized [19]. Particulate
matter can penetrate into the lung and is a potential occupational carcinogen of the human
respiratory system [20]. EPA regulations, detailed in Figure 1.3, mandate at least 90%
reduction of the PM from heavy duty diesel engines. The diesel particulate filter (DPF) is
the current technology of choice for PM removal from diesel engine exhaust [21-23].
Figure 1.5 describes a schematic of a DPF section [24]. A typical DPF consists of
thousands of square parallel channels with the opposite ends of alternative channels being
blocked so the exhaust gas is forced though the porous walls, with typically more than
95% PM accumulated on the filter wall [25]. Although the DPF is efficient in treating
particulates from the engine exhaust, periodic regeneration is required to eliminate any
plugging and/or backpressure. O, can oxidize the soot particles, typically at quite high
temperatures though, on the order of > 550°C. However, soot can be oxidized at much

lower temperatures by NO, [6-8].
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Figure 1.5 The schematic of DPF channels [24]

1.2.3 Lean NOy Trap (or NOy Storage/Reduction — NSR) catalysts

LNT/NSR is one of the leading technologies for lean NO, emission control. It was
first applied to vehicles in 1995 by researchers at Toyota [26]. In LNT, NOy is alternately
stored on a catalyst under the normally lean exhaust conditions and then reduced to N> in
a rich exhaust. The lean mode usually lasts 60-90s and is followed by a much shorter 1-5s
rich cycle. The most commonly studied LNT catalyst is Pt-Ba/Al,03 [27-30]. A proposed
mechanism of the NOy storage and reduction is described in Figure 1.6 [26]. NO is first
oxidized to NO; on a precious metal component during the lean-burn operation.
Subsequently, NO and NO; spills over to BaO to form nitrites and nitrates. Under rich-
burn conditions, nitrites and nitrates decompose and the released NO is reduced by Ho,
CO and/or hydrocarbons into N, over the Pt. The significance of Pt-Ba interface for NOx
storage and reduction has been reported [31, 32]. It was concluded that the reactions were

more rapid with Ba and Pt sites being close. CeO,, well known as an effective oxygen



storage component, is typically incorporated into LNT catalysts to improve their overall
activity, durability and desulfation properties [33-35]. Firstly, additional NOy storage
capacity combined with enhanced NO oxidation by CeO,-supported Pt, result in
increased NOy adsorption [36]. Secondly, Ce-based nitrates have lower thermal stability
than Ba-based nitrates, enabling more effective stored NOy regeneration [37]. Thirdly,
ceria mitigates of CO poisoning by promoting either the CO oxidation or water gas shift
(WGS) reaction at low temperature [38]. For the WGS reaction, CeO,-supported precious
metal can exhibit a rate that is several orders of magnitude higher than precious metal

alone, significantly promoting H, generation at low temperatures [33].

NO, Storage Cycle (fuel lean) NO, Reduction Cycle (fuel rich)
Steps |, Il (ca. 60 - 90 s) Steps lll, IV,V (ca.3-5s)
HC, CO, H,
NO,
W Oz Nm e Ny O MO | <F I Ba(NO);

..

Figure 1.6 Proposed mechanism of NOy storage and reduction on the NSR catalyst [26]

1.2.4 Selective Catalytic Reduction of NOy by NH3; (NH3-SCR)

NH;3-SCR refers to the selective catalytic reduction of NOy by NHs, in which the
NOy exhaust is selectively reduced to N, in excess O, by using NH3 as a reducing agent.
This technology was first applied in Japan during the 1970’s to control lean NOy exhaust
from stationary power plants [39]. The first generation NH3-SCR catalyst was a vanadia-

based catalyst. However, for vehicular applications, these suffer from low activity and



selectivity at high temperature. Other drawbacks are oxidation of SO, to SOs, the
formation of byproduct N,O and the toxicity of vanadia if it sublimes at high temperature
[40]. In the late 1980s, transition metal (Fe or Cu) exchanged zeolite frameworks with
medium and large pores, such as MFI (ZSM-5), FER and BEA, were evaluated and
considered as SCR catalyst candidates [41]. Although there is still some argument, the
roles of the transition metals (Fe or Cu) include promoting the NO oxidation reaction as
well as creating acid sites for NH3 adsorption [42-44]. However, the hydrothermal
stability of these catalysts was/is problematic [45, 46]. In the last several years, the focus
has been on Cu-exchanged small pore zeolite catalysts, such as Cu-SAPO-34 and Cu-
SSZ-13. Here, it is worthwhile pointing out that SAPO-34 is a zeotype material (with Si,
Al and P as the tetrahedral) whose framework is very similar to zeolite, therefore, we
regard it as a “zeolite” type material in this dissertation. In 2010, researchers from PNNL
published the first paper reporting enhanced SCR activity using Cu-SSZ-13 in
comparison to Cu-ZSM-5 and Cu-Beta [47]. Fickel et al., showed that Cu-SAPO-34,
which is another Chabazite (CHA) type material, gave very similar results to SSZ-13 in
terms of SCR activity and hydrothermal stability [45]. Following these initial
publications, a tremendous amount of work has focused on gaining a better understanding
of Cu-exchanged SAPO-34 and SSZ-13.

The CHA framework structure is constructed by stacking layers of double 6-
membered ring in an AABBCCAA sequence through the tilted 4-membered rings [48]. It
is generally called a small pore zeolite since it has relatively small pore openings of 3.8A
[49], however, the CHA structure also contains large cavities accessible through three-

dimensional 8-membered rings. As shown in Figure 1.7, there are four different possible



cation positions in the CHA framework structure: (1) in the center of the double-6-
membered rings (position 1), in the cavity near the face of the 6-membered ring (position
I1), (3) in between two units of cavities (position I11), and (4) in (or near) the 8-membered
ring window (position 1V) [50]. The Si/Al ratio in CHA framework can vary from 1 to
infinity, however, the typical Si/Al ratio of Cu-SSZ-13 for SCR reaction is in the range of

6-18 [48].

~15.04 A

AP, Ao

Figure 1.7 Possible cation positions in the CHA structure [50]

1.3 Review of previous NH;-SCR studies

1.3.1 Basics of NH3-SCR

In the commercial diesel after-treatment system, an aqueous solution of urea is
injected into the exhaust upstream of the SCR catalyst and NHj3 is generated via urea
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hydrolysis [51]. In some cases, an NHjz oxidation catalyst (AMOx) is installed
downstream of the SCR catalyst to prevent any NHs slip. In typical lean-burn engine
exhaust, NO is the primary NOy constituent with a smaller fraction of NO; [52]. Thus, the

more common reaction is between NO and NHj3 and is called “standard SCR” [44],

4NH3; + 4NO + O, 2 4N, + 6H,0. (1-5)

In the upstream oxidation catalyst, some of the NO could be oxidized to NO, and the
reaction between equimolar NO and NO, and NHj is faster than the standard SCR

reaction, and is called the “fast SCR” reaction [44],

2NH3; + NO + NO; = 2N, + 3H,0. (1-6)

If the fraction of NO, is larger than NO, NO; can react with NH3 and reaction is called

“NO, SCR” [44],

4NH3 + 3NO, = 3.5N; + 6H,0. (1-7)

Although the mechanism of the NH3-SCR reaction is still under debate, there is a
general consensus that (1) the extra-framework Cu sites in the zeolite materials catalyze
the NH3-SCR reaction, with H form zeolites having negligible SCR activity [53] and (2)
the inclusion of excess O, in the reactant feed is critical. It has been widely reported that
NO has to be oxidized to NO, for the SCR reaction to proceed, at least over transition
metal exchanged ZSM-5 and Beta, and therefore the NO oxidation reaction was
considered to be the rate-determining step of the mechanism [43, 44, 53, 54]. A detailed
reaction pathway summarized by Branderberger et al., and including NO oxidation is

described in Figure 1.8 [51].
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Figure 1.8 Reaction pathway for SCR over metal-exchanged zeolites [51]

In the reaction pathway proposed, the surface nitrates and nitrites formed,
originating from NO oxidation, are the key intermediates for the NH3-SCR reaction.
Recently, Feng et al., proposed a different reaction pathway by demonstrating that the
Cu-CHA catalysts, which showed excellent SCR activity, turned out to be very poor NO
oxidation catalysts, especially in the presence of H,O [55]. They therefore proposed the
SCR activity has nothing to do with the NO oxidation reaction. In the reaction
mechanism proposed by the same group (Figure 1.9), the formation of nitrosyl NO*
species, evidenced by a strong NO™ band in the in-situ DRIFTS spectra, is the key step in
the SCR reaction, and Cu®" is reduced to Cu® as part of the reaction, in turn followed by
re-oxidation to Cu?* by O, to complete a redox cycle [56]. However, there is lack of
direct evidence on how the surface NO™ species and SCR activity were related. Therefore,
further investigation is still needed with respect to the reaction mechanism of NH3-SCR

on the small pore Cu zeolite catalyst.
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Figure 1.9 Proposed low-temperature standard NH3-SCR reaction path-ways catalyzed
by isolated Cu ion monomers [48]

With respect to the active sites for NH3-SCR over/within Cu-exchanged small
pore zeolites, there is still some debate although most agree that isolated Cu®* sites are
the reactive sites in the catalyst. Different types of Cu structures have been observed,
such as isolated Cu®*, Cu*, Cu dimers (Cu-O-Cu)**, CuxOy clusters, and CuO particles
[45, 49, 57-60]. However, the characterization and quantification of these species are not
straightforward. It seems to be commonly accepted that isolated Cu?* are the active sites
for NH3-SCR in both SSZ-13 and SAPO-34 at low temperature [45, 57, 61]. Isolated
Cu?* has been observed with EPR spectroscopy [60, 62]. However, Cu dimers and CuxOy
clusters are EPR silent. Other groups have used H, temperature programmed reduction
(TPR) measurements to distinguish Cu structures; however, again no agreement has been
made on the assignments of the different H, consumption peaks [60, 62, 63]. Figure 1.10
shows the H,-TPR results obtained on Cu-SSZ-13 with different Cu loadings. The sample
with the lowest Cu loading only resulted in one single H, consumption peak at 340°C,
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while with increasing Cu loading, an additional peak at 230°C was observed. Therefore,
the authors proposed that there are two different Cu®* species in Cu-SSZ-13 catalysts
whose proportion also changed with changing the Cu loading and they are most likely
placed in and/or close to the 6-membered rings (position I and I, Figure 1.7) and inside
the large cages of the CHA structure (position Il and 1V), respectively [64]. The Cu
loading effects were further investigated by Feng et al., using electron paramagnetic
resonance (EPR) spectroscopy [62]. The measurement was conducted at 155K in order to
accurately monitor the dipole-dipole interactions of Cu. Based on the fitted hyperfine
features from the EPR results, the authors confirmed the existence of two Cu®" ions: one

is in/close to a 6-membered ring and the other is near to an 8-membered ring [62].

0 100 200 300 400 500 600
Temperature(°C)
Figure 1.10 H, consumption profiles during H,-TPR on 500°C calcined Cu-SSZ-13

(sample weight = 50 mg; heating rate = 10 °C/min; total flow rate = 60
ml/min, 2% H,/Ar) [64]
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1.3.2 Catalyst preparation

Both SAPO-34 and SSZ-13 have the same Chabazite (CHA) structure that
contains the double-six membered prism in the large cavities of the structure. However,
the hydrothermal synthesis of these two zeolites turns out to be different. In particular,
the hydrothermal synthesis of SSZ-13 utilizes a relatively expensive structural directing
agent (SDA), N,N,N-trimethyl-1-adamantammonium hydroxide (TMAdaOH). This
method was invented and patented by Zones in 1985 [65]. Different from SSZ-13, whose
framework is constructed by tetrahedral Si and Al, SAPO-34 material is generated by the
substitution of Si in the AIPO structure, initially formed from P and Al. The SDA that can
be used in the synthesis of SAPO-34 is TEA, TEAOH or MOR [45, 66, 67]. Gao et al.,
however, reported that these SDAs undergo different extents of irreversible hydrolysis
during the synthesis process of SAPO-34 materials. Particularly, TEA turned out to be a
better SDA than MOR and a TEA/MOR mixture since the latter two led to a significant
loss in surface area and pore volume [66]. The as-synthesized SSZ-13 and SAPO-34 are
in the Na* form and subsequently transformed into NH," form by ion exchange with
NH," salt solutions. This ion exchange step is very crucial since the protons in the
zeolites create the Bransted acid sites for NHs storage. The resulting NH,* form zeolite is
ion exchanged into Cu-SSZ-13 as the final product. Here, different preparation methods
can be applied and the wetness ion exchange (WIE) is the most common. In this approach,
the NH," or H* form zeolite is added to the Cu®* salt solution under constant stirring for
several hours followed by a wash and dry process. It is widely reported that the samples
prepared by WIE are highly active in the NH3-SCR reaction [45, 47, 57, 58, 61, 62, 66].

This was explained by the fact that the Cu ions selectively exchange into the pores as

15



isolated Cu®* sites, which are commonly accepted to be the active sites for NH3-SCR at
low temperature, however, other approaches may result from other types of Cu species
[45, 57, 61, 68]. Recently, Ren et al., developed a so-called “one pot” synthesis approach
in which the Cu ions were incorporated with the zeolite framework during the
hydrothermal synthesis of the zeolite material. Particularly, Cu—tetraethylenepentamine
(Cu-TEPA) was used as the SDA instead of the more expensive TMAdaOH, therefore
the cost of the process was drastically reduced [69]. The SCR activity and hydrothermal
durability of the samples that were prepared by this direct synthesis method were
reported to be comparable to those obtained from WIE [68-70]. In addition, a
precipitation (or impregnation) method was also reported. However, the efficiency of this
approach was quite low and the formation of CuO particles appeared to be very critical

problem for this method [61, 68].
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Figure 1.11 NOy conversions as a function of reaction temperature (reaction conditions:
500 ppm NO, 500ppm NH3;, 5% O,, 8% CO,, 5% H,0 balanced with Ny; the
flow rate: 2 L min; WHSV: 1511 h, catalyst weight 100mg) [68]
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Figure 1.11, which was recently published by Fan et al., compares the effects of
preparation methods on the SCR activity [68]. It is clear that the wetness ion-exchanged
Cu-SAPO-34 sample resulted in much higher SCR activity than the precipitated Cu-
SAPO-34 sample. And the one-pot method turned out to be a good alternative as it
showed comparable activity and hydrothermal durability relative to the samples prepared

by the ion exchange method.
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Figure 1.12 (a) Amount of isolated Cu®* quantified by EPR spectroscopy. (b) Amount of

isolated Cu®* quantified by the H,-TPR. The “solid pillar” represents the
fresh samples; the ‘grid pillar’ represents the aged samples [68]
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The amount of isolated Cu®* was also estimated by EPR and H,-TPR (Figure 1.12)
and a straightforward relationship between the isolated Cu** and SCR activity was found.
The authors therefore confirmed isolated Cu®* to be the active sites of the NHs-SCR,
which had nothing to do with the preparation method. This conclusion is consistent with
the results reported Deka et al., who discovered that the isolated Cu?* species are
dominant and highly active in Cu-SAPO-34 prepared by WIE and Cu species at other

locations seem not benefit the SCR reaction [71].
1.3.3 Catalyst deactivation

The SCR catalyst needs to be resistant to different kinds of deactivation. For
example, the heat released during the regeneration of the particulate filter can result in
temperatures in excess of 700°C on the filter and since the SCR catalyst is normally
configured after the filter, the hydrothermal stability of SCR catalyst becomes very
critical. In fact, the development of the small pore zeolite SCR catalysts was a big
breakthrough with respect to hydrothermal durability. It has been reported that both Cu-
SSZ-13 and Cu-SAPO-34 maintained their activity after hydrothermal aging at 800°C for
16 hours while other types of frameworks collapsed at the same aging conditions [45, 46,
66]. It is the small pores (< 3.8A) of these CHA zeolites that are considered hindrances to
hydrothermal aging [45, 67], as under hydrothermal conditions, the zeolite materials lose
their crystallinity via a dealumination process. The formed AI(OH); species, with an
estimated kinetic diameter of 5.03 A, cannot exit the small pores of the CHA framework
and may reincorporate into the framework during the cooling process through a reverse
reaction [45]. Surprisingly, Cu-SAPO-34 even showed enhanced SCR activity after

hydrothermal aging [66, 68, 72]. This was believed to be due to the migration of Cu
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species from the external surface into the ion exchange positions, thus forming more
isolated Cu®* species [72].

Cu/zeolite SCR catalysts are sensitive to sulfur poisoning [73-75]. If an oxidation
catalyst is located upstream of the SCR catalyst, at least a portion of the SO, will be
oxidized to SOgs. In the presence of H,O in the exhaust, H,SO, is also likely to form.
Figurel.13 shows the influence of SO, and SOj3 on the standard SCR performance over a
commercial Cu-zeolite catalyst [75]. The NOy conversion after exposing the catalyst to
40 ppm SO, at different temperatures decreased. In comparison, when 40 ppm SO3; was
present in the feed, the NOy conversion dropped much more significantly. It seems
possible that SO, and SO3 therefore have different poisoning effects. In particular, SO
had a more significant impact than SO,, and the authors proposed that CuSO,4 formed
upon SOz exposure, resulting in deactivation [75]. Their analysis also showed that even
after the sulfate formed, the Cu remained in a highly dispersed state, at its initial ion-
exchange locations. As a side note, it has also been reported that hydrocarbon inhibition
of the SCR reaction is also diminished with Cu-exchanged CHA catalysts due to the

small pores excluding larger hydrocarbon molecules [67].
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Figure 1.13 Steady state NOy conversions for Cu/zeolite SCR catalysts before and after
SO, and SOz aging at 200, 300, and 400 °C [75]
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1.4 Research objectives and thesis outline

With excellent SCR performance and durable hydrothermal stability, both Cu-
SAPO-34 and Cu-SSZ-13 catalysts have been commercialized for diesel after-treatment
systems in the last several years. However, the fundamental mechanisms still require
further investigation. The SCR reaction pathway, Cu structures, Cu loading effects and
deactivation modes need to be carefully addressed to better understand the intrinsic
properties of this novel catalyst. Furthermore, it is also important to further improve the
Cu-CHA catalyst in application to satisfy more stringent emission targets in the future.
Therefore, the objective of this dissertation focuses on the reaction pathway of NH3-SCR
over the small pore Cu-CHA catalyst and the active sites of the SCR reactions as well as
the deactivation mechanism (e.g., hydrothermal aging and sulfur poisoning). In addition,
the relationship between Cu loading, acidity properties and SCR activity have been
examined. Catalyst design and preparation methodologies are also described, with
emphasis on a solid state ion exchange method developed to obtain Cu-exchanged
SAPO-34 and SSZ-13 catalysts with excellent SCR activity and hydrothermal stability.

This dissertation is organized as follows. The experimental setups and procedures
used for catalyst characterization and testing are described in Chapter 2. In Chapter 3,
results from an in-situ-DRIFTS study of SCR over a commercial Cu-exchanged SAPO-
34 are presented and discussed. Chapter 4 provides an analysis of zeolite acidity and Cu
structure changes as a function of Cu loading for a Cu-exchanged SAPO-34 catalyst. The
solid state preparation approach as an efficient alternative to obtain Cu-CHA catalysts
with excellent SCR performance is described in Chapter 5. A comparison between the as-

prepared Cu-SSZ-13 and Cu-SAPO-34 upon hydrothermal aging is presented in Chapter
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6. Chapter 7 describes the SO, poisoning impact on the NH3-SCR reaction over a
commercial Cu-SAPO-34. Chapter 8 summarizes the main conclusions of this study and

recommends future research.
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Chapter 2 Experimental

The experiments included in this dissertation were conducted with multiple
instruments. Reactor tests were performed in three different reactor systems: a bench-
scale reactor system for the monolithic catalyst tests, micro-scale reactor system for the
powder catalyst tests and in-situ Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS) reactor system for surface adsorption and reaction studies. Other
experimental apparatus used includes a surface area and porosity analyzer, X-ray
diffraction (XRD) and Ultraviolet-visible spectroscopy (UV-vis). However, these
instruments are not included in this chapter and will be introduced in the following

chapters where used.
2.1 Bench-scale and micro-scale reactor systems

2.1.1 Introduction

The schematic of the bench-scale reactor system is depicted in Figure 2.1. In this
system, the simulated exhaust gases were introduced from both main and “rich”
manifolds. There are two pathways that the gases are either directed to the reactor inlet or
through a bypass to a vent: a reactor pathway and the bypass pathway. The micro-scale
reactor system configuration is similar to that of the bench-scale reactor system, except in
reactor size and total flow.

The major components of both configurations can be divided into four basic
systems: (1) Gas supply system, which consists of gas cylinders, mass flow controllers

(MFC), switching valves, filters and pressure gauges; (2) reactor system, including the
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quartz tube reactor, tube furnace with temperature control, thermocouples and bypass; (3)
analytical system consisting of a FTIR spectrometer, a mass spectrometer, control valves
and pressure check configurations; and (4) data acquisition system, which includes PCs

and commercial data collecting software.
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Figure 2.1 Bench-scale reactor system in the lab

2.1.2 Gas supply system

Pure N, was used as the carrier gas for both the micro-scale and bench-scale
reactor and is supplied from a N, generator (ON SITE gas systems). All the other gases

originated from cylinders, which were provided by Praxair. All the gases used in the

24



bench-scale and micro-scale reactor systems and the corresponding calibrated gas

concentrations in the cylinders are listed in Table 2.1.

Table 2.1 Specifications of gases used in the bench- and micro- scale reactor systems

Gas Description Purity
N, Diluent for reactive feed gas, purge gas for reactor ~ 99.999% Purity
O, 99.98% Purity
H> 99.98% Purity
NH; 5 %, balanced with N, Certified standard
NO 5 %, balanced with N, Certified standard
NO; 5000 ppm, with 1 % O, and balanced with N, Certified standard
SO, 1%, balanced with N, Certified standard

The gas flow rates were controlled using mass flow controllers (MFC; 1179A,
MKS). Each mass flow controller was calibrated using digital flow meters (Bios Definer
220-H). Water was fed by using a Bronkhorst CEM. The details of the water injector are
also described in Figure 2.1. NH3 and SO, were directly fed into the reactor instead of
mixing with other gases in the manifolds in order to avoid possible reactions and

minimize adsorption along the inlet lines thus reducing the response time.

2.1.3 Reactor systems

For the monolithic catalyst bench-scale reactor, a 470 mm long quartz tube with

22 mm inner diameter (ID) was used. A schematic of the monolithic catalyst quartz tube
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reactor is shown in Figure 2.2. Small quartz tubes were positioned upstream of the
catalyst to improve gas distribution and preheating. The monolith sample was 35.5 mm
long with an ID of 20.3 mm, and was placed downstream of the small quartz tubes. In
order to prevent gas bypass, the sample was wrapped with insulation material (Tetraglas
3000) before being installed into the quartz tube reactor. Four thermocouples were
inserted to monitor the temperatures at positions upstream, front-face center, back-face
center and back-face outer edge of the monolith. The temperature differences during all
experiments were less than 4°C. Therefore, the averages of these four temperatures were
used when analyzing the data. The reactor was placed inside a Lindberg temperature-
controlled furnace whose temperature was monitored in-situ by two K-type
thermocouples configured in the center of the heated zone. The parameters in the
proportional integral derivative (PID) controller of the furnace were adjusted in order to
prevent temperature overshooting problems. The controller P, I and D parameters were
20,120 and 30, respectively.

Inlet
Y Monolithic Catalyst

470 mm

Thermocouple 1

Thermocouple 2

Thermocouple 3

Z

v

Quartz Tubes

Thermocouple 4

¢Outlet

Figure 2.2 Schematic of the monolithic quartz tube reactor

The powder catalyst quartz tube reactor is 500 mm in length with a 10.5 mm inner

diameter (ID). The sketch of the powder catalyst quartz tube reactor design is provided in
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Figure 2.3. The powder catalysts were pressed from two sides of the tube using quartz
wool to prevent the dispersion of powder. Swagelok Ultra-Torr fittings were used as the
end caps of the quartz tube reactor and the reactor was sealed by Swagelok rubber
ferrules. The feed temperature was measured by a K-type thermocouple, which was

placed downstream of the catalyst configuration.

Powder Catalyst

\

\
{ \

Inlet 105 S Thermocouple
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\ 1 /

N/

Quartz Wool Outlet

Figure 2.3 The sketch of powder catalyst quartz tube reactor

2.1.4 Analysis system and data acquisition system

A FTIR spectrometer (MKS MultiGas™ 2030) equipped with a 5.11 m high-
optical-throughput 200 mL gas sampling cell was positioned downstream the reactor
system to analyze the effluent gas composition. The analyzer incorporates a high
sensitivity liquid nitrogen cooled MCT detector. The gas cell was maintained at 191 °C
by a digital temperature controller. The species concentrations measured by the FTIR
included NHs, H,0, N,O, NO, NO,, SO, and SOs3;. The calibration recipes of these
species were provided with the instrument. The FTIR configuration of the sample and

nitrogen line is depicted in Figure 2.4. The inlet and exhaust lines of the FTIR were
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connected with 4’ stainless steel lines with Swagelok fittings. The instrument was
purged with 20 psig purified air generated from a FTIR purge gas generator (Parker
Balston). A background was taken prior to each test. For the background, 16 scans were
collected. When measurements were not being taken, 1 L/min pure nitrogen flow was
used to protect the gas cell.

A GSD 320 Pfeiffer Vacuum mass spectrometer was also used to measure
effluent concentrations for some tests. Mass spectroscopy is a well-established analytical
technique to identify chemical compounds by measuring their molecular mass. It consists
of a capillary inlet, a quadrupole mass spectrometer, a diaphragm vacuum pump and a
turbomolecular pump. The gas was drawn down the capillary at 1 sccm. The GSD 320
mass spectrometer is equipped with two detector types: Faraday ion detector and
Secondary Electron Multiplier (SEM) detector. In all of the experiments using the mass

spectrometer, the SEM detector was selected.

<—— Instrument Purge (20 psig)

MultiGas 2030

Sample

3-way valve

IE})‘ Nitro
gen
Exhaust

Figure 2.4 Configuration of the sample and nitrogen lines for FTIR

The data acquisition system included Nation Instruments modules (Field point
controller CFP-TC120 and CFP-CB200) and two PCs. The catalyst temperatures

28



measured by the thermocouples inserted into the reactor were recorded with Labview®

software. The FTIR data was collected with a second PC, which was equipped with
MG2000® software (MKS). The mass spectrometer data was recorded by the
QUADERA® software (Pfeiffer). The data collected by the software were saved into a

Microsoft Excel file for subsequent analysis.

2.2 Diffuse reflectance infrared Fourier Transform spectroscopy

(DRIFTS)

2.2.1 Introduction

In-situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) is
a sampling technique used to identify the compounds adsorbed on the catalyst surface
and measure their surface concentration based on the infrared radiation (IR) absorbed.
Two-parameter Kubelka-Munk (KM) expression was used to convert the spectra to the
form that is comparable to the transmitted spectrum of different materials. The Kubelka-

Munk (KM) equation for an infinite thickness sample is described as

f(R,,) = Rl _ K (2-1)

2R S

where f(R, ) represents the KM function and R, is the ratio of the intensity of the
reflected light to the intensity of the incident light. The parameters k and s are the
absorption coefficient and the scattering coefficient of the sample, respectively. The

absorption coefficient k is defined by the Beer-Lambert equation

[= [e ™, (2-2)
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in which | and Iy are the transmitted radiation and the incident radiation intensities,
respectively. x is the beam path length through the sample. The parameter s can also be

defined by the following equation
] = I,e %, (2-3)

where J is the intensity of the diffuse reflection and Iy is the intensity of the indent
radiation. Usually, R, is derived from the measured ratio of the absolute reflectance of a

sample to that of a standard sample

__ TI'eo(samples) (2_4)

e = .
*® reo (Standard)

If a linear function between the absorption coefficient and the surface concentration is
considered, the surface concentration of a species can be derived from the following

equation

f(re,) = 2.303a X c/s, (2-5)
where a is the absorptivity and c is the concentration.
2.2.2 Gas supply system

All the feed gases were acquired from Praxair. The specifications of gases used in

the DRIFTS rector systems are listed in Table 2.2.
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Table 2.2 Specifications of gases used in the DRIFTS reactor systems

Gas Description Purity

He 99.999% Purity
O, 99.98% Purity
NH; 5000 ppm, balanced with He Certified standard
NO 5000 ppm, balanced with He Certified standard
NO; 5000 ppm, with 1% O, and balanced with He Certified standard
SO, 1%, balanced with N, Certified standard

The gas flow rates were controlled with a series of mass flow controllers (1179A,

MKS). Helium was used as the carrier gas in the DRIFTS reactor system and all the other

gases except NH3 were mixed before entering the reaction chamber. NH3 was injected to

the DRIFTS reactor separately using a three-way switching valve close to the inlet of the

reactor chamber. All the gas lines were built from stainless steel 1/8’” tubes and the inlet

lines were heated to 120°C using insulated heat tapes (Cole Parmer) wrapped with

insulation tape (Tetraglas 3000 Woven Tape).

2.2.3 Reactor system

In the DRIFTS setup, a Harrick Scientific Praying Mantis accessory was used as

the reactor system. This system is specifically designed for examining powders by diffuse

reflection spectroscopy and an interior view of this accessory is shown in Figure 2.5.
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Figure 2.5 An interior view of Praying Mantis DRIFTS accessory [76]

Two 6:1 90°C off-axis ellipsoid mirrors are optically arranged so that their near
focal points coincide and the sample is placed in the common focal points of the two
ellipsoid mirrors. The height of the stage can also be adjusted for optimal signal. The
whole Praying Mantis box was purged with 9 L/min pure N;to reduce the H,O and CO,
levels, entering from the atmosphere. This reaction chamber is constructed of stainless
steel and incorporates a sample cup that is part of a sample stage whose temperature is
controlled by a cartridge heater and K-type thermocouple connected to a Harrick
temperature controller. The powder sample was placed in the sample cup with a porous
screen at the bottom surface, allowing the gas to uniformly pass through the catalyst from
top to bottom. The stage is thermally isolated from the outer chamber and a water
circulating jacket is also provided to cool the temperature of the outer chamber and
windows when the system is operated at high temperature. The sketch of the high

temperature reaction chamber is shown in Figure 2.6.
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Figure 2.6 High temperature reaction chamber used in DRIFTS [76]

The reaction chamber consists of two gas ports for evacuating or flowing gas
through the sample. One of the ports functions as the gas inlet that leads the gases into the
sides of the chamber and the other port is the outlet for the gases from underneath the
sample cup. Two optical ZnSe windows were installed on a removable stainless steel
dome using o-ring seals. The windows are mounted in a certain tilt angle to make sure the
radiation enters and exits the chamber with the minimum loss of the reflection and
maximum light interaction with the sample. The operating temperature of the high
temperature reaction chamber can achieve 910 °C in vacuum. The total flow rate during
the experiments run was maintained at 50 cm®min (STP) with MKS mass flow

controllers.
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2.2.4 Analysis system and data acquisition system

All the DRIFTS analysis was performed using a Nicolet 6700 spectrometer
equipped with a MCT detector. A schematic layout of ThermoNicolet IR spectrometer is
described in Figure 2.7. In this setup, the above-mentioned Praying Mantis DRIFTS
accessory was installed in the sample compartment. The system consists of an infrared

source, an interferometer, a sample, a detector and a computer.
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Figure 2.7 A schematic layout of ThermoNicolet IR spectroscopy [77]

2.3 Safety

Multiple detectors (Beacon 410 Gas Monitor, RKI Instruments) were placed
throughout the lab in order to detect any possible toxic gas leaks including (NOy, SO,, H»
and NH3) emitted from experiments. In addition, two CO alarms (Kidde) were also

placed near the CO cylinders for detection of any CO leakage.
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Chapter 3 In-situ DRIFTS study of NH;-SCR over Cu-

exchanged SAPO-34

Note: the material in this chapter has been published. The introduction and experimental
methods material has been summarized to avoid redundancy with Chapters 1 and 2,
however. Reference and figure numbers changed for thesis consistency.

3.1 Introduction

NH;3-SCR reaction mechanism research over zeolite-based catalysts has not led to
a consensus. Most agree that the Langmuir-Hinshelwood mechanism occurs, in which the
reaction between adsorbed NH; and surface nitrites and nitrates are the key steps in NH3-
SCR of NOy [78-81]. This reaction pathway includes (i) the formation of the surface
nitrites and nitrates (ii) the reduction of nitrates by NO to form nitrites, (iii) the reaction
between adsorbed NH; and nitrites to produce N, via ammonium nitrite decomposition,
and (iv) the reaction between adsorbed NH3 and nitrates to form ammonium nitrate and
its subsequent reduction and/or decomposition to N, and N,O. Alternatively, the Eley-
Rideal mechanism has been proposed, where gas-phase NO, reacts with two adjacent
NH," ions to form an (NH4)xNO, complex which can be further reduced to N, by NO [43,
53, 82]. Recently, Feng et al., [48] suggested NO" species as a reaction intermediate
involved in the standard SCR reaction. However, there is lack of sufficient evidence on
how NO™ and SCR activity are connected. Since the Cu-exchanged chabazite framework
type zeolite with small pores, such as SAPO-34 and SSZ-13, was discovered, lots of
work has focused on material characterization and confirmation of the transition metal

active sites in Cu-CHA catalysts. The present study is directed at understanding the SCR
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reaction mechanism on a Cu-SAPO-34 catalyst. The surface chemistry of the SCR
reaction on Cu-SAPO-34 was investigated using in-situ DRIFTS via identification and

reactivity of the adsorbed surface species and surface reaction intermediates.
3.2 Experimental

The catalyst used in this study was a Cu-SAPO-34 catalyst supplied by Cummins
Inc. The Cu-SAPO-34 catalyst sample had a Si/(Al+P) ratio of 0.2. The Cu loading was
0.95 wt%. For SCR activity tests, a monolithic-supported sample was used, and was 1.4”
long and 0.8” in diameter. Before testing, the catalyst was degreened at 650°C for 4 hours
in flowing 8% O,, 5% H,0 and a balance of N,. The simulated exhaust gas contained 500
ppm NO, 500 ppm NHg;, 8% O, and 5% H,O with a balance of N,. The total flow rate
was 5 L/min and the corresponding gas hourly space velocity (GHSV) was 28000 h™.

The NO and NHj3 conversions were calculated using the following equations:

C . _C

Xno = % x 100% and (3.1)
Cnu in_CNH ou

XnH, = SCNHSm3 t x 100%. (3.2)

The powder sample used in the DRIFTS experiments was scraped from the
monolith sample and was pressed into a 60 mg pellet of 6.5 mm diameter and placed in
the sample cup. At the same time, the effluent gas composition from the DRIFTS cell
was measured using the mass spectrometer. NH; (m/e=17), NO (m/e=30), N, (m/e =28)
and N,O (m/e =44) were monitored. Prior to each test, the catalyst sample was pretreated
at 600°C in a flow of 5% O, in He for 30 minutes and then cooled to the target

temperature. Background spectra were recorded in flowing He and subtracted from the
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sample spectrum for each measurement. For temperature-programmed desorption (TPD)
experiments, background spectra were collected in He every 50°C from 100 to 500°C.
During the temperature ramp reaction experiments, DRIFTS spectra were recorded every
50°C, and the corresponding backgrounds were then subtracted. It should be pointed out
that all the DRIFTS experiments were performed in the absence of water, in this case due
to its wide interference of the IR bands. However, it is noted that the inclusion of water
may competitively adsorb on the catalyst surface and hinder NH3 or NOy adsorption. We
assume that the surface intermediate and the global reaction mechanism still apply to the
exhaust feed in the presence of water. Note, when this chapter was submitted for

publication, ceria as a part of the formulation was not known.

3.3 Results and Discussion

3.3.1 Activity measurements

The standard SCR reaction activity was evaluated over the monolith-supported
Cu-SAPO-34 catalyst from 150 to 600°C and the NO and NH; conversion results are
shown in Figure 3.1. About 40% NO conversion was achieved at 150°C. The maximum
NO conversion (95%) occurred at 200°C. With increasing temperature from 200°C, the
conversion decreased due to the competitive NH3 oxidation reaction at high temperature,
as evidenced by 100% NH3; conversion at these temperatures. In addition, very little N,O
(< 5 ppm) and NO, (< 20 ppm) were detected during these tests, indicating a high
selectivity of NO to N, was achieved. In terms of NO,, it would be expected that any
formed would participate in the fast SCR reaction and thus be consumed, leading to its

absence at the outlet.
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Figure 3.1 NO and NHj3 conversion under “standard SCR” conditions (500 ppm NO, 500
ppm NHs, 8% O,, 5% H,0 in N.) over Cu/SAPO-34 (GHSV: 28000 hr™)

3.3.2 NOy adsorption

In order to investigate the interaction of NOy with the Cu-SAPO-34 surface, the
catalyst sample was exposed to NO, NO + O, and NO, in He for 30 min and then purged
with pure He for 30 min at 100°C. The DRIFTS spectra are shown in Figure 3.2-3.4. NO,
NO + O, and NO, adsorption resulted in three common bands at ~1625, 1610 and 1602
cm™. Two additional bands at 1575 and 1530 cm™ were present only when NO + O, or
NO, were introduced. The bands in the range of 1650 cm™-1500 cm™ are widely
accepted to be the surface nitrate or nitro species adsorbed primarily on the transition
metal active sites of catalyst [83-85]. However, accurate identification of these bands is
not straightforward due to the similar vibrations of different nitrate structures
(monodentate, bridging monodentate, chelating bidentate and bridging bidentate species)

[84, 85].

38



Kubelka-Munk

Figure 3.2 DRIFTS spectra obtained after exposing the Cu-SAPO-34 sample, for 30 min
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Figure 3.3 DRIFTS spectra obtained after exposing the Cu-SAPO-34 sample, for 30 min
at 100°C, to 500 ppm NO and 5% O, followed by a 30 min exposure to He
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Figure 3.4 DRIFTS spectra obtained after exposing the Cu-SAPO-34 sample, for 30 min
at 100°C, to 500 ppm NO; followed by a 30 min exposure to He only

For example, Long and Yang observed two bands, at 1622 cm™ and 1568 cm™,
upon NO; exposure to NH3 pre-adsorbed on Fe-ZSM-5 and they assigned these bands to
adsorbed NO; and nitrate species, respectively [43]. Ruggeri et al., observed similar
bands at 1620 cm™ and 1574 cm™ with Fe-ZSM-5 and assigned both of them to bridging
or bidentate nitrate species on Fe** ions [81]. Rivallan et al., compared the adsorbed NO,
species on H-ZSM-5, silicalite, Fe-silicalite and Fe-ZSM-5 [86]. They concluded that the
band at 1658 cm™ was due to NO3 species that formed by NO, attaching to SiO-Si group,
the band at 1635 cm™ was due to NOs species formed on FeO*Al groups, and the
features between 1580 and 1620 cm™ were due to nitrate-like species on FeOSi bridges,
and the shift from 1620 cm™ to 1610 cm™ due to the formation of a NO3(N20.) complex.
Adelman et al., observed three bands in the same region when characterizing Cu-ZSM-5

and they attributed the bands at 1628, 1594 and 1572 cm™ to a nitro group, a bridging
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monodentate nitrate and a bidentate nitrate, respectively [87]. By analogy with the
assignments of adsorbed NO, species on other zeolites, the bands at 1625 cm™, 1610 cm™
(and 1602 cm™) and 1575 cm™ (and 1530 cm™) can be tentatively assigned to adsorbed
NO, species, monodentate nitrates and bidentate nitrates, respectively. These nitrate
species were relatively stable as all these bands maintained their intensities during
subsequent exposure to just He. By comparing the intensities of the NO3™ bands detected
upon passing NO, NO + O, and NO, over the catalyst surface, it is obvious that the NO3’
concentrations that formed on the surface are in the order of NO, > NO + O, > NO. This
strongly indicates that NO oxidation by O, would promote the formation of surface
nitrates, especially since CeO, was a part of the catalyst formulation and can adsorb NOy
and form nitrates. Indeed, NO, was formed in the full temperature window when 500
ppm NO and 5% O, were introduced over the monolithic Cu-SAPO-34 catalyst (Figure

3.5).
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Figure 3.5 Effluent NO, concentration obtained during an NO oxidation experiment (500
ppm NO, 5% O,)
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However, the adsorption of NO was significantly lower. This is consistent with
the NOy adsorption properties reported on a Cu-ZSM-5 catalyst [88]. Many authors have
agreed that NO oxidation to NO; is a key factor for surface nitrate formation under
standard SCR conditions and therefore it is considered a crucial step for NH3-SCR [88-
90]. NO oxidation is inhibited by NO,, which is found to more stably adsorbed on Cu-
Chabazite than Fe-ZSM-5 [89]. This appears to explain the lower NO oxidation activity
on Cu-SAPO-34. It is worth pointing out that no peaks related to nitrite species were
detected. This could be due to the fact that surface nitrite bands, which are usually found
in the 1440 to 1100 cm™ range, were obscured by the asymmetric stretching framework
modes in the same region [81, 84, 91]. In fact, a small band at around 1350 cm™ was
observed during NOy adsorption, which could be assigned to nitrite groups [91]; however,
this band was too weak to be assigned with certainty. In addition to surface nitrate species,
a broad band between 2100 cm™ and 2200 cm™ was detected. This band was reversible
once the NOy flow was turned off, and therefore was attributed to NO" species that
weakly adsorbed on acid sites. A similar assignment has been reported by many authors
[83, 85, 86, 91]. Additionally, a weak band at 1903 cm™ was detected upon exposure to
NO and this is assigned to mononitrosyl species on Cu?* sites [92]. In the OH stretching
region (4000 cm™ to 2400 cm™), bands at 3740, 3679, 3657 and 3560 cm™ were observed
and attributed to perturbed Si-OH, P-OH and OH groups associated with the extra-
framework Al and Cu, respectively [61, 91, 93, 94]. The weak negative bands at 3627
and 2599 cm™ originated from the depletion of Bransted acid sites (Si-OH-AI) by NO*.
This assignment is confirmed via evolution of a similar band at 2145 cm™, which

corresponds to NO* on acid sites. Upon exposure to NO,, DRIFTS spectra revealed two
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additional peaks at 3236 cm™ and 2597 cm™ (data not shown). These two peaks were
assigned to the first overtone band and combination band of a NO, group (1625 cm™),

respectively [95, 96].
3.3.3 NHj; adsorption and NH3-TPD

The catalyst sample was exposed to 500 ppm NHjz in He for 30 minutes at 100°C
and then purged in He for 30 min at the same temperature. The DRIFTS spectra collected
during exposure to NH3 are shown in Figure 3.6. A major band at 1460 cm™ and a weak
band at 1617 cm™ were immediately detected after introducing NHs for 1 min. The
former is assigned to NH," species resulting from NH; adsorbed on Brgnsted acid sites
including terminal Si-OH, P-OH groups and bridging OH sites (Al-OH-Si) on SAPO-34
[61, 97]. The band at 1617 cm™ is attributed to molecularly adsorbed NHzon Lewis acid
sites [61, 97]. It has been cited that Lewis acid sites are primarily composed of the
transition metal ions in metal ion exchanged zeolites [61, 98, 99], while some extra-
framework Al, mostly located at the external surface of the zeolite, may also contribute to
the number of Lewis acid sites [100-102]. After a 20 min exposure, both Brgnsted acid
sites and Lewis acid sites were saturated with NHz. During the following purge with He,
a small amount of NH3 adsorbed on the weak acid sites was removed, resulting in a slight
decrease in the bands 1460 cm™ and 1617 cm™. In the OH stretching region, negative
bands at 3677, 3624, 3598 cm™ were observed. The negative band at 3677 cm™ is
assigned to the occupation of P-OH sites by NHs, reducing the corresponding OH
stretching vibrations and the two other bands are attributed to the depletion of Si-OH-Al

acid sites by NH3 [61]. The different IR bands corresponding to Si-OH-Al sites were due
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to the OH groups with equal acidity strengths located in various oxygen environments in

the chabazite framework [103].
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Figure 3.6 DRIFTS spectra obtained after exposing the Cu-SAPO-34 sample to 500 ppm
NH; for 30 min followed by exposure to only He for 30 min, at 100°C
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A band at 3740 cm™ was also detected upon exposure to NH3 at room temperature,
and can be assigned to NH3 adsorbed onto Si-OH groups [61]. This, however, was not
observed in NH3 adsorption spectra taken at temperatures higher than 100°C, due to the
weak adsorption strength of NH3 on this site, In addition, positive bands at 3333, 3383,
3283 and 3182 cm™ were detected. The bands in the 3400 to 3000 cm™ range are often
assigned to N-H stretching vibrations [10, 85]. Specifically, bands at 3333 cm™ and 3283
cm™ have been assigned to NH," groups [53]. The band at 3383 cm™ has been attributed
to NH3 molecules and the band at 3182 cm™ due to NH3 adsorbed on Cu” sites on SAPO-
34 [61, 85, 97, 104]. It is worth noting that all of these NH3; adsorption species were
relatively stable at 100°C after turning off NH3 and purging in He.

The NH; adsorption process was followed by a temperature-programmed
desorption (TPD) experiment in order to study the NHj3 adsorption strength and acid
properties of the Cu-SAPO-34 sample. Representative DRIFTS spectra collected at
different temperatures, with a 10°C/min ramp from 100 to 500°C, are shown in Figure
3.7. At the beginning of the temperature ramp, the intensity of the 1460 cm™ feature
decreased due to NH; desorption from weak Brgnsted acid sites. Interestingly, the
intensity of the band at 1617 cm™ increased between 100 and 150°C, and then decreased
with increasing temperature. This indicates that some of the NH; that desorbed from
weak Brgnsted acid sites or from P-OH like species might have re-adsorbed onto the
Lewis acid sites in this low temperature region. The other possibility is that some Lewis
acid sites became more accessible to NH3 at 150°C. Indeed, a significant reduction of the
3677 cm™ band, which was assigned to the weak P-OH group, was observed in the

corresponding DRIFTS spectra.
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Figure 3.8 Normalized DRIFTS peak intensities during the TPD (Fig.3.7), and NH3
evolved

In order to more clearly evaluate the evolution of NH3, the normalized peak areas

of each key band were calculated and are shown in Figure 3.8. As shown in Figure 3.8,

47



NH," and Al-OH-Si resulted in a monotonic decreasing trend with increasing temperature.
This demonstrates that the OH bridging band is the major source of Brgnsted acid sites
on Cu-SAPO-34. Furthermore, both 3598 and 3624 cm™ bands, corresponding to
Brensted acid sites, decreased in unison (Figure 3.7) indicating these two acid sites are
energetically similar. Figure 3.8 clearly shows the significant increase in the size of the
feature associated with the increase in the NH; concentration on Lewis acid sites at
150°C due to re-adsorption of NH; released from other acid sites as suggested above. At
temperatures above 200°C, NHj3 desorbing from Brgnsted acid sites and Lewis acid sites
showed analogous profiles, indicating that both types of sites have similar acid strengths
on Cu-SAPO-34. This is inconsistent with the findings from studies of other metal
exchanged zeolites which showed distinctly different Lewis and Bregnsted acid site
strengths [98, 99, 101, 105]. This unique acidity might be a crucial feature contributing to
the SCR activity of Cu-SAPO-34, as it facilitates NH3 migration between the two acid
site types, potentially enabling more NHj3 to be transferred to the transition metal NOy
reduction reaction site. The outlet NH3; concentrations as a function of temperature are
also shown in Figure 3.8. The NH3 desorption profile has two main desorption features, a
narrow low temperature peak at about 200°C and a broad high temperature peak at 400°C.
Via comparison with the DRIFTS spectra during the NH3 desorption process, the low
temperature peak is attributed to the weak acid sites (P-OH and extra-framework Al) and
physisorbed NH3. The broader peak at high temperature is attributed to NH3 desorbed
from Cu?* Lewis acid sites and OH bridging Bransted acid sites. No distinct features in
the NH; desorption profile above 200°C further supports the energetically

indistinguishable two acid site types on Cu-SAPO-34 as evident from DRIFTS spectra.
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3.3.4 Reactivity of NH; on Cu-SAPO-34

DRIFTS spectra obtained during the reaction between NO and pre-adsorbed NHs

at 200°C are shown in Figure 3.9.
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Figure 3.9 DRIFTS spectra obtained at 200°C while exposing the Cu-SAPO-34 sample
to 500 ppm NO/He after being saturated with NH3

Upon exposure to 500 ppm NO, slight decreases in the OH bridging band (3624

cm™ and 3598 cm™) and the band (1617 cm™) assigned to NH5 on Lewis acid sites were
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detected. Simultaneously, only a small amount of N, was detected in the outlet, indicating
that NO itself was not active in reacting with surface NHs. In comparison, when 500 ppm
NO and 5% O, were passed over the NH3 pre-adsorbed catalyst sample at 200°C, the

surface NH3 was consumed at a significantly increased rate, as shown in Figure 3.10.
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Figure 3.10 Evolution of (a) -OH bridging bond peaks; and (b) peaks of NH3 on Lewis

acid sites and Brensted acid sites; upon exposure to 500 ppm NO + 5% O,
at 200°C
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After 30 min, all bands related to NH; were greatly reduced, which was also
accompanied by a significantly larger amount of N, in the outlet gas, observed over the
entire 30 minute exposure to NO + O,. Obviously, the SCR reaction activity was
enhanced by the addition of O, in the feed, i.e., the reaction between NH;3; and NO is
promoted by NO oxidation, enhancing the storage of surface nitrates and nitrites on the
catalyst surface. Indeed, similar results have been obtained on other SCR catalysts and it
is widely accepted that NO has to be first oxidized to NO, (gas-phase or some oxidized
surface species) for the standard SCR reaction over zeolite catalysts [43, 51, 53, 106].
Normalized peak areas were used to evaluate the reactivity of NO + O, with NH;

adsorbed on different sites.
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Figure 3.11 Normalized peak intensities associated with the DRIFTS results shown in
Figure 3.8

As shown in Figure 3.11, both NH3 adsorbed on Lewis acid sites and OH bridging
bond sites show a relatively linear decreasing trend. However, the IR band intensity
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corresponding to NH," did not change in step with Bransted acid sites. This additional
NH," must originate from another source of NH3 on the catalyst surface. Since NH3 exists
as NH4" or molecular NH3 on the surface, as demonstrated in the NH3 adsorption study,
the only possibility is that some NH; bound to the Lewis acid sites is protonated and
transformed into NH4" species during the interaction with NO + O,. Interestingly, no
such NH," evolution was observed during exposure to NO.

In order to clarify the origin of this evolution, 500 ppm NO, was passed over the
NHj3 pre-adsorbed catalyst sample at 100°C. Such lower temperature potentially allows
the capture of the reaction intermediate on the surface that was produced during the
reaction. As shown in Figure 3.12, the NH; adsorbed on P-OH (3677 cm™) and OH
bridging sites (3624 and 3598 cm™) were gradually consumed during exposure to NO, for
30 minutes. On the other hand, the intensity of band at 1617 cm™, associated with the
NH;3 adsorbed on Lewis acid sites, rapidly decreased and completely disappeared after 5
minutes. However, the NH4" vibration mode significantly increased for the first 10
minutes and slightly decreased subsequently. Surface nitrates, with a band at 1575 cm™,
appeared after 10 minutes and the intensity of the DRIFTS feature increased over the
remaining 20 minute exposure.

In addition to the surface NHj3 and nitrates species (bands at 1617, 1575 and
1460cm™), a new band at 1596 cm™ was detected after 10 minutes. The initial increase of
NH," band was very likely due to the formation of NH4;NO; which caused the increase in
the of NH,4" signal during the first 10 minutes. However, with further exposure to NO,,
some NH;NO3z were formed on the surface, which is explained by the appearance of band

at 1575 cm™ and 1596 cm™ after 10 minutes in the DRIFTS spectra.
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Figure 3.12 DRIFTS spectra obtained at 100°C during exposure to 500 ppm NO,/He
after pre-saturating with NH;

As indicated by the normalized peak areas (Figure 3.13), the bands at 1596 cm™

and 1575 cm™ showed a very similar trend, suggesting that they might originate from the
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same surface intermediate, likely NH,"-NOs™ species. Indeed, similar surface species
have been found on many other SCR catalysts upon exposure to NH3 and NO,. For
example, Long and Yang detected a reaction intermediate with a band of 1602 cm™ when
NO; was introduced onto an NHs-adsorbed Fe-ZSM-5 sample and they predicted this
band to be an NO,(NH,"), like species [43]. Nova et al., found an intense band at 1380
cm™ upon passing NH; and NO, over a V,0s-WO/TiO, catalyst at 140°C. They
assigned this peak to an NH4;NO3 deposit since the IR spectrum of pure NH4NO; contains
the same peak [107]. Malpartida et al., [108] reported that the activity of a commercial
zeolite-based catalyst was decreased by the formation of NH4NO3 deposits when passing
NO, over an NHj3 pre-adsorbed sample, which was evidenced by comparing the operando

IR spectra of a NH4sNO3; mixed sample with the spectra taken during test with NO, at

165 °C.
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Figure 3.13 Normalized peak areas, associated with the DRIFTS results shown in Figure
3.12
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On the other hand, it is obvious that the increase in NH;" was more distinct
compared with that during exposure to NO + O,. This further suggests that the higher
level of nitrate and nitrite species formed upon NO, adsorption facilitates the
transformation of molecular NH3 adsorbed on Lewis acid sites to the NH,;"-NOy species
that enhances the NH," signal. Since molecular NH3 only exists on the Lewis acid sites, it
is reasonable to believe that the formation of this intermediate occurred on Lewis acid
sites. Meanwhile, the NH3 on Brgnsted acid sites might migrate to Cu sites and supply
NH; for reaction, which coincides with the hydroxyl IR bands approaching the baseline.
Indeed, the change in the band corresponding to NH," was in fact not in step with OH
group changes, further indicating that NH;NO3 was perhaps not interacting with Brgnsted
acid sites, at least not very strongly. It seems reasonable that this kind of migration could
be facilitated by the small pores of the SAPO-34 material in which the distance between
the Brensted acid sites and Lewis acid sites is small. Interestingly, the band at 1596 cm™
was not observed upon exposure to NO + O, on the sample with pre-adsorbed NH3 This
could be explained by the following: first, as shown in Figure 3.3 and Figure 3.4, a
significantly larger amount of surface nitrates was formed by NO, compared to NO + O..
In other words, this intermediate was promoted by the presence of surface NO3". Second,
this intermediate and surface nitrate could be quickly reduced by NO and therefore were
not observed on the surface. Indeed, when we exposed the NH3 pre-adsorbed samples to
500 ppm NO + 50 ppm NO; at the same temperature (50 ppm NO, could be generated at
200°C via NO oxidation as shown in Figure 3.5), no band at 1596 cm™ (band
assignments verified below) was detected in the DRIFTS spectra (Figure 3.14). This

provides strong evidence that NO, was either first formed and stored on the surface
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followed by formation of surface NH;"-NOy, or nitrates were formed via oxidation of
surface NOy species and then NH;"-NOy formed, which could be easily reduced by NO

under standard SCR inlet conditions.
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Figure 3.14 DRIFTS spectra taken at 200°C upon exposing the NH3 pre-saturated Cu-
SAPO-34 sample to 500 ppm NO, 50 ppm NO,/He

3.3.5 Confirmation of the NH4NO3 intermediate

To identify the intermediate, a TPD experiment was conducted after it was
formed. The DRIFTS spectra and outlet concentrations of different species are shown in
Figure 3.15. During the temperature ramp, the band at 1596 cm™, which corresponded to
the deposit formed by surface NH3 and NOs’, decreased in intensity starting from 200°C
and was completely removed from the surface by 500°C. Concurrently, a significant

amount of N,O was observed in the outlet gas starting at about 200°C.
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Figure 3.15 DRIFTS spectra obtained during a TPD (in He, 10°C/min) after exposing the
NH;3-presaturated sample to 500 ppm NO,/He

According to literature [51, 106, 109], N,O originates from NH4NO;3; at low
temperature and NH3 oxidation at higher temperature, and since 200°C is the onset
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temperature of the NH4NO3; decomposition reaction these results suggest it is a major
reaction intermediate present on the catalyst. During the temperature ramp, no NH;
evolution was detected in the outlet gas, meaning that all the NH; was involved in
combining with nitrates that stored on the surface and formed NH4NOg3. This result is
consistent with a similar study conducted on Fe-ZSM-5 which concluded that the NH3
spills over to the nitrates that formed during NO, adsorption and only NH4;NO3 species
were present on the catalyst [109]. Interestingly, the band at 1596 cm™ initially increased
with increasing temperature, from 100 to 200°C. This might be attributed to enhanced
mobility of NH3 at higher temperature that enables more NH; to reach Lewis acid sites to

form the NH4NOj; intermediate.
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Figure 3.16 Comparison of DRIFTS spectra of a fresh Cu-SAPO-34 catalyst sample

impregnated with NH4NO3 and the sample after exposure to NH3; and NO,
at 100°C

In order to further confirm the formation of NH4NOs on the surface, a DRIFTS

single beam spectrum was taken on a fresh Cu-SAPO-34 sample that was mechanically
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mixed with 3 wt% NH4NO3 powder (Sigma Aldrich). By subtracting this spectrum of a
pure Cu-SAPO-34 sample at the same temperature, the NH;NO3 species that stored on
the surface of the catalyst might be distinguished. Figure 3.16 compares the spectrum of
the impregnated sample with the one taken at 100°C after exposing the Cu-SAPO-34,
with pre-adsorbed NHs;, to NO; for 30 min. It is evident that the bands at 1596 and 1575
cm™ appeared in both spectra and their positions closely match, providing further

evidence for the assignments of these bands to NH4NOs.
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Figure 3.17 DRIFTS spectra obtained at 100°C during exposure to 500 ppm NO, after
the NH3 saturated sample had been exposed to 500 ppm NO,/He
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In order to investigate the role of NO in the SCR reaction, 500 ppm NO was
passed over the sample containing NH;NOj3 at 100°C. As shown in Figure 3.17, the bands
at 1596, 1575 and 1460 cm™, being indicative of NHs;NOzand NH,", were significantly
decreased after 30 minutes. N, was detected in the outlet over the entire 30 minute period.
This further proves that this surface intermediate is very active in reacting with gaseous

NO, reacting to N, at as low a temperature as 100°C.
3.3.6 Reaction pathway

As discussed above, the SCR reaction starts with NO oxidation on the surface to
form NO; (gas-phase or some oxidized surface species), in the form of surface nitrates
and nitrites. These surface nitrate and nitrite species were produced through surface NO,

dimerization and disproportionation:

INO+0,>2NO,, (3.3)
2NO;, < NyOy, and (34)
N2O4 > NO3 + NO". (3.5)

Reactions (3.4) and (3.5) have been extensively reported for the formation of
surface NO3™ and NO, species on other zeolite catalyst systems [94, 110, 111]. The
observation of a broad peak at around 2144 cm™ in our spectra confirmed the existence of
NO" ions on Cu-SAPO-34. It has also been proposed by many authors [86, 112, 113] that
NO™* may incorporate with surface oxygen or coordinated oxygen to form NO, species

according to reaction
NO* + 0% & NO;". (3.6)
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The existence of coordinated oxygen (lattice O% or OH") has been confirmed
using DFT, EPR and synchrotron-based technologies and research has shown that
isolated Cu®* could associate with at most four oxygen atoms under SCR conditions [59,
114, 115]. However, surface NO," or nitrite related species are difficult to detect in our
spectra either due to its overlapping regions with zeolite asymmetric vibrations or their
rapid reactivity with NH3z on the surface. NO" produced from NO, dimerization and
disproportionation was found to replace the proton on Brgnsted acid sites and forms

HNO3 species according to reaction (3.7) [86]
NOs + NO" + Zeo-O-H « Zeo-O-NO™ + HNOsa. (3.7)

This replacement is evidenced by the evolution of negative bands associated with
OH bridging bonds when NO, NO + O, or NO; was passed over the catalyst, as shown in
Figure 3.2-3.4. The existence of HNO3; has been reported by Rivallan et al., who
observed a broad NO, adsorption band that covers the whole 1650-1450 cm™ region on
H-ZSM-5 and attributed this band to be neutral weakly adsorbed HNO3 species [86].
Indeed, a similar broad band that spans the whole nitrate adsorption region was also
detected in our DRIFTS spectra upon NO, exposure and adsorption (Figure 3.4).
Therefore, HNOg3 is apparently present on Cu-SAPO-34 as well. Ahrens et al., have
concluded HNOg is the main NO, adsorption species on Fe-ZSM-5 and Fe-BEA catalysts
[116]. It is also worth pointing out that the HNO3; may be formed via a H,O-involved

reaction as reported elsewhere [90, 116]

2NO; + H0 <> HNO3; + HNO:.. (3.8)
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However, as the DRIFTS experiment operating conditions used here do not
include water, this reaction may not be relevant in our study. Moreover, in a separate
experiment, significant gas-phase NO evolution was immediately observed when
exposing Cu-SAPO-34 to NO, (monolith-supported sample, data shown in Figure 3.18).

This could be explained by reaction (3.9) or (3.10)

NO; + NO;” <> NO + NO3™ and (3.9

NO, + HNO,; < NO + HNOj3, (310)

in which the surface NO," and HNO, species were further oxidized to NO3 (or HNO3) by

NO; [90, 91, 117].
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Figure 3.18 NO and NO, profiles during NO, adsorption (500 ppm in N;) over Cu-
SAPO-34 at 150°C

Conversely, NO, was observed when the sample, with NO3™ (or HNO3) present on

the surface, was exposed to NO, via the reversibility of reactions (3.9) and (3.10). Thus,
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both nitrate and nitrite species might exist on the catalyst surface and their proportions
are primarily determined by the NO,/NOx ratio in the feed. The reduction of these surface
nitrate species by NO has been considered the key step for SCR activity on other
catalysts, since it transforms surface NOz™ to NO, (or HNO,), which can readily react

with NH; to form NH4NO, [79, 81, 107, 118, 119]

NH4+ + NO, < NH4NO, and (311)

NHs+ HNO, < NH4NO,. (312)

The NH4NO; is unstable and easily decomposes to N, and H,O at temperatures above

80°C (3.13) [117, 120] and the reaction is expressed as
NH4sNO, < N, + 2H,0. (313)

In the presence of NO; in the feed, surface NH4;NO- could be further oxidized to NH;NO3

according to

NH4sNO; + NO, «» NH4NO;3; + NO. (3.14)

When surface nitrates were formed on the catalyst, they readily react with NHj3 pre-

adsorbed on Cu Lewis acid sites to form NH4sNO3 as well and the reaction is

NH3 + HNO3z«< NH4NOs. (315)

NH4NO; formation has been observed on many other SCR catalyst systems (ZSM-5, V-
based catalysts and BaNa-Y catalysts) under NO,-rich conditions [78, 121, 122] and is

reportedly relatively stable at low temperature. It could therefore block the active sites of
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the SCR reaction [78, 108]. At temperatures higher than 200°C, NH4;NO3; decomposes to

N0 and H,O according to [51, 106, 109]

NHsNO3; < N,O + H,0. (316)

N,O is regarded as a potential greenhouse gas, and ideally none would form
during the SCR reaction. N,O was not observed in our experiments under standard SCR
reaction conditions (data not shown) over all temperature ranges, providing strong

evidence that NH4NO3 readily reacts with NO on Cu-SAPO-34 via the following reaction

NO + NH4sNO3; <> N, + H,0 + NO.. (3.17)

Again, reaction (3.17) is believed to be crucial in SCR reaction chemistry since it
removes surface NH;NO3z; and continuously converts NO into N,. The NO; that
concurrently formed could again adsorb and react with NHs. It has been reported that the
reaction between NH4;NO3 and NO is the rate determining step for the fast SCR reaction
on Fe-ZSM-5 [79] and the onset temperature is 170-190°C [78, 117, 123]. However, on
Cu-SAPO-34, this reaction proceeded at even lower temperature, i.e., at 100°C. The
enhanced reactivity of NH;NO3; with NO also leads to selectivity improvement, since
N,O originates from NH;NO3z decomposition, but the NH4NO;3; is consumed at low
temperatures. This could also be the key factor that explains the excellent low
temperature SCR reaction activity of Cu-SAPO-34. Indeed, Tronconi et al., discovered
that the injection of NH4NOj3 into the feed could significantly enhance NOy reduction
efficiency over both Fe-ZSM-5 and V,05-WO3/TiO, catalysts [124, 125]. The NH4;NO3
intermediate was detected on the Cu-SAPO-34 catalyst only under fast SCR reaction

conditions, not under standard SCR reaction conditions. Besides, only a negligible
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amount of N,O was detected under standard SCR reaction conditions, indicating that the
NH4NO3; decomposition reaction was not significant. In other words, any NH4NO;
formed was quickly reduced by the larger concentration of NO under standard SCR
conditions and therefore was not observed via DRIFTS on the surface. Grossale et al.,
proposed that NH;NOj3 formation on the Fe-ZSM-5 was not influenced by the order of
NHs3 and NO; adsorption [109]. Interestingly, for Cu-SAPO-34, the DRIFTS bands
associated with the NH4sNOj; intermediate were not detected when the sample was

exposed to NHj after pre-adsorbing NO; at 100°C (Figure 3.19).
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Figure 3.19 DRIFTS spectra taken at 100°C after pre-exposing the sample to NO, and
then exposing the sample to 500 ppm NHs/He for 0-30min

Concurrently, some N, was detected in the outlet immediately after NH; was
introduced. To explain this, NH;NO3; might be generated first and quickly reduced by

gaseous NHj; according to reaction (3.18)
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2NH3 + 3NH4sNO3; < 4N, + 9H,0. (3.18)

This reaction is confirmed on Cu-SAPO-34 when NH3 was introduced over NH4sNOs5 in-
situ formed sample at 200°C and all the peaks corresponding to NH;NO3 were reduced
and completely disappeared after 20 minutes, as shown in Figure 3.20. The other
possibility is that gaseous NHj3 directly reacts with surface nitrates to N, according to the

reaction (3.19)

SNH3 + 3HNO3 < 4N, + 9H,0. (3.19)

0.14+ o i

0.12- e ‘I
—— 10min

0.10
0.08-
0.06-

Kubelka-Munk

0.04-
0.02-
0.00-

1700 1650 1600 1550 1500 1450 1400
Wavenumber (cm'1)

Figure 3.20 DRIFTS spectra taken at 200°C upon exposing the catalyst to 500 ppm
NHs/He after forming NH;NO3 on the sample

Both reactions (3.18) and (3.19) are regarded as NO, SCR reactions and reportedly start
between 220 to 230°C on Fe-ZSM-5 [126]. However, on Cu-SAPO-34, it again seems

that the reactivity of adsorbed nitrates with NHj is significantly enhanced.
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To summarize, the reaction mechanism of SCR on Cu-SAPO-34 can be described
by Figure 3.21. The reaction pathway involves NH4sNO; intermediate formation on Lewis
acid sites followed by reaction with NO to produce N,. This reaction on Cu sites matches
the SCR reaction pathway that has been previously proposed over other zeolite-based
SCR catalysts. The NH3 on Brgnsted acid sites might migrate to Lewis acid sites to
provide more NHj3 for reaction instead of being directly involved in the SCR reaction.
NH3 migration on Cu-SAPO-34 at low temperature is attributed to its unique acid
properties and has not been observed on other zeolite-based SCR catalysts. On the other
hand, the participation of nitrite species in the SCR reaction pathway is still likely to
occur, even if NH4sNO; species were not observed in our DRIFTS spectra. This is
explained by its high reactivity, which is likely also the key in the low-temperature

activity of SAPO-34 SCR catalysts.

Cu-SAPO-34 catalyst surface Cu-SAPO-34 catalyst surface
v ¢ ¢ ¢ ¢ €
NH3 NH3 NH3 NH3 NH3 NH3
NO N,+H,0+NO, N, +H,0
NH3 NH4NO4 HNO3 NH3 === NH4NO, === HNO;
Cu-SAPO-34 catalyst surface Cu-SAPO-34 catalyst surface
Ammonium Nitrate Route Ammonium Nitrite Route

Figure 3.21 Proposed SCR reaction pathway on Cu-SAPO-34
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3.4 Conclusions

In-situ DRIFTS results show that formation of surface nitrates and nitrites is the
key step in NH3-SCR over Cu-SAPO-34. The surface nitrate and nitrite species form on
the catalyst surface by dimerization and disproportionation reactions. These surface
complexes readily react with surface NH; to form NH4sNO, and NH4sNO; on the Lewis
acid sites. When NO;, was present in the feed, NH;NO; could be further oxidized to
NH4NO3;. NH4NO3 was reduced to N, in the presence of NO at temperatures as low as
100°C, which accounts for the superior low temperature SCR reaction activity of this
catalyst. The Brgnsted acid sites act as an NHg; reservoir instead of being directly
involved in the SCR reaction. Actually the similar acidity strength of different acid sites
on the SAPO-34 material, observed via ammonia release profiles and from IR band
intensity changes during NH3-TPD, may enable this migration. However, the possibility
of NH;NO, formation on Bregnsted acid sites does exist as evidenced by the fast
consumption of NH," species upon interaction with NO,. Therefore, the participation of
nitrite species in the SCR reaction pathway is still likely to occur, even if NH4;NO;

species were not observed in the DRIFTS spectra, and is explained by its high reactivity.
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Chapter 4 Zeolite acidity and Cu structure changes as a

function of Cu loading in Cu-SAPO-34

Note: the material in this chapter has been published. The introduction and experimental
methods material has been summarized to avoid redundancy with Chapters 1 and 2,
however, the rest of the manuscript has been left “as is” with reference and figure
numbers changed for thesis consistency.

4.1 Introduction

The conventional wetness ion exchange (WIE) method has been extensively
applied to prepare Cu-SSZ-13 [45, 47, 58, 61]. WIE process involves adding the NH," or
H* form zeolite material to the Cu?* salt solution under constant stirring for several hours
followed by several wash and dry processes [45, 51, 62, 66]. However, the preparation of
Cu-SAPO-34 is not as straightforward. For example, Akolekar et al., found that both the
surface area and pore volume of SAPO-34 significantly dropped after WIE, which is
consistent with previous experimental results [127, 128]. More recently, Feng et al.,
reported that more severe irreversible hydrolysis could occur with SAPO-34, resulting in
a significant drop in zeolite crystallinity as well as surface area [66]. They also
discovered that SAPO-34 synthesized by different SDAs underwent different levels of
structural damage during the WIE process. Alternatively, Deka et al., designed a direct
synthesis methodology to prepare Cu-SAPO-34 by incorporating Cu in a combination of
SDAs, such as Cu®*-triethylenetetramine complex and tetraethylammonium cations [71].
Corma et al., used different SDAs, copper-tetrathylenepentamine (Cu-TEPA) and
diethylamine (DEA), in a similar “one pot” synthesis method and the obtained catalysts

showed good SCR activity and hydrothermal stability [70].
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In this study, a family of Cu-SAPO-34 samples with different Cu loadings was
prepared by a solid state ion exchange (SSIE) method. The acid properties were
investigated by NHs3;-TPD combined with in-situ DRIFTS. Cu structures were
characterized by XRD, DRIFTs, H,-TPR and UV-vis techniques and their various

functionalities in NH3-SCR were also studied.

4.2 Experimental

4.2.1 Catalyst preparation by the solid state ion exchange (SSIE) method

The H-form SAPO-34 zeolite support used in this study was purchased from ACS
materials. The H-SAPO-34 powder was first calcined at 500°C in 10% O, before the ion
exchange process. The solid state ion exchange was conducted in a tube furnace with 130
sccm of air flow. In each batch, one gram of the H-SAPO-34 powder sample was first
physically mixed with a certain amount (10mg-50mg) of CuO nanosized particles
(purchased from Sigma Aldrich) depending on the target Cu loading. The mixtures were
then thoroughly homogenized and the color of the resulting samples was uniformly grey.
The thermal treatment includes several steps and is described in Figure 4.1. The furnace
temperature was first maintained at 120°C for 4h and then was ramped to 600°C at
2°C/min and held there for 5 hours. The temperature was then further increased to 800°C
at 2°C/min and held for 12 hours before cooling to room temperature. The 12 hour
thermal treatment enables the Cu ions to migrate inside the zeolite pores and exchange
with protons. After the solid state ion exchange, the color of the samples was blue

suggesting that the Cu ions were successfully exchanged into the zeolite.
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Figure 4.1 Procedure for the solid state ion exchange process (SSIE)

4.2.2 Characterization of as-prepared Cu-SAPO-34

The elemental compositions of the as-prepared samples were analyzed by ICP
(Galbraith Laboratories). The as-prepared samples are named in the format of SSIE-x,
where x stands for the Cu wt% in each sample. X-ray diffraction (XRD) experiments
were conducted using a Siemens D5000 Diffractometer equipped with a Cu-Ka detector.
UV-vis spectra were collected with a Hitachi UV-vis U-2001 Spectrophotometer. The
NH3 temperature programmed desorption (NH3-TPD) experiments were carried out by
loading 120 mg of powder catalyst in the quartz tube reactor. The NHj; effluent
concentration was measured by FTIR (MultiGas 2030). The as-prepared samples were
first pretreated in 10% O, in N at 500°C for 1 h. After pretreatment, a total flow of 300
sccm containing 500 ppm NHs in N, was metered into the reactor for 2 h at 35 °C to

saturate the catalyst. Once the system reached steady state, NH3; was switched off and
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only N, was fed to the reactor for another 2 h to remove any gas phase or weakly
adsorbed NHs. The final stage involved a temperature ramp to 535°C with a heating rate
of 10 °C/min.

The H,-TPR experiments were performed by loading 100 mg of powder catalyst
in a quartz tube reactor. The effluent H, H,O and O, signal was detected by the mass
spectrometer. The samples were first pretreated in 150 sccm with 5% O, in He at 550°C
for 2 h followed by purging with pure He for 1 h at the same temperature. Subsequently,
the reactor temperature was reduced to 50°C and 1% H, in a total flow of 33 sccm (He
balance) was metered into the reactor for 5 h in order to saturate the catalyst and stabilize
the H, signal. An O, trap was used to remove any trace amount of O, from the gas supply.
After saturation, the temperature was ramped to 1000°C at 10°C/min with flowing 1% H,
in He and the H, consumption was calculated afterwards.

In the in-situ DRIFTS experiments, powder samples were pressed into a 60 mg
pellet placed in the sample cup with a porous screen at the bottom surface. Prior to each
test, the catalyst sample was pretreated at 550°C in a flow of 10% O, in He for 1 h before
cooling to room temperature. For the skeleton vibration spectra, the background spectra
were recorded in flowing He on pure KBr powder and subtracted from the absorption
sample spectrum. For NH3 and NO adsorption experiments, the spectra were collected by
subtracting the background spectra recorded during exposure to the sample to pure He.
NHs adsorption was conducted in a 50 cm®min flow containing 500 ppm NHs in a
balance of He and NO adsorption spectra were performed in a 50 cm*min flow

containing 200 ppm NO in a balance of He.
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4.2.3 NH;-SCR and NH; oxidation reaction tests

The reaction data were collected using a micro-reactor system. In each experiment,
120 mg of sieved powder catalyst samples were mixed with 360 mg quartz beads and put
into a quartz tube reactor. Before testing, the catalyst was degreened at 550°C for 2 h in
flowing 10% O; in a balance of Na.

The standard SCR performance tests were conducted with a simulated exhaust gas
containing 500 ppm NO, 500 ppm NHg3, 10% O, and 10% H,O with a balance of N, and a
corresponding gas hourly space velocity (GHSV) of 240000 h™. The NH; oxidation
reaction tests were carried out in a flow of 500 ppm NHgs, 10% O, and 10% H,O with a
balance of N,. The total flow rate was 600 cm®/min. The NO and NH; conversions were

calculated using the following equations

C . _C

Xno = % x 100% and (4.1)
CnH in_CNH ou

XNH3 = # X 100%. (42)

4.3 Results and Discussion

4.3.1 Characterization of Cu-SAPO-34 prepared by SSIE

According to the ICP results, the Si/(Al+P) ratio of the H-SAPO-34 support was
approximately 0.16 and the final Cu loading of each sample was estimated to be 0.7 wt%,
1.0 wt%, 1.5%, 2.0 wt% and 3.0 wt%, respectively. These numbers are close to the target
values based on initial amounts of Cu precursors, meaning that no significant loss of Cu

species occurred during the preparation. The crystal structures of Cu-SAPO-34 samples
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prepared by SSIE were verified by the XRD measurements. As shown in Figure 4.2, all
the XRD peak features of Cu-SAPO-34 coincide with those of the H-SAPO-34,
indicating that well-defined CHA framework structures were maintained after the high
temperature treatment during the SSIE process. However, two extra peaks at 36.30° and
38.72° were observed for samples SSIE-2.0 and SSIE-3.0. These two peaks are related to
CuO phases, with XRD data obtained from the physical mixture of CuO particles and H-
SAPO-34 shown in the inset of Figure 4.2. Some of CuO nanoparticles that were used in
the SSIE method were not completely exchanged into the support for the SSIE-2.0 and

SSIE-3.0, leading to some remaining CuO phases in these samples.
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Figure 4.2 XRD patterns of the as-prepared samples

The zeolite skeleton vibrations were characterized by ex situ DRIFTS in order to
study the influence of Cu on the zeolite framework (Figure 4.3). In the OH stretching
vibration region, multiple positive bands corresponding to different hydroxyl groups were
observed. The intense bands at 3625 and 3600 cm™ are due to the stretching vibrations of
bridging OH groups (Al-OH-Si) [61]. And the bands at 3730 and 3671 cm™ are assigned
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to the external surface Si-OH and P-OH groups, respectively [61]. All of these OH
groups decreased as the Cu loading increased, which strongly suggests that more protons
were replaced by the increasing amounts of Cu during the SSIE and as a result, hydroxyl

vibrations diminished.
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Figure 4.3 Ex-situ DRIFTS spectra obtained from the as-prepared Cu-SAPO-34 samples

On the other hand, two positive bands around 900 and 850 cm™ were detected.
The bands in this region originated from the perturbed zeolite skeleton vibrations.
Specifically, these two bands are assigned to the tetrahedral-oxygen-tetrahedral (T-O-T)
vibrations that interact with two types of exchanged Cu ions [129, 130]. In this work, we
denominated the lower wavenumber band (850 cm™) to be type 1 Cu and higher
wavenumber band (900 cm™) to be type 2 Cu. The appearance of these two bands
strongly suggests that Cu was successfully exchanged with the protons in the pores.
Indeed, the peak intensities of these two bands monotonically increased with increasing
Cu loading, further demonstrating that more Cu exchanged with an increase in target Cu
loading. Furthermore, UV-vis results (Figure 4.4) showed a single peak centered at 12500
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cm™ and a broad peak in the range of 35000-50000 cm™ for the Cu-SAPO-34 samples.
The former is due to the d-d transition of the hydrated isolated Cu®* structure and the
latter is the ligand to metal charge transfer (LMCT) that is caused by isolated Cu®* [71].
The intensities of both peaks monotonically increased with increasing Cu loading,
providing further evidence that isolated Cu®* sites were created during the solid state ion

exchange process.
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Figure 4.4 UV-vis spectra obtained from the as-prepared Cu-SAPO-34 samples

4.3.2 NH3-SCR performance

Standard SCR performance tests were conducted on as-prepared samples and the
NO and NHj; conversions at different reaction temperatures are shown in Figures 4.5 and
4.6, respectively. The maximum NO conversion did not exceed 14% over the H-SAPO-
34 sample. This is consistent with previous results on H-ZSM-5, H-Beta and H-SSZ-13,
where the proton form zeolite is not very active for the standard SCR reaction [62, 131,

132]. In comparison, all the Cu-SAPO-34 samples prepared via SSIE showed significant
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NO conversions, indicating that Cu species are essentially responsible for the NH3-SCR

performance.
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Figure 4.5 NO conversions during the standard SCR reaction over the as-prepared Cu-
SAPO-34 samples
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Figure 4.6 NH3 conversions during the standard SCR reaction over the as-prepared Cu-
SAPO-34 samples
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Furthermore, it is obvious that the relationship between NO conversion and Cu
loading shows distinct trends in two different temperature regions. In the low temperature
region (130 - 350°C), both the NO and NH3 conversions monotonically increased with
increasing Cu loading. This strongly suggests that the low temperature SCR performance
is mainly affected by the exchanged Cu species. On the other hand, the NO conversion
dropped with increasing Cu loading from 1.5% to 3.0% in the high temperature region
(350 - 550°C). In order to further investigate the Cu species’ impacts on the NO
conversion rate, the turnover frequency (TOF) values in a differential region were

estimated based on the total amounts of Cu species calculated by ICP.
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Figure 4.7 Calculated NO reaction rates at different temperatures

As shown in Figure 4.7, the NO reaction rate clearly increased with increasing
total Cu amount. This further proves that Cu sites are the active sites for NH3-SCR on
these samples. Additionally, the Arrhenius plots result in parallel slopes, suggesting that

the low temperature reaction mechanism did not change with increasing Cu loading and
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the NO reaction rate seems to be only affected by the number of Cu sites. In other words,
the presence of CuO species on SSIE-2.0 and SSIE-3.0 doesn’t seem to change the SCR
reaction pathway at low temperature. The apparent activation energies for the samples
were estimated to be 41.5 + 3.7 kJ/mol, which is close to the activation energy on CHA

catalysts reported by other groups [66, 72].

4.3.3 Acidity

Zeolite acidity has been reported to influence the SCR activity [98, 99, 133]. In
this study, the acid properties of as-prepared samples were studied via NHs3-TPD
experiments. NH3 has been accepted as an efficient probe molecule to characterize zeolite
acidity [134-136]. Here, the NH3-TPD experiments were conducted in both the micro-
reactor and DRIFTS reactor to better understand the NH;3 adsorption and desorption
features as a function of Cu loading. Figure 4.8 shows the effluent NH3 profiles during

the NH3-TPD process on each sample.
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Figure 4.8 Effluent NH; profiles during the NH3-TPD
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Three NH; desorption peaks were evident in the NH3-TPD results: a low
temperature peak at 150°C, a high temperature peak at 385°C and one in the valley
between the low and high temperature peaks, at ~250°C. These NH; desorption peaks
originate from NHj3 that adsorbed on sites with different acid strengths. However, the
assignments of these features are not straightforward. Therefore, the NH3-TPD was
further conducted in DRIFTS reactor in order to better distinguish the sites. The DRIFTS
spectra obtained from each sample after 60 minutes of NH3 exposure, to saturation, at

30°C are shown in Figure 4.9.
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Figure 4.9 DRIFTS spectra after NH3 adsorption for 60 minutes over H-SAPO-34 and
as-prepared samples

Similar to the zeolite framework vibrations, the same hydroxyl group stretching
vibration bands were evident upon NHj3 adsorption but with negative intensity. This is
because the hydroxyl groups were consumed by NHs; and therefore reduced the
corresponding stretching vibration intensities. As the Cu loading increased, the absolute

intensities of the bands corresponding to OH bridging sites generally reduced, indicating
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that the number of Brgnsted acid sites decreased with increasing Cu loading. On the other
hand, two bands at 1617 cm™ and 1460 cm™ were observed. The former is assigned to the
molecular NH3 vibration on Lewis acid sites and the latter one to the asymmetrical
vibrations of NH," ions formed on Bragnsted acid sites [61, 97]. From the DRIFTS spectra
it is clear that as the Cu loading increased, the number of Lewis acid sites monotonically
increased while the number of Brgnsted acid sites decreased. Again, the evolution of the
two types of acid sites is consistent with the results observed for the zeolite skeleton
vibrations, which also showed a reduction in the number of Brgnsted acid sites with
increasing Cu loading. Overall, more Lewis acid sites were created via Cu occupation of

Brensted acid sites in the pores.
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Figure 4.10 DRIFTS spectra taken during the NH3-TPD with sample SSIE-2.0

DRIFTS spectra during the NH3-TPD process were also collected (an example
obtained with SSIE-2.0 is shown in Figure 4.10). By integrating the DRIFTS peak areas
associated with the NH;" and NH3 bands at different desorption temperatures, the relative
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amounts of NH; adsorbed on the two types of sites were calculated at the different

temperatures. The results are described by Figure 4.11.
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Figure 4.11 Integrated peak areas of AI-OH-Si and NH3 on Lewis acid sites during the
NH3-TPD over sample SSIE-2.0

Adsorbed NHj3 started to desorb from both acid site types at the onset of the
temperature ramp, from 30°C, however, the NHj associated with Lewis acid sites
decreased more rapidly than the Brensted acid sites with increasing temperature. For
example, 30% of the Brgnsted acid sites were still occupied by NH3 at 400°C, while
almost no detectable peak corresponding to NH3 on Lewis acid sites was present. This
indicates that Brgnsted acid sites are generally stronger than Lewis acid sites on this
catalyst. Based on these data, the low temperature peak at 150°C is due to the weakly
adsorbed NHj3 the NH3 desorption peak at 250°C is associated with the NH3 adsorbed on
Lewis acid sites and the desorption peak at 385°C originated from NHj3; adsorbed on
Brensted acid sites. Furthermore, the NH3-TPD profile was deconvoluted and the area of

each deconvoluted peak was calculated to reflect the amount of different acid sites.
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The deconvoluted NH3-TPD profiles are shown in Figure 4.12 and Figure 4.13
depicts the calculated amount of Brgnsted acid sites (peak at 385°C) and Lewis acid sites
(peak at 250°C) as a function of Cu loading. It is clearly shown that the amount of
Brensted acid sites decreased with increasing Cu loading, and at the same time additional
Lewis acid sites were created. This is again consistent with the results discussed above
(DRIFTS of NHg3 adsorption inset of Figure 4.13). The transformation of the Brgnsted
acid sites to Lewis acid sites proves the successful replacement of protons by Cu ions
during the preparation process, or in other words, the solid state ion exchange process is
applicable to preparing Cu-exchanged small pore zeolite. In addition, as we observed in
the SCR performance results, the NO conversion at low temperature was elevated due to
the inclusion of Cu, in the meanwhile the number of Lewis acid sites increased. This
strongly suggests that the Lewis acid sites could play a key role in the SCR activity at
low temperature. On the other hand, the Brgnsted acid sites may not directly involve in
the SCR reaction at low temperature. Interestingly, only a slight increase in the amount of
Lewis acid sites was observed for SSIE-3.0 compared with that of sample SSIE-2.0. This
could possibly be due to the presence of CuO particles that do not show acid properties.
The total NH3 storage capacities estimated by NH3-TPD are shown in Figure 4.14. No
straightforward relationship between NH; storage capacities and low temperature NH3-
SCR activity were found on as-prepared samples. For example, the NH3 storage dropped
from 1581 pmol/g to 1494 pmol/g with increasing Cu loading from 2 wt% to 3 wit%,
however, the low temperature NO conversion monotonically increased with increasing

the Cu loading.
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Figure 4.14 Total NH3 storage capacities as a function of Cu loading over as-prepared
Cu-SAPO-34

4.3.4 Cu structures in as-prepared Cu-SAPO-34

As discussed above, two bands were observed in the zeolite skeleton vibration
DRIFTS spectra of the as-prepared Cu-SAPO-34 samples and the intensities of both
bands monotonically increased with an increase in Cu loading. This indicates that two
types of Cu exchanged sites were present in the samples and the amounts increased with
increasing Cu loading. Interestingly, DRIFTS bands corresponding to T-O-T vibrations
perturbed by two different types of Cu upon NH3 adsorption (900 and 850 cm™) were
also detected (Figure 4.9). These two bands are negative because the adsorbed NH3 on
exchanged Cu sites deformed the T-O-T vibrations, therefore reducing the band strength.

Similar to the features appearing in the skeleton vibrations, the intensities of both
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monotonically increased with increased Cu loading, proving that the amounts of two
types of exchanged Cu sites increased with increasing Cu loading.

In order to further describe these two types of Cu exchanged sites, DRIFTS
spectra were obtained before and after NO exposure. The spectra taken after the samples

were saturated with NO at 35°C are shown in Figure 4.15.
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Figure 4.15 DRIFTS spectra upon NO adsorption at 35°C over as-prepared Cu-SAPO-34

Several features were observed, at 2154, 1944, 1916, 1906 and 1575 cm™. The
broad band at 2154 cm™ is assigned to the formation of NO* and the band at 1575 cm™to
the formation of surface nitrate species [83, 87, 91] (this region not shown for brevity).
Additionally, the band at 1916 cm™, which was always accompanied with one at 1944
cm™, is attributed to the NO adsorbed on one type of Cu®* site (type 1 Cu), while the
band at 1906 cm™ indicates another type of Cu?* (type 2 Cu) [56, 111]. It is worthwhile

noting that no features corresponding to NO adsorbed on Cu” sites were observed in the
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1800-1700 cm™ range. This is seemingly inconsistent with recent findings proposing that
both Cu** and Cu* sites exist on Cu-SSZ-13 and Cu-SAPO-34 catalysts [60, 64].
However, we have to point out that the pretreatment for the NO adsorption experiment in
this study was consistently conducted in an O, environment; therefore, Cu®* would not be
reduced to Cu® under these oxidizing conditions, whereas in the presence of annealing or
reducing conditions, a reductant, Cu” sites could indeed form.

Again, both NO and NHj; adsorption provides evidence that two types of
exchanged Cu sites exist in the as-prepared samples and both are able to adsorb NH3 and
NO. In terms of identifications, it is reported that the band positions of T-O-T vibrations
are closely related to the energy that stabilizes the exchanged cations by the zeolite
framework and in particular, the lower wavenumber band corresponds to a stronger
interaction between the exchanged Cu cations and zeolite framework [137, 138]. In
addition, Lei et al., observed T-O-T framework vibration bands during flowing O, He,
CO and NO on Cu-ZSM-5 and they identified these bands to associate with isolated Cu*
ions and oxygen bridged Cu dimers Cu-O-Cu [130]. Interestingly, Kwak et al., also
suggested that two different Cu ions existed infon Cu-SSZ-13 via H,-TPR and DRIFTS
measurements, and they proposed that Cu ions primarily exchanged with protons in the
six-membered rings at low Cu loading, while at high Cu loading, Cu is also located in the
large cages [64]. Both of the bands seem to co-exist on these samples prepared by SSIE,
even on the sample with the lowest Cu loading. It is worthwhile mentioning that the
referenced SSZ-13 samples were prepared by a liquid ion exchange method, which could
explain the differences. The relative amounts of these two Cu sites were calculated by

integrating the DRIFTS peak areas associated with the skeleton vibrations and NO
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adsorption. As shown in Figure 4.16 (a) and (b), these two Cu sites show distinct
evolution trends with the change in Cu loading, as indicated by both skeleton vibration
and NO adsorption spectra. Obviously, the Cu structure features in both spectra show
very consistent results: type 2 (higher wavenumber) Cu increased almost linearly with
increasing Cu loading while the type 1 Cu (lower wavenumber) feature intensity initially
also increased relatively linearly, except at the high loadings where only a slight increase
was observed between the 2.0 to 3.0 Cu loadings. Also, only a slight increase in the
standard SCR performance was observed when the Cu loading was increased from 2.0 wt%
to 3.0 wt%. If type 2 Cu is the active site for the NH3-SCR reaction at low temperature, a
more significant improvement in the NO conversion would be expected for SSIE-3.0,
however, this was not the case. In addition, it has been widely reported that isolated Cu is
the active site for NH3-SCR on Cu-CHA catalysts [57, 59-61, 72]. Therefore, it is very
likely that the type 1 Cu site corresponds to isolated Cu sites and type 2 Cu is associated
with larger Cu,Oy clusters (dimeric or oligomeric Cu species) that seem to have
inevitably formed during the solid state ion exchange process. Indeed, a significant
fraction of metal oxide complex (dimers and oligomers) could be present in high load Fe
and Cu-exchanged zeolite and these sites are active for NO decomposition reaction but

do not necessarily contribute to NH3-SCR [59, 130, 139-141].

88



1.2 -8
(a) n
1.0
~6
T 08- 5
s Q
g g
5 06 8
% .3
3 g
5 o
s )
8 5
£ 024 " g
0.0 1 - Type 1 Cu in skeleton vibration(850cm’1)
-&- Type 2 Cu in skeleton vibration(900cm'1)
024, T T T T T r 0
0.5 1.0 1.5 2.0 25 3.0 3.5
Cu loading (wt%)
18x10°
(b)
~0.10
16
R -008 3
= @
= @
= V)
8 12 g
2 ~0.06 9
g 104 ]
- Q
el =
g 8
g 8- -0.04 ®
2 c
= o
6 )
~0.02
4 - NO adsorbed on type 1 Cu
- NO adsorbed on type 2 Cu
2 -0.00

T T T T T T T
0.5 1.0 1.5 2.0 25 3.0 35

Cu loading (wt%)

Figure 4.16 Evolution of two types of exchanged Cu sites calculated by integrating the
peak areas in: (a) framework vibration DRIFTS spectra; (b) NO adsorption
DRIFTS spectra

H,-TPR was used to quantitatively distinguish the amounts of these two Cu sites

for each sample. As shown in Figure 4.17, three main H, consumption peaks, at 260, 340
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and 375°C, were observed during reduction to 500°C. However, there is no real
consensus on the identification of these peaks. For example, Xue et al., [60] observed
similar H, consumption peaks on Cu-SAPO-34, prepared by a liquid ion exchange
method, and they assigned these peaks to be isolated Cu®*, nanosized CuO and reduction
of Cu" to Cu° respectively. However, a H,-TPR experiment performed on pure
nanosized CuO showed that the reduction of CuO took place at much lower temperature,
around 250°C. Therefore, it seems reasonable to assign the H, consumption peak at

around 260°C to CuO particles.
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Figure 4.17 H, consumption profiles during Ho-TPR

Furthermore, Feng et al., [62] observed a H, consumption peak at ~613°C on Cu-
SSZ-13 and attributed it to the reduction of Cu* to Cu’. However, no such peak was
observed in this study, indicating that the reduction profile for Cu-SAPO-34 may differ

from Cu-SSZ-13. It is also worthwhile noticing that the areas of the second peak is larger
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than the third peak, which suggests that these peaks may not be caused by the two-step
reduction of Cu** to Cu* and Cu* to Cu’. Kwak et.al., [64] found that Cu-SSZ-13 with a
relatively low Cu loading resulted in only a single H, consumption peak, while the higher
Cu loading sampled showed an additional peak at lower temperature. The authors
proposed that the Cu?* species in the six-membered rings are the most stable sites,
requiring higher reduction temperature. Based on this hypothesis, the H, consumption
peak at 375°C is assigned to isolated Cu®* and the peak at 340°C attributed to the CuxOy
clusters. Based on these tentative assignments, the amounts of different Cu sites were

calculated by quantifying the H, consumption and the results are shown in Figure 4.18.
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Figure 4.18 Amounts of isolated Cu** and CuxOy clusters estimated by H,-TPR

The general evolution of the isolated Cu?* and CuO cluster species are very
similar to the trends observed via DRIFTS. For example, the amount of isolated Cu®*
only slightly increased with increasing the Cu loading from 2.0% to 3.0% while the Cu

cluster sites still significantly increased for SSIE-3.0. In addition, a H, consumption peak
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at around 900°C was also observed. A similar high temperature peak has previously been
assigned to the reduction of Cu* to Cu® on the exchanged sites [62]. However, the same
peak was also observed on the H-SAPO-34 sample, i.e., without any Cu species.
Furthermore, the sample color remained blue if the H,-TPR experiment was terminated at
800°C. This suggests that the Cu sites might not have completely reduced to Cu® below
800°C, otherwise the sample should change to dark brown. Therefore, this high
temperature H, consumption peak could be due to the reduction of Cu* to Cu® and/or the

reaction with framework oxygen.
4.3.5 NHj3 oxidation

NHs conversion during NH3 oxidation results are shown in Figure 4.19. NH3
oxidation is quite active on the as-prepared samples, especially above 400°C. For
example, the NH3 conversion reached as high as 96% on sample SSIE-3.0. NH3 oxidation

activity monotonically increased with the increase in Cu loading.
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Figure 4.19 NHj3 conversions and NO formation during NH3 oxidation
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Figure 4.20 NH3 conversions during NH3 oxidation over a physical mixture of CuO+H-
SAPO-34

As a result, a monotonic increase in the selectivity to NO with increasing Cu
loading was also observed at temperatures above 400°C, while below 400°C, all the NH3
was selectively converted to N,. In addition, Kwak et al., [142] found that For Cu/y-
Al,O3 samples, the CuO particle dispersion plays an important role in NH3 oxidation
activity. They observed decent NH; oxidation activity over aggregated CuO/y-Al;03
while well dispersed CuO showed negligible oxidation performance. Therefore, it is
likely that NH3 oxidation over Cu-SAPO-34 is related to the presence of the CuyOy
clusters. Furthermore, a physical mixture of CuO and H-SAPO-34 essentially showed
good NHj3 oxidation ability (Figure 4.20). In addition, NH3 oxidation activity extensively
increased with increasing Cu loading from 2 to 3%, which correlates to the evolution in
the amount of Cu,Oy that significantly increased when the Cu loading was increased to

3%. Therefore, it appears that NH3 oxidation is definitely influenced by the CuxOy
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clusters. Furthermore, NO conversion dropped with increasing Cu loading from 1.5% to
3.0% in the high temperature region (350-550°C). Simultaneously, the NH3 conversion
continued to increase with increasing Cu loading. Again, the high temperature standard
SCR performance could be significantly inhibited by the competitive NH;3 oxidation

which consumes NH3 and produces undesired NO.

4.4 Conclusions

A series of Cu-SAPO-34 catalyst with various Cu loadings (ranging from 0.7 to 3
wt%) were prepared by a solid state ion exchange method. Different types of Cu
structures were observed in the as-prepared samples: isolated Cu?* and CuxOy clusters
(dimeric or oligomeric Cu species) and CuO particles. The presence of Cu® sites was
primarily determined by the oxidizing/reducing environments. For example, under
oxidizing conditions, only Cu?* sites were observed. The amounts of isolated Cu®* and
CuxOy clusters increased as the Cu loading increased. However, they showed different
trends as a function of Cu loading. The amount of isolated Cu?* continued to increase
with increasing Cu loading up to 2.0 wt% and only slightly increased with higher Cu
loadings. However, the amount of CuxOy clusters continuously increased with increasing
Cu loading. Isolated Cu?* sites were responsible for the NH3-SCR reaction at low

temperature while the CuxOy could catalyze NH3 oxidation at high temperature.
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Chapter 5 Excellent performance in NH3-SCR over Cu-SSZ-13

catalyst prepared by a solid state ion exchange method

5.1 Introduction

The solid state ion exchange (SSIE) method has been previously applied to obtain
Fe-exchanged ZSM-5 for NOy reduction [143-146]. Different iron sources (e.g., FeCly,
FeCl; and FeSO,4) were also used [143, 147, 148]. However, it was reported that Fe-
ZSM-5 prepared by the SSIE method were more active for N,O decomposition reactions,
while less active for NH3-SCR in comparison to that obtained by WIE [144, 149-151]. In
contrast, SSIE has been much less mentioned for the preparation of Cu-exchange zeolite
SCR catalysts.

This chapter described a follow-on study to the one detailed in Chapter 4, where a
solid state ion exchange method (SSIE) for the synthesis of Cu-SAPO-34 catalysts was
developed. In this chapter, the solid state ion-exchange method was further improved and
extended to synthesize Cu-SSZ-13 catalysts. By tuning the optimal preparation protocol
of the solid state procedure, Cu-SAPO-34 and Cu-SSZ-13 catalysts with highly active
SCR performance and excellent hydrothermal stability were prepared. Compared with the
conventional wetness ion exchange process, which requires several time-consuming
processes such as concentration/pH control, calcination steps, and wash and dry
processes, the solid state method is relatively simple and therefore is an alternative to
obtain Cu-exchanged small pore zeolite SCR catalysts. In the second part the chapter, the
acid properties and Cu structures of Cu-SSZ-13 with different Cu loadings were

characterized and compared with those of Cu-SAPO-34 samples.
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5.2 Experimental

The method followed to synthesize the Na* form of SSZ-13 (Na-SSZ-13) zeolite
is described in Ref [45]. The synthesized Na-SSZ-13 material has a Si/Al ratio of 6. The
Na-SSZ-13 is transformed into the NH4* form by adding the powder zeolite sample into
a 0.1 M NH4NO3 solution at 80°C for 8 hours [62]. The solid state ion exchange was
conducted in a tube furnace equipped with a continuous flow of air. One gram of the
NH4-SSZ-13 powder sample was first thoroughly mixed with 50 mg of CuO nanosized
particles (Sigma Aldrich, <50nm) until the color of the resulting physical mixture became
uniformly grey. The physical mixture was loaded in to a quartz boat and placed in a tube
furnace followed by heating to either 700 or 800°C in the presence of 350 cm®/min dry
air. The temperature profile followed several ramp and hold procedures. The tube furnace
was first heated to 120°C, maintained at that temperature for 4h in order to remove any
moisture from the sample and then was ramped to 600°C at 2°C/min and held there for 5
hours to remove the NH; from the Brgnsted acid sites as well as the residual structural
directing agents (SDAs). Subsequently, the temperature was increased to either 700°C or
800°C, at 2°C/min and maintained at that temperature for 16 hours before cooling to
room temperature. The resulting samples, with the final thermal treatment at 700 and
800°C, are named as SS-CuSSZ-13(700C) and SS-CuSSZ-13(800C), respectively.

The standard SCR performance tests were performed with a flow containing 500
ppm NO, 500 ppm NHs, 10% O, and 10% H,O with a balance of N, and a corresponding
gas hourly space velocity (GHSV) of 240000 h™'. The NH; oxidation reaction tests were

conducted in a flow containing 500 ppm NH3, 10% O, and 10% H,O with a balance of
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N,. The total flow rate was 600 cm®/min. The NO and NH3 conversions were calculated

using the following equations

C . _C

Xno = % X 100% and (5.1)
C . _C

XN, = “MHsin= MHsout o 1009%. (5.2)

CNH3;p,

X-ray diffraction (XRD) measurements were performance on a Siemens D5000
Diffractometer equipped with a Cu-Ka detector. The BET surface area and pore volume
measurements were carried out in a Micromeritics® ASAP 2020 machine. 200 mg
powder form sample was used for each test. The NHj; temperature programmed
desorption (NH3-TPD) experiments were performed by loading 120 mg of powder
catalyst in the quartz tube reactor. The as-prepared samples were first calcined in 10% O,
in N, at 500°C for 1 h followed by decreasing the temperature to 35°C. The NHj;
adsorption process was conducted by introducing 500 ppm NH; in 300 cm®min total
flow onto the catalyst for 2 h. Once the catalyst was saturated, NH3 was turned off and
the catalyst was purged with N, only for 2 h. Subsequently, the temperature was
increased to 550°C with a 10°C/min. The in-situ DRIFTS experiments were conducted by
loading 60 mg powder catalysts into the sample cup of the high temperature reaction
chamber. Prior to each test, the catalyst sample was pretreated at 550°C in 10% O,/He for
1h before cooling to 30°C. NH3; and NO adsorption experiments were performed by
introducing 500 ppm NH3 or 200 ppm NO onto the samples for 1 h and the spectra were
collected by subtracting the background spectra recorded during exposure to pure Helium

at 30°C.
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5.3 Results and Discussion

5.3.1 Excellent SCR performance of Cu-SSZ-13 prepared by solid state method

The crystallinity of the as-prepared samples was analyzed using X-ray diffraction
(XRD), and the data are shown in Figure 5.1. The zeolite frameworks were well
maintained after the solid state ion exchange process, as all the diffraction peaks match
those in the XRD pattern taken from the H-SSZ-13 reference. In addition, CuO phases
were observed at 35.54° and 38.76° in both Cu-containing samples, and these features

were also observed in the XRD pattern of the physical mixture of H-SSZ-13 and CuO.
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Figure 5.1 XRD patterns of as-prepared Cu-SSZ-13 samples and H-SSZ-13

As listed in Table 5.1, the BET surface area and micro pore volume of the 700°C
prepared Cu-exchanged sample are slightly lower than those of H-SSZ-13. However, SS-

CuSSZ-13(800C), prepared at 800°C in the solid state ion exchange process, showed
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significant drops in both surface area and micro pore volume. This is possibly due to

some structural damage of the zeolite framework at this temperature.

Table 5.1 BET surface area and pore volume on as-prepared samples and H-SSZ-13

Samples Si/Al Cu(vlvot%/((j);ng ilf;s(%%c)e M\I/%ﬁarﬁzre
(cm*/g)
H-SSZ-13 6 0 646.63 0.43
SS-CuSSZ-13(700C) 6 4.10% 529.39 0.45
SS-CuSSZ-13(800C) 6 4.01% 360.79 0.29
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Figure 5.2 Comparison of SCR activities over samples prepared by the solid state
exchange method and a commercial catalyst (Reaction conditions: 500 ppm
NHs, 500 ppm NO, 10% H,0, 10% O, balance N, GHSV = 240,000 hr™)

Figure 5.2 compares NOy conversion of the as-prepared solid state ion exchanged

Cu-SSZ-13 catalysts with a commercial Cu-SSZ-13 whose details are described in ref

[152]. The gas hourly space velocity (GHSV) of these performance tests was 240,000 h™.
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The Cu-SSZ-13 samples prepared via the solid state approach showed very similar SCR
activity as compared to the commercial sample. For example, both SS-CuSSZ-13(700C)
and SS-CuSSZ-13(800C) achieved above 95% NO conversion between 250 - 450°C. The
NO conversions with SS-CuSSZ-13(700C) are even higher than the commercial sample
at temperatures above 450°C. In addition, both of the as-prepared samples obtained very
high N, selectivity (nearly 100%) over the test temperature window. The solid state

method proved to produce highly active and selective SCR catalysts.
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Figure 5.3 NH3-TPD over as-prepared samples and H-SSZ-13 (experimental conditions:

500 ppm NH; adsorption at 35 °C for 2h followed by purging by N, for 2h,
subsequently the temperature was ramped to 550 °C with 10°C/min)

NH;3; temperature programmed desorption (NH3-TPD) experiments were
performed on the as-prepared samples as well as H-SSZ-13 (Figure 5.3). During the TPD,
three peaks were observed: a low temperature peak at 150°C, a high temperature peak
above 400°C and a smaller feature between these low and high temperature peaks at

around 280°C. The low temperature peak at 150°C is assigned to weakly adsorbed NH3
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such as physisorbed NH3; and NH3 adsorbed on weak Lewis acid sites. The desorption at
280°C and the high temperature peak above 400°C are associated with NH3 adsorbed on
Lewis acid sites and Brgnsted acid sites, respectively. Compared with the H-SSZ-13
sample, the total number of Lewis acid sites was greater, due to the inclusion of Cu ions,
while the amount of Brgnsted acid sites was significantly reduced. This provides strong
evidence that the Brgnsted acid sites were indeed replaced by Cu during the solid state
ion exchange process.

In order to further confirm Cu ion exchange, NH3; adsorption experiments were
conducted in a DRIFTS reactor. As shown in Figure 5.4, negative bands at 3733, 3660,
3612 and 3585 cm™ were observed. The bands at 3733 and 3660 cm™ are assigned to
NH;3 adsorbed on the external Si-OH and AI-OH groups, respectively [153]. The bands at
3612 and 3585 cm™ correspond to the stretching vibrations of the AI-OH-Si groups,
which are the signatures of the Brensted acid sites on zeolite materials [153-155]. The
intensities of these two bands were weaker on the Cu-containing samples in comparison
to H-SSZ-13, indicating that the amounts of Brgnsted acid sites were decreased after Cu
exchange. In other words, the solid state ion exchange did lead to Cu ions replacing the
protons on the Brgnsted acid sites, and therefore weakened the OH stretching vibration
intensities. On the other hand, a negative band was detected around 900 cm™, which was
accompanied by a weak shoulder at 940 cm™. The peaks in this region are assigned to the
tetrahedral cation-oxygen-tetrahedral cation (T-O-T) framework vibrations that were
perturbed by ion exchanged copper species [64]. These bands are negative due to the
restored T-O-T vibrations due to NHj; adsorption on the Cu sites, again confirming the

reaction of CuO with Brgnsted acid protons to form exchanged Cu sites according to
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2Z0-H + CuO > Z0O-Cu-0Z + H;0, (5.3)

where ZO™ and ZO-H represent the zeolite lattice and Brensted acid protons, respectively.
It is worth mentioning here that the peak at 900 cm™ was significantly more intense than
that at 940 cm™. It has been reported that the IR band at 900 cm™ corresponds to isolated
Cu?* sites located in the six-membered ring in the Chabazite framework and the 940cm™
band results from a different type and/or location of Cu site [64]. Therefore, it is apparent
that isolated Cu®* sites were selectively formed in the as-prepared samples, which could

explain the excellent NO conversion on the samples prepared.
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Figure 5.4 DRIFTS spectra taken over NH3 saturated as-prepared samples and H-SSZ-13

(experimental conditions: sample exposed to 500 ppm NHj3 in He at 30°C for
60 minutes, total flow was 50 cm*/min)

At high temperatures NH3 oxidation with oxygen leads to lower NOy conversion
[156]. Therefore, the drop in NO conversion at high temperature on sample SS-CuSSZ-

13(800C) is very likely caused by an increase in the competitive NH3 oxidation reaction.
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Figure 5.5 NH3; conversions in NH3 oxidation reaction on as-prepared samples (reaction
conditions: 500 ppm NHs, 10% H,0, 10% O,, balance N,, GHSV = 240,000
hr)

To verify, NH3 oxidation experiments were performed on the as-prepared samples
and, as shown in Figure 5.5, the NH3 conversion was much higher on SS-CuSSZ-
13(800C), as compared to sample SS-CuSSZ-13(700C). For example, the NH;
conversion reached 96% at 550°C over SS-CuSSZ-13(800C) while it only reached 56%
over SS-CuSSZ-13(700C) at the same reaction temperature. This implies that some of the
Cu may have aggregated during the 800°C thermal treatment of the synthesis, relative to
the amount at 700°C. The NO production rates were also calculated in order to clearly
compare the selectivity of NH; oxidation on the two samples. In particular, the NO
production rates at temperature below 450°C were nil for both samples, indicating that a

high N selectivity was achieved in NH3 oxidation. In addition, the NO production rates

of SS-CuSSZ-13(700C) at 450°C, 500°C and 550°C are 4.38x10°°, 2.51x10° and
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5.34x10™ (mol NO*mol Cu™*s™), respectively. In comparison, the NO production rates
on SS-CuSSZ-13(800C) 450°C, 500°C and 550°C are 8.84x10°, 4.18x10° and 1.44x10™
(mol NO*mol Cu™*s™), respectively. Therefore, the selectivity to NO indeed increased
with the higher temperature condition. This is consistent with other findings, where
aggregation of CuO species was observed on Cu-SAPO-34 and Cu-SSZ-13 catalysts after
a high temperature treatment [46, 63]. It seems that more CuO aggregates were generated

on SS-CuSSZ-13(800C), which enhanced the unselective NH; oxidation reaction [142].
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Figure 5.6 NO conversions in standard SCR reaction on as-prepared samples under
different thermal treatment (Thermal treatment conditions: 20% O,, and
balance N, in 300 cm®/min total flow)

In order to further confirm the evolution of CuO during the high temperature
treatment of the solid state process, a fresh SS-Cu-SSZ-13(700C) sample was thermally
treated in 20% O, without H,0 at 750°C and 800°C for 12 h, and was then characterized.

NO conversions under standard SCR reaction conditions at different temperatures are
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shown in Figure 5.6. After a high temperature treatment at 750°C, the NO conversions at
temperatures lower than 400°C were maintained while the NO conversions dropped
slightly at temperatures above 400°C. When the sample was further treated at 800°C for
12h, the NO conversions at temperatures higher than 250°C continued to decrease,
however, the low temperature SCR activity was retained. It appears that the high
temperature treatment, in dry conditions, did not change the nature or number of isolated

Cu®" sites, which are responsible for the low temperature activity.
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Figure 5.7 NH3 conversions in NH3 oxidation on as-prepared samples under different
thermal treatment (Thermal treatment conditions: 20% O, and balance N, in
300 cm*/min total flow)

The decrease in high temperature activity is believed to be due to the non-
selective NHj3 oxidation reaction. Indeed, the NH; oxidation activity showed an
increasing tread with increasing thermal aging temperature from 750°C to 800°C, as
described in Figure 5.7. This evolution coincides with the observation that CuO particles
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aggregated during the high temperature thermal treatment. As a result, the NH3 oxidation

activity was promoted and the high temperature SCR activity dropped.
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Figure 5.8 SCR performances performed over sample SS-CuSSZ-13(700C) before and

after 750°C hydrothermal aging for 16h (aging conditions: 10% H,0O, 10%
0,, balance N,, GHSV = 240,000 hr)

The hydrothermal stability of the as-prepared samples are estimated by treating
the catalyst at 750°C for 16 hours in flowing 10% H,0 + 10% O, in a balance of N,. As
shown in Figure 5.8, after the 750°C hydrothermal aging, the low temperature SCR
activity was maintained. Simultaneously, the NO conversions at temperatures above
400°C were decreased. Again, the drop of the NO conversions at high temperature is
likely due to the formation of aggregated CuO that leads to higher competitive NH3
oxidation reaction rates. Therefore, the overall hydrothermal stability of the Cu-SSz-13

sample prepared by the solid state is promising.
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5.3.2 Characterizations of Cu structure in Cu-SSZ-13

In order to study Cu structure changes as a function of Cu loading, a series of Cu-
SSZ-13 samples with different Cu loadings were prepared, using the same solid state
procedure at 700°C that was described at the beginning of this chapter. The estimated Cu
loadings are 1.7 wt%, 2.2 wt% and 4.1 wt%, respectively, according to ICP analysis.
These samples are named SS-SSZ-1.0, SS-SSZ-1.7, SS-SSZ-2.2 and SS-SSZ-4.1 in this
section. The surface areas and pore volumes of the as-prepared samples are listed in
Table 5.2. For example, the measured surface area and pore volume of sample SS-SSZ-
1.0 were 602 m%/g and 0.41 cm®/g, respectively. This turned out to be slightly lower than
those of the H-SSZ-13 sample. As the Cu loading increased, the BET surface area of the
samples generally decreased, however, most of the surface areas and pore volumes were
maintained after the high temperature treatment associated with the solid state procedure.

Standard SCR performance tests were conducted and the NO conversions at
different temperatures are shown in Figure 5.9. At temperatures lower than 400°C, NO
conversions monotonically increased with increasing Cu loading. This result is consistent
with SCR performance tests conducted with the Cu-SAPO-34 samples that were
discussed in Chapter 4. Again, the low temperature SCR activity is mainly affected by the
exchanged Cu species. On the other hand, the NO conversions at temperatures above
400°C were all quite high, almost 95% for all the samples. This differs from what was
observed with Cu-SAPO-34, where the NO conversion dropped in the same temperature

range with increasing Cu loading from 1.5 wt% to 3.0 wt%.
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Table 5.2 BET surface area and pore volume measurement on as-prepared samples with
different Cu loading

BET surface | Micropore volume
Sample Si/Al | Cu loading (wt%b)
area (m%/g) (cm’/g)
SS-SSZ-1.0 6 1.0% 602 0.41
SS-SSZ-1.7 6 1.7% 547 0.38
SS-SSz-2.2 6 2.2% 591 0.40
SS-SSzZ-4.1 6 4.1% 529 0.45

Standard SCR performance tests were conducted and the NO conversions at
different temperatures are shown in Figure 5.9. At temperatures lower than 400°C, NO
conversions monotonically increased with increasing Cu loading. This result is consistent
with SCR performance tests conducted with the Cu-SAPO-34 samples that was discussed
in Chapter 4. Again, the low temperature SCR activity is mainly affected by the
exchanged Cu species. On the other hand, the NO conversions at temperatures above
400°C were all quite high, almost 95% for all the samples. This differs from what was
observed with Cu-SAPO-34, where the NO conversion dropped in the same temperature

range with increasing Cu loading from 1.5 wt% to 3.0 wt%.
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Figure 5.9 Comparison of SCR activities over as-prepared samples with different Cu
loading (Reaction conditions: 500 ppm NHs, 500 ppm NO, 10% H,0, 10%
0,, balance N,, GHSV = 240,000 hr)
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Figure 5.10 XRD patterns of as-prepared Cu-SSZ-13 samples with different Cu loading
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The crystallinity of the as-prepared samples was verified using XRD. As shown in
Figure 5.10, all the diffraction peaks of the CHA crystal phases were well maintained as
observed in the XRD patterns. Therefore, the crystallinity of the as-prepared samples was
intact after the solid state process. In addition, CuO phases, with diffraction peaks at
35.54° and 38.76°, were also detected in all the Cu-SSZ-13 samples. Indeed, like Cu-
SAPO-34, some of CuO particles may not have completely exchanged into the pores,
resulting in some remaining CuO phases on the samples.

The zeolite acid properties of the as-prepared Cu-SSZ-13 were studied using
NH3-TPD. As described in Figure 5.11, three desorption peaks were present in NHj
profiles during the temperature ramp process. As previously mentioned, the low
temperature peak at 150°C is assigned to physisorbed NH3; and NH3 adsorbed on weak
acid sites, such as extraframework Al-OH sites. The desorption peak at 280°C and the
high temperature peak above 400°C are assigned to the NH3 adsorbed on strong Lewis
acid sites and Brgnsted acid sites, respectively. Similar to the NH3-TPD profiles collected
from the SAPO-34 samples, the amount of Lewis acid sites increased with increasing Cu
loading, proving that more Cu ions were incorporated with the zeolite framework when
additional CuO precursors were used in the solid state process. Additionally, if we
compare the total NH3; uptake of the Cu-SAPO-34 and Cu-SSZ-13, it is obvious that the
Cu-SAPO-34 has a much larger NH3 storage capacity than that of Cu-SSZ-13, which
could be due to different Si/Al and (Al+P)/Si ratios in the H-SSZ-13 and H-SAPO-34

samples as well as different resistances towards the high temperature treatment.
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Figure 5.11 NH3-TPD results over as-prepared samples with different Cu loading
DRIFTS was also used to probe the Cu structures, using NH3 adsorption. As
shown in Figure 5.12, exchanged Cu features, which were observed on Cu-SAPO-34
samples, were also detected at 940 cm™ and 900 cm™ over the Cu-SSZ-13 samples during
the NH3 adsorption process. However, the characteristics of the bands are different for
Cu-SAPO-34 and Cu-SSZ-13. In Cu-SSZ-13, the bands at 900 cm™ were very sharp
while the bands at 940 cm™ only appeared to be shoulders. This trend differs from that
observed on the Cu-SAPO-34. For Cu-SAPO-34, the bands at the higher wavenumber
(type 2 Cu) were much broader and larger than the bands at the lower wavenumber (type
1 Cu). Type 1 Cu was attributed to the isolated Cu sites while type 2 Cu was associated
with the CuyOy clusters. Based on these assignments, it appears that decent amounts of
CuxOy clusters were formed on Cu-SAPO-34 relative to Cu-SSZ-13, and most of the Cu

ions were incorporated as isolated Cu?* sites on the SSZ-13 samples. Both of the
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exchanged Cu sites on Cu-SSZ-13 increased with increase Cu loading, again proving that
more Cu could exchange with the protons in the pores of the SSZ-13 material, as was

observed in Cu-SAPO-34 samples as well.
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Figure 5.12 DRIFTS spectra taken over NH; saturated as-prepared samples with

different Cu loadings (experimental conditions: the sample was exposed to
500 ppm NHs in He at 30°C for 60 minutes, total flow was 50 cm®/min)

To further probe the evolution of the exchanged Cu sites, DRIFTS spectra were
also obtained during NO adsorption at 30°C. Major bands were detected between 1800-
2000 cm™ in the DRIFTS spectra, as depicted in Figure 5.13. As a reminder, the bands in
this wavenumber range are caused by NO adsorbed on different types/locations of Cu?*
sites. In particular, the band at 1909 cm™, which is accompanied by one at 1947 cm™,
corresponds to NO adsorbed on isolated Cu?* sites and the band at 1893 cm™ is assigned

to NO adsorbed on another type of Cu®" site, possibly CuxOy clusters. All the band

intensities increased monotonically with increasing Cu loading, which is consistent with
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the DRIFTS spectra upon NH; adsorption showing that the number of all types of Cu?*
sites increased as the Cu loading increased. Interestingly, the bands corresponding to
isolated Cu™* were much more intense than the bands associated with CuxOy clusters.
This further supports isolated Cu?* sites being formed preferentially on Cu-SSZ-13. It is
worth mentioning that a larger Cu,Oy feature was detected on the Cu-SAPO-34 samples.
Therefore, it seems that Cu structure distributions, which originate during the solid state

ion exchange, are indeed different in as-prepared Cu-SSZ-13 and Cu-SAPO-34.
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Figure 5.13 DRIFTS spectra taken over NO saturated as-prepared samples with different
Cu loadings (experimental conditions: the sample was exposed to 200 ppm
NO in He at 30°C for 60 minutes, total flow was 50 cm*/min)

NH; oxidation was evaluated and the conversions are shown in Figure 5.14. NH3
conversion monotonically increased with increasing Cu loading, which is in step with the
results obtained with Cu-SAPO-34, Chapter 4. However, NH3 oxidation is much less

active on the Cu-SSZ-13 samples than that on Cu-SAPO-34. This difference can be
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explained by the larger amount of CuxOy clusters/particles present on Cu-SAPO-34

relative to Cu-SSZ-13, as discussed in the DRIFTS characterization results above.
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Figure 5.14 NHj3 conversions during an NH3 oxidation reaction experiment (reaction

conditions: 500 ppm NHs, 10% H,O, 10% O,, balance N,, GHSV =
240,000 hr'h)

5.4 Conclusions

A solid state ion exchange method was used to prepare Cu-exchanged SSZ-13
catalysts, which were then evaluated for the NH3-SCR reaction. The prepared catalysts
showed excellent SCR activity as well as sustainable hydrothermal stability. The data
suggest that isolated Cu®* sites were more selectively formed on Cu-SSZ-13 which
accounted for the excellent NO conversion observed. Compared with the conventional
wetness ion exchange process, the solid state method is relatively efficient and simple

and therefore, it is an alternative to obtain the highly active and stable Cu-CHA catalysts.
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Chapter 6 Comparison between Cu-SSZ-13 and Cu-SAPO-34

upon hydrothermal aging

6.1 Introduction

In a typical diesel engine after-treatment system, a diesel oxidation catalyst (DOC)
and diesel particulate filter (DPF) are used to remove the unburned hydrocarbons, CO
and particulate matter upstream of the SCR catalyst. The DPF needs to be periodically
regenerated and a great deal of heat can then be transferred to the SCR catalyst. The high
temperature exposure (>650°C) with the presence of moisture in the feed could damage
the zeolite framework structure via a dealumination process. One of the significant
advantages of the small pore Cu-CHA zeolite catalysts is its excellent hydrothermal
stability. Both Cu-SSZ-13 and Cu-SAPO-34 are reported to maintain their SCR activity
after hydrothermal aging at 800°C [45, 46, 66]. SSZ-13 and SAPO-34 zeolites have the
largest pore opening of 3.8A. The dealumination product AI(OH)s, which has a
calculated kinetic diameter of 5.03 A, is likely to be restrained in the small pores and as a
result, the dealumination process is hindered during the hydrothermal aging process [45].
In this chapter, the hydrothermal aging effects on Cu-SSZ-13 and Cu-SAPO-34 catalysts
are investigated and compared. XRD, DRIFTS and NH3-TPD were used to characterize
the structure, acidity and Cu site changes during the hydrothermal treatment. Different

resistances to hydrothermal aging were discussed.
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6.2 Experimental

6.2.1 Catalyst preparation

The H-form SAPO-34 zeolite support was purchased from ACS materials. The
Na-form SSZ-13 zeolite was synthesized in house using the hydrothermal method that
was reported in Ref [45]. The obtained Na-SSZ-13 zeolite has a Si/Al ratio of 6.
Subsequently, the Na-SSZ-13 was added into a 0.1 M NH4NO3 solution with continuous
stirring at 80°C for 8 hours. The resulting NH4-SSZ-13 powder was separated from the
solution by filtration followed by several washing steps. Finally, the material was dried in
an oven at 120 °C overnight. The solid state ion exchange was performed in a tube
furnace equipped with a continuous flow of air. The detailed procedure is described in
Chapter 4 and Chapter 5. Both SAPO-34 and SSZ-13 were heated at 700°C in the
presence of 350 cm®min dry air for 16h. The as-prepared samples are named as SS-

CuSSZ-13(700C) and SS-CuSAPO-34(700C), respectively.
6.2.2 Catalyst characterization

The elemental compositions of the samples were analyzed by ICP (Galbraith
Laboratories). X-ray diffraction (XRD) measurements were performed in a Siemens
D5000 Diffractometer equipped with a Cu-Ko detector. The NHj; temperature
programmed desorption (NH3-TPD) experiments were conducted in the micro-scale
reactor system described in Chapter 2. In each test, 120 mg of powder catalyst sample,
mixed with 360 mg quartz beads, was pretreated in 10% O, in N, at 550°C for 1 h. After
pretreatment, a total flow of 300 cm*/min containing 500 ppm NHs in N, was introduced

into the reactor for 2 h at 35 °C. After the catalyst was saturated, NH3; was switched off
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and only N, was fed to the reactor for another 2 h to remove any gas phase or weakly
adsorbed NHs. The final stage involved a temperature ramp to 550°C with a heating rate
of 10 °C/min. In-situ DRIFTS experiments were performed by loading 60 mg powder
catalysts into the sample cup of the high temperature reaction chamber. The pretreatment
was conducted at 550°C in 10% O,/He for 1h before cooling to 30°C. For NH3 and NO
adsorption experiments, the spectra were taken by subtracting the background spectra
recorded during exposure to the sample to 50 cm®min pure He. NH; adsorption was
conducted in a 50 cm®min flow containing 500 ppm NH; in a balance of He and NO
adsorption spectra were performed in a 50 cm*/min flow containing 200 ppm NO in a

balance of He.
6.2.3 NH3-SCR and NH3; oxidation reaction tests

The standard SCR reaction and NH3 oxidation reaction tests were performed by
loading 120 mg powder catalyst mixed with 360 mg quartz beads in the micro-scale
reactor. Prior to each test, the catalyst was pretreated 550°C for 2 h in flowing 10% O in
a balance of N,. The simulated exhaust gas contained 500 ppm NO, 500 ppm NHs;, 10%
O, and 10% H,0 with a balance of N,. The NH3 oxidation reaction tests were carried out
in a flow of 500 ppm NH3;, 10% O, and 10% H,O with a balance of N,. The total flow
rate was 600 cm®min and the corresponding gas hourly space velocity (GHSV) was

240000 h™. The NO and NH3 conversions were calculated using the following equations

C . _C

Xno = ”OXISNO.”OW X 100% and (6.1)
CNH3;,-CNH3

XnH, = 3CNH3. Sout % 100%. (6.2)
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6.3 Results and Discussion

6.3.1 SCR performance

The SCR performance results of SS-CuSSZ-13(700C) and SS-CuSAPO-34(700C)
are shown in Figure 6.1 and Figure 6.2, respectively. Both Cu-SSZ-13 and Cu-SAPO-34
samples show good SCR activity over the range of temperatures used. In particular, over
90% NO conversions between 300-450°C were achieved on both samples. The Cu-SSZ-
13 sample maintained the high activity at temperatures above 450°C. However, the Cu-
SAPO-34 showed slightly lower NOy conversions at temperatures above 450°C. Both
samples resulted in high N, selectivity (near 100%). After 750 °C hydrothermal aging for
16h, the low temperature SCR activity was maintained on Cu-SSZ-13 while the NO
conversions at temperatures higher than 400°C were decreased. On the other hand, the
NO conversion at low temperature was obviously enhanced with the Cu-SAPO-34
sample. This result is consistent with the findings from the literature, which show that the
Cu-SAPO-34 became even more active after a hydrothermal aging treatment [66, 72,
133]. One group of authors attributed it to the formation of additional isolated Cu®* ions
during the aging process [133]. Feng et al., reported a 50% loss of the surface area and
pore volume of the Cu-SAPO-34 catalysts after 800°C hydrothermal aging for 16h.
However, more isolated Cu®** ions were indeed formed during this high temperature
treatment and correspondingly, a higher NOy conversion at low temperature was obtained
with the aged sample [66]. Recently, Wang et al., prepared a Cu/SAPO-34 sample using
precipitation and wetness ion exchange (WIE) methods and they found that the after
hydrothermal treatment at 700°C for 48 h, the Cu-SAPO-34 prepared by WIE showed no

loss in SCR activity as well as no structural changes. However, the Cu-SAPO-34
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prepared by precipitation obtained significantly enhanced SCR activity after aging. The
XAS analysis conducted by the authors indicated that Cu migration occurred during the
high temperature treatment, which initially involved the formation of metallic Cu
followed by re-oxidation of copper ions [72]. All of these findings are consistent with our

results regarding hydrothermal treatment effects on Cu-SAPO-34.
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Figure 6.1 SCR performance for SS-CuSSZ-13(700C) before and after 750°C or 800°C

hydrothermal aging for 16h (aging conditions: 10% H,0, 10% O, balance N»,
GHSV= 240,000 hr)

The NO conversion significantly dropped for Cu-SSZ-13 after hydrothermal
aging at 800°C for 16 hours. For example, the maximum NO conversion was observed to
be 63% at 350 °C, corresponding to a 30% reduction of that of the fresh sample. In
comparison, most of the SCR activity could be maintained over Cu-SAPO-34 after the
same aging process, where, only a slight drop in the NO conversions was observed over

the test temperature range. Therefore, it seems that the Cu-SAPO-34 sample is more
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resistant to hydrothermal aging than Cu-SSZ-13, at least under the applied aging

conditions.
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Figure 6.2 SCR performance for SS-CuSAPO-34(700C) before and after 750°C or

800°C hydrothermal aging for 16h (aging conditions: 10% H,0, 10% O,
balance N, GHSV = 240,000 hr)

6.3.2 NH; oxidation

The NHj; oxidation activity was tested over the Cu-SSZ-13 and Cu-SAPO-34
samples before and after the hydrothermal aging. As shown in Figure 6.3, NH3 oxidation
lit off at 300°C and increased with increasing temperature on the fresh SS-CuSSZ-
13(700C) sample. After 750°C hydrothermal aging, the NH3 conversion increased, with
100% NH3; conversion at 550°C. This is probably due to the aggregated CuO species that
formed during the high temperature treatment as discussed in previous chapters. Indeed,
it was reported that Cu could migrate from isolated Cu?* species of the Cu-CHA catalysts

and form CuO particles during the hydrothermal aging process [63]. The agglomeration
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of isolated Cu®* sites after the hydrothermal aging was also observed using TEM [63,
157]. CuO particles are known to have poor SCR activity and selectivity and higher NH3
oxidation activity [142]. The increasing trend of NH3 conversion in non-selective NHs
oxidation could explain the drop in NO conversion in standard SCR tests after 750°C
hydrothermal aging. However, with further hydrothermal treatment at 800°C, the NHj3
oxidation activity dropped, which could be explained by the fact that the surface area and
pore structure were severely damaged at this aging condition and therefore the catalytic
activity was significantly hindered. On the other hand, after 750 and 800°C hydrothermal
aging, no significant change in the NH3 conversion was observed with Cu-SAPO-34,
which differs from that observed with Cu-SSZ-13. It is also worth noting that the NH3
conversion on fresh SS-CuSAPO-34(700C) was much higher than that on fresh SS-

CuSSZ-13(700C) (Figure 6.4).
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Figure 6.3 NH3 conversions during NHs oxidation reaction on SS-CuSSZ-13 (reaction
corllditions: 500 ppm NHs, 10% H,0, 10% O,, balance N,, GHSV = 240,000
hr-)
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Figure 6.4 NH3 conversions during NH3 oxidation reaction on SS-CuSAPO-34 (reaction

corllditions: 500 ppm NHs, 10% H,0, 10% O,, balance N,, GHSV = 240,000
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6.3.3 NHs-TPD

NH;3; temperature programmed desorption (NH3-TPD) experiments were
conducted in order to investigate the acidity evolution during the hydrothermal aging
process. Figure 6.5 shows the NHj3 profile collected during the temperature ramp over
SS-CuSSZ-13(700C). Three peaks were observed on the fresh sample: a low temperature
peak at 150°C, a high temperature peak above 400°C and a smaller feature between these
low and high temperature peaks at around 280°C. Based on the analysis in previous
chapters, the low temperature peak at 150°C is assigned to weakly adsorbed NH3 such as
physisorbed NH3; and NH; adsorbed on weak Lewis acid sites. The desorption peak at

280°C and the high temperature peak above 400°C are associated with NH3 adsorbed on
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Lewis acid sites and Brgnsted acid sites, respectively. After 750°C hydrothermal aging,
all the NH3 desorption peaks were reduced, indicating that both the Brgnsted and Lewis
acid sites were lost due to the hydrothermal aging. Furthermore, the 800°C hydrothermal

treatment resulted in a more significant reduction of the number of acid sites.
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Figure 6.5 NH3-TPD results over SS-CuSSZ-13(700C) sample (500 ppm NH; adsorption

at 35 °C for 2h followed by purging by N, for 2h, subsequently the
temperature was ramped to 550 °C with a heating rate of 10°C/min in N5)

In comparison, the NHj3 profile during the TPD taken over SS-CuSAPO-34(700C)
also showed three similar desorption peaks (Figure 6.6). Interestingly, the high
temperature desorption peak corresponding to the NH3 desorbed from Brgnsted acid sites
was more intense on Cu-SAPO-34 than that on Cu-SSZ-13. This could be explained by
the fact that the Cu-SAPO-34 is more robust to dealumination, which took place during
the high temperature treatment of the solid state process, therefore resulting in much less

loss of the Bragnsted acid sites on Cu-SAPO-34. Surprisingly, the intensities of NH;
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desorption peaks, which corresponds to NH3 adsorbed on the Lewis acid sites, increased
after hydrothermal aging at 750°C and 800°C. This strongly indicates that Cu ions could
continue to migrate and exchange with protons during the hydrothermal treatment on Cu-
SAPO-34. As a result, the number of Lewis acid sites that were created by exchanged Cu
sites increased. Indeed, the increasing number of exchanged Cu sites after the
hydrothermal aging could be responsible for the enhanced low temperature SCR activity
that was observed with the Cu-SAPO-34 sample. However, this result was not observed

on the NH3-TPD profiles taken over Cu-SSZ-13.
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Figure 6.6 NH3-TPD results over SS-CuSAPO-34(700C) (500 ppm NHj3 adsorption at

35 °C for 2h followed by purging by N, for 2h, subsequently the temperature
was ramped to 550 °C with a heating rate of 10°C/min in N,)
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6.3.4 XRD

In order to further probe the structural changes during the hydrothermal aging
process over Cu-SAPO-34 and Cu-SSZ-13 samples, XRD measurements were taken on
samples before and after the hydrothermal treatment. As shown in Figure 6.7, the
crystallinity of fresh SS-CuSSZ-13(700C) was well maintained after the solid state ion
exchange process as all the diffraction peaks related to CHA phases were observed in the
XRD pattern. After 750 °C hydrothermal aging, some of the crystallinity of Cu-SSZ-13
disappeared in the XRD pattern, which could be explained by some structural damage
caused by the hydrothermal aging. In addition, a broad peak was observed in the 2 theta
range of 10 to 20°. This further confirms the formation of some amorphous phases that
formed during the hydrothermal aging process. 800 °C hydrothermal aging resulted in an
even more dramatic collapse of the crystal structure of Cu-SSZ-13. This is evidenced by
the loss of some CHA phases in the XRD pattern. In summary, more significant structural
damage of the zeolite framework was detected as the hydrothermal aging temperature
increased from 750°C to 800°C, which corresponds to the dramatic drop in NO

conversion during SCR tests with Cu-SSZ-13 sample after 800°C hydrothermal aging.

The XRD patterns of SS-CuSAPO-34(700C) before and after hydrothermal aging
are shown in Figure 6.8. Sharp diffraction peaks, which correspond to the CHA phases,
were obtained on the fresh Cu-SAPO-34 sample. These crystal phases were very well
maintained after hydrothermal aging at 750°C as evidenced by the fact that almost no
disappearance of diffraction peaks was observed. In addition, a broad peak, which may
originate from some amorphous phases, was detected on Cu-SAPO-34 as well. When the
aging temperature was increased to 800°C, there was still no significant loss of the
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crystallinity detected on Cu-SAPO-34 material. This again proves that Cu-SAPO-34

structure is indeed more robust than Cu-SSZ-13.

3000
—— fresh SS-CuSSZ-13(700C)
2500 —— after 750°C hydrothermal aging for 16h
—— after 800°C hydrothermal aging for 16h
~ 2000-

Intensity (a.u
o
o
o
|

1000

500

10 20 30 40 50
2 theta

Figure 6.7 XRD patterns of as-prepared SS-CuSSZ-13(700C) samples before and after
hydrothermal aging at 750 or 800°C
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Figure 6.8 XRD patterns of as-prepared SS-Cu-SAPO-34(700C) samples before and
after hydrothermal aging at 750 or 800°C
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6.3.5 DRIFTS-NH; adsorption

In order to further investigate the different hydrothermal aging effects, in-situ
DRIFTS experiments were used to characterize the different Cu sites. First, NH; was
used as a probe molecule since NH3; can adsorb on both Brensted acid sites and Lewis
acid sites of the zeolite material. Therefore, the intensities of the DRIFTS spectra features
after NH3 saturation are indicative of the total amounts of different acid sites. The
DRIFTS spectra taken after NH3 saturation of the SS-CuSSZ-13(700C) sample are shown
in Figure 6.9. Several negative bands at 3733, 3660, 3612 and 3585 cm™ were observed
in the spectra. The bands in this area are typically assigned to OH stretching vibrations on
the zeolite surface. These bands were negative due to weakened vibrations caused by
NH; adsorption on the OH groups. For example, the bands at 3733 and 3660 cm™ are
assigned to NH3 adsorbed on the external Si-OH and AI-OH groups, respectively [153].
The bands at 3612 and 3585 cm™ correspond to the stretching vibrations of the Al-OH-Si
groups, which are signatures of Brgnsted acid sites on CHA materials [153-155]. After
hydrothermal aging at 750°C, all of these bands were decreased, which is again due to the
structural collapse caused by the hydrothermal aging. This reduction is more significant
after the sample was hydrothermally aged at 800°C. As shown in Figure 6.9, almost no
OH stretching vibrations could be identified in the DRIFTS spectra taken after NH3
adsorption, further confirming the loss in surface OH groups after hydrothermal aging.
On the other hand, an intense negative band was detected at 900 cm™ and was
accompanied by a weak shoulder at 940 cm™. The peaks in this region are assigned to the
tetrahedral cation-oxygen-tetrahedral cation (T-O-T) framework vibrations that were

perturbed by ion exchanged copper species [64]. These bands are negative due to the
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restored T-O-T vibrations due to NH; adsorption on the Cu sites, confirming the
existence of two different exchanged copper species. After 750°C hydrothermal aging,
the amounts of these two exchanged copper species were evidently reduced, as compared
to the fresh sample. With increasing the hydrothermal aging temperature from 750°C to
800°C, these two negative peaks almost disappeared from the spectra, indicating a severe
loss in the amount of exchanged Cu sites during this process. This is also consistent with
the NH3-TPD results from on the same catalyst showing that both Brensted acid sites and

Lewis acid sites were decreased after hydrothermal aging.
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Figure 6.9 DRIFTS spectra taken over NH3 saturated as-prepared SS-CuSSZ-13 (700C)
sample (experimental conditions: sample exposed to 500 ppm NH3 in He at
30°C for 60 minutes, total flow was 50 cm*/min

A completely different evolution in the surface structural changes was observed in

the DRIFTS spectra taken after saturating the SS-CuSAPO-34(700C) sample with NHj,

as shown in Figure 6.10. In the OH stretching region, the weak negative band at 3671 cm’

128



! is assigned to the external surface P-OH groups [61]. Two intense negative bands at
3625 and 3600 cm™ originated from the stretching vibrations of bridging OH groups (Al-
OH-Si) [61]. 750°C hydrothermal aging for 16h resulted in slight decreases in the
intensities of the AI-OH-Si groups, hinting at a mild decrease in the amount of Brgnsted
acid sites on this sample. It is also worth noting that the degree of this reduction is much
less evident than that observed on the 750°C hydrothermally aged Cu-SSZ-13 sample.
Furthermore, the band intensities of AI-OH-Si groups maintained their intensities after
800°C hydrothermal aging, which was not observed on Cu-SSZ-13 aged at the same
condition. The distinction between the Cu-SSZ-13 and Cu-SAPO-34 was further verified
by the comparing the exchanged Cu DRIFTS features upon NH3 adsorption. As shown in
Figure 6.10, two intense bands with negative intensities were observed at 900 and 850
cm’™. Similar to those detected on the Cu-SSZ-13 sample, these two bands are assigned to
the tetrahedral cation-oxygen-tetrahedral cation (T-O-T) framework vibrations that were
perturbed by ion exchanged copper species. Noticeably, the shapes of these Cu features
are distinct from those observed with Cu-SAPO-34. For example, the exchanged Cu
feature at 900 cm™ (type 2 Cu) is very intense for Cu-SAPO-34 while it was only a
shoulder for Cu-SSZ-13. This could be explained by the fact that a different type and/or
location of Cu site was predominantly formed on the Cu-SAPO-34 sample [64]. This
band was previously assigned to be associated with the CuxOy clusters that formed on the
sample. After the 750°C hydrothermal treatment, both of the exchanged Cu features
significantly increased in intensities. This is not surprising since the NH3-TPD results
showed more Lewis acid sites, which were generated by the post solid state ion exchange

of Cu during the hydrothermal aging process. This Cu movement was not observed on
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the as-prepared Cu-SSZ-13 sample. As the hydrothermal aging temperature increased
from 750°C to 800°C, Cu migration is more evident as more intense exchanged Cu
features were detected on the 800°C hydrothermally aged sample. Accordingly, the SCR

performance was further enhanced on the Cu-SAPO-34.
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Figure 6.10 DRIFTS spectra taken over NHj saturated as-prepared SS-CuSAPO-

34(700C) sample (experimental conditions: sample exg)osed to 500 ppm
NHg; in He at 30°C for 60 minutes, total flow was 50 cm®/min)

6.3.6 DRIFTS-NO adsorption

The Cu migration during the aging of Cu-SAPO-34 was further confirmed by NO
adsorption experiments performed and characterized using DRIFTS. Figure 6.11 shows
the DRIFTS spectra taken upon exposing the SS-CuSSZ-13(700C) sample to NO. Here,
the catalysts were treated with 10% O, before NO was introduced, therefore all the

surface exchanged Cu sites are presumed to be in the Cu?* state. During the NO
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adsorption process, major bands in the range of 1800-2000 cm™ were immediately
observed. The band at 1909 cm™, which was accompanied by the band at 1947 cm™, was
assigned to NO adsorbed on the isolated Cu®* sites, as discussed in previous chapters.
Additionally, the band at 1897 cm™ corresponds to NO adsorbed on another type of Cu®*
site, possibly CuxOy clusters [56, 111]. Thus, these bands could be the signatures of
surface Cu®* sites. After 750°C hydrothermal aging, all of these bands decreased for Cu-
SSZ-13, proving that the number of Cu®* sites dropped after aging. Moreover, these
bands were almost absent in the spectra taken over the sample after 800°C hydrothermal
aging. All of these results coincide with the fact that the exchanged Cu®* sites were lost

by the hydrothermal aging.
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Figure 6.11 DRIFTS spectra taken over NO saturated as-prepared SS-CuSSZ-13 (700C)
sample (experimental conditions: sample exposed to 200 ppm NO in He at
30°C for 60 minutes, total flow was 50 cm®min)
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The DRIFTS spectra taken after exposing the Cu-SAPO-34(700C) sample to NO
are shown in Figure 6.12. Several bands were observed, at 1944, 1916, 1906, and 1893
cm™, upon NO adsorption. Similar to Cu-SSZ-13, these bands corresponded to NO that
adsorbed on different Cu?* sites. After 750°C hydrothermal aging, the band intensities
were higher than those observed on the fresh Cu-SAPO-34, indicating that the total
amount of Cu®* increased after hydrothermal aging. With 800°C hydrothermal aging, the
band intensities again increased, further confirming that more Cu ions were incorporated

into the zeolite framework and generated exchanged Cu?* sites.

3
30x10
—— fresh SS-CuSAPO-34(700C)
25 —— after 750°C hydrothermal aging
o after 800°C hydrothermal aging
20
1906
s 15
s 1893
10
5] N
0_
2000 1950 1900 1850 1800

wavenumber (cm)
Figure 6.12 DRIFTS spectra taken over NO saturated as-prepared SS-CuSAPO-34

(700C) sample (experimental conditions: sample exposed to 200 ppm NO
in He at 30°C for 60 minutes, total flow was 50 cm®min)

All of these observations coincide with in the observations from the NH3-TPD
and NHs;-exposure DRIFTS results. Cu-SAPO-34 is more resistant to the hydrothermal

aging than the Cu-SSZ-13. And Cu could still migrate into the pores of Cu-SAPO-34
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materials and further the solid state ion exchange process. As a result, more isolated Cu**
sites, which are active for the NH3-SCR reaction, formed on Cu-SAPO-34. For the Cu-
SSZ-13 catalyst, hydrothermal aging led to a significant drop in the SCR activity due to
severe structural damage. In addition, the initial increase in NHj3 oxidation activity
indicates Cu site changes. Indeed, it is likely that some exchanged Cu®* sites detached
from the framework and formed large CuO particles that consumed additional NH3; and
produced NOy through the NH; oxidation reaction. However, this does not seem to be the
case for Cu-SAPO-34, where the NHj3 oxidation activity was maintained after the

hydrothermal aging process.

6.4 Conclusions

The hydrothermal stabilities of Cu-SSZ-13 and Cu-SAPO-34 catalysts were
characterized and compared. The results show that both Cu-SSZ-13 and Cu-SAPO-34
could maintain their performance with 750°C hydrothermal aging for 16 h. However,
800°C hydrothermal aging for 16 h result in a significant reduction of the SCR
performance of the Cu-SSZ-13 catalyst, which was accompanied by a drastic loss in
crystallinity and active Cu sites. On the other hand, Cu-SAPO-34 did not lose activity
with the same aging conditions, but actually the low temperature NO conversion was
increased after the hydrothermal aging. This was explained by Cu migrating into the
pores of SAPO-34 during the high temperature treatment and forming additional isolated

Cu?" sites via the post solid state ion exchange process.
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Chapter 7 SO, Poisoning impact on the NH;-SCR reaction

over commercial Cu-SAPO-34

7.1 Introduction

Cu-zeolite SCR catalysts are sensitive to sulfur poisoning [73-75]. And even with
ultra-low sulfur fuels, sulfur species can accumulate over time, leading to decreased
performance. Diesel oxidation catalysts (DOCs) are typically used in diesel exhaust
applications and are located upstream of the SCR catalyst. Therefore, depending on
temperature primarily, SO, and SO3; may co-exist in the exhaust feed. Previous work has
suggested that sulfur poisoning by SO, differs from that of SOz For example,
Ramachandran et al., have found that V-ZSM-5 is relatively stable for the SCR reaction
in the presence of H,O and SO,, but in the presence of SOz rapid deactivation was
observed. In terms of the mechanism, the authors concluded that ammonium bisulfate
formed when both NH3; and SO3 were present [74]. Cheng et al., compared deactivation
of a Cu-BEA catalyst by SO, and SOz and found that SO3 was more significant than SO,
and the authors proposed that CuSO, formed upon SOj; exposure, resulting in
deactivation [75]. Their analysis also showed that even after the sulfate formed, the Cu
remained in a highly dispersed state, at its initial ion-exchange locations. Jiang et al., [158]
studied the poisoning effects of SO, over a Fe-Mn/TiO; catalyst, and concluded that SO,
inhibition was due to surface sulfate formed, which in turn affected NO adsorption. Xu et

al., [159] investigated a Ce/TiO, SCR catalyst and proposed that the SO, could react with
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the catalyst to form thermally stable Ce(SO,), and Ce;(SO4)s, which in turn affected
redox cycling between Ce(IV) and Ce(l11) and inhibited nitrate formation.

Overall, based on the literature different sulfur poisoning mechanisms of NH;-
SCR catalysts have been proposed. And thus far, the SO, deactivation mechanism of Cu-
SAPO-34 has not been clearly explained. In the present study, the impact of SO,

exposure on the SCR performance of a Cu-SAPO-34 was characterized.
7.2 Experimental

The Cu-SAPO-34 catalyst was supplied by Cummins Inc. The Cu-SAPO-34
catalyst sample had a Si/(Al+P) ratio of 0.2. The Cu loading was 0.95 wt%, as detailed
previously, and also contained ~2 wt% Ce. For SCR activity tests, a monolithic-
supported sample with 1.4” long and 0.8” inner diameter (ID) was placed in a quartz tube
reactor inside the furnace of the bench-scale reactor system. Before testing, the catalyst
was pretreated at 550°C for 4 h in 10% O2/N,. For SCR activity tests, the simulated
exhaust gas contained 500 ppm NO, 500 ppm NHjs, and 10% O,, with a balance of N..
The total flow rate was 5 L/min, and the corresponding gas hourly space velocity (GHSV)
was 28,000 h™*. For SO, oxidation, the reaction gas mixture consisted of 200 ppm SO,,
10% O, and a N balance.

To evaluate the performance of the sample with some or all sulfur removed
(DeSOy), the S-exposed samples were exposed to 10% O,/N, and temperature
programmed experiments were carried with a heating rate of 5°C/min at a flow rate of 5
L/min. The samples were heated to 600, 700 or 735°C and held at that temperature

overnight.
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Temperature-programmed desorption (TPD) experiments were carried out after
the catalyst was exposed to SO,, NH3, SO, + NH3, NOy, or SO, + NOy, using the same
reactor described above. Typically, the sample was pretreated in 5 L/min of 10% O,/N,,
while heating from room temperature to 600°C with a heating rate of 25°C/min, and was
held at 600°C for 0.5 h and then cooled back to room temperature in 10% O,/N,. For the
SO,-TPD experiment, the adsorption phase consisted of 200 ppm SO, 10% O, in a
balance of N, with exposure at 150°C and the total flow rate was 5 L/min. This was
followed by a purge phase in N for 1h, and then the temperature was increased from 150
to 735°C at a rate of 10°C/min. For NH; and SO, + NH3-TPD, the adsorption phase
consisted of 500 ppm NH3zand 200 ppm SO, (if added), 10% O, in a N, balance, with
exposure at 150°C and the same 5 L/min flow rate. This was followed by purging in N,
for 1h, and then TPD from 150 to 735°C at 10°C/min. For NO,-TPD and NOy + SO,-TPD
experiments, the adsorption phase consisted of 500 ppm NO, 200 ppm SO, (if added) and
10% O, in a N, balance, with exposure at 150°C and the 5 L/min flow rate. This was
again followed by purging in N for 1h, and then TPD from 150 to 735°C at 10°C/min.

Surface species formed during catalyst exposure to SO,, NO4 and NHj; were
characterized with in-situ DRIFTS. The powder sample was scraped from the monolith
sample and was pressed into a 60 mg pellet of 6.5 mm diameter and placed in the sample
cup. A feed gas mixture was supplied at a flow rate of 50 mL/min. The samples were first
treated in a flow of 10% O,/He at 500°C for 0.5 h and then cooled to room temperature.
At the temperatures used for analysis, a background spectrum was recorded in flowing

He, and it was subtracted from the sample spectrum obtained at the same temperature.
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7.3 Results and Discussion

7.3.1 SO, exposure impact on NH3-SCR

The standard SCR reaction activity was evaluated over the monolith-supported
Cu-SAPO-34 catalyst from 130 to 580°C, and the NO conversion results in the absence
and presence of SO, as a function of temperature are shown in Figure 7.1. Under the
conditions tested, appreciable NH3-SCR activity was observed in the absence of SO,
between 130-580°C. About 90% NO conversion was achieved at 200°C. With increasing
temperature, the conversion decreased because of competitive NH3 oxidation at high
temperatures, as evidenced by 100% NH3; conversion at these temperatures. In addition,
very little N,O (< 5 ppm) was detected during these tests, indicating a high selectivity of

NO to N, was achieved.
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Figure 7.1 SCR reaction activity in the absence and presence of SO2 (Reaction

conditions: 500 ppm NHs, 500 ppm NO, 50/200 ppm SO,, 10% O,, balance
N,, GHSV = 28,000 hr)
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The effect of SO, on the SCR activity is also illustrated in Figure 7.1. Low
temperature catalytic activity (130-300°C) significantly decreased with the addition of 50
ppm SO,. For example, the NO conversion dropped from 90% to 15% at 200°C. On the
other hand, at temperatures above 300°C, there is a slight improvement or no impact
observed. When 200 ppm SO, was added to the system instead of 50 ppm, the poisoning
effects on NO conversion were similar, indicating that different concentrations do not

lead to different poisoning mechanisms.

7.3.2 SO, oxidation

SO, exposure only affected the SCR performance over Cu/SAPO-34 at low
temperature. It has been reported that both SO, and SO3 could poison Cu-zeolite catalyst
and the impact of SO3 on the SCR reaction [73] differs from that of SO,, and is indeed
more severe. In order to determine whether SO, oxidation to SO3 could occur over the
Cu-SAPO-34 sample, and thus lead to a convoluted interpretation of the individual S
species effects, SO, oxidation activity was evaluated.

In order to determine whether SO3; could be produced over the Cu-SAPO-34
sample, SO, oxidation activity on this catalyst was evaluated. SO, oxidation conversion
as a function of temperature is shown in Figure 7.2. Interestingly, no SO3; was detected at
temperature below 300°C, which is within the temperature range that the SO, poisoning
effect was observed. SO, conversion light off was observed around 400°C, and increased
with increasing temperature, reaching a maximum of only 15% when at 580°C under the
conditions of this test. Therefore, the low temperature deactivation observed was not

caused by the formation of SOs.
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Figure 7.2 SO, oxidation conversion as a function of temperature (Reaction conditions:
200 ppm SO, 10% O,, 10% H,0, balance Ny, total flow rate 5L/min)

7.3.3 DRIFTS characterization of SO, + O, adsorption

As discussed above, SO, exposure primarily affected SCR reaction activity at low
temperatures. The interactions between SO, and the surface of the Cu-SAPO-34 catalyst
were studied using in-situ DRIFTS in order to better understand this impact. DRIFTS
spectra obtained during adsorption of SO,, in the presence of gas phase O, are shown in
Figure 7.3. During this process, several bands in the range of 1200 to 1800 cm™ were
immediately detected. The large feature at 1612 cm™ was assigned to H-O-H vibrations
caused by SO, interacting with OH groups [159]. Several smaller features at 1434, 1324,
1304, 1287 and 1226 cm™ were observed and these peaks were attributed to the
formation of surface SO, groups and sulfate species associated with different adsorption
sites (e.g., Cu or Ce sites) [159-161]. Here, we need to emphasize that CeO; is a part of

the catalyst formulation so SO, adsorption on CeO, is also possible. It is also worth
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noting that the intensities of these bands are relatively weak, suggesting that no
significant amount of adsorbed SO, species were present on the surface. On the other
hand, features at 3675, 3650, 3558, 3500 cm™ were also detected during SO exposure.
The three positive peaks at 3675, 3650 (shoulder) and 3558 cm™ are assigned to
perturbed P-OH, and perturbed OH groups associated with the extra-framework Al and
Cu, respectively [72, 74, 93]. The appearance of a broad band at 3500 cm™ might be due

to hydrogen-bonded OH [162].
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Figure 7.3 DRIFTS spectra of adsorbed SO, + O, at 100°C (Experiment conditions:
100°C exposure to 200 ppm SO,, 10% O, total flow rate 50 ml/min)
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In addition, two negative peaks appeared at 3623 and 3594 cm™ and were caused
by the consumption by SO, of Si (OH) Al groups [74, 163] that are associated with the
Brensted acid sites. Indeed, it has been reported that —OH groups could be responsible for
the adsorption of SO, [164, 165]. Marcu et al., proposed that SO, molecules could adsorb
via hydrogen bonding to one or two conveniently positioned surface hydroxyl groups on
the zeolite to form hydrogen sulfite OH-OSO (HSO3) or OH-OSO-HO [162]. Based on
the DRIFTS results, it appears that SO, could coordinate with the Cu and/or CeO, sites as

well as the surface hydroxyl groups (e.g., Si-OH-Al).
7.3.4 TPD of adsorbed SO, + O,

Temperature programmed desorption (TPD) experiments were performed after
the catalyst was exposed to SO, and O, to characterize SO, adsorption/desorption
features while at the same time outlet SO, and SO3 concentrations were measured. As
shown in Figure 7.4, some amount of SO, desorbed from the surface during the TPD and
interestingly, no SO3; was detected. On the other hand, the overall SO, uptake is relatively
small and most of the SO, desorbed from the Cu-SAPO-34 catalyst between 450-700°C.
Such data demonstrate that adsorbed SO, species could remain on the surface at
temperatures below 450°C. Two desorption peaks were observed at around 500°C and
700°C and are believed to originate from different adsorption sites. The lower
temperature peak is assigned to SO, chemisorbed on the catalyst surface as sulfate species
as observed in the DRIFTS spectra (shown in Figure 7.3). And the higher temperature
peak is likely due to decomposition of CuSO, or Ce,(SO4)y species that formed, as these

typically decompose to SO, at a relatively high temperature [166, 167]. This observation
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is consistent with other studies, which noted the formation of metal sufate during sulfur

poisoning [75, 159, 161].
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Figure 7.4 SO, concentration during SO,-TPD (Experimental condition: 200 ppm SO,
10 % O, at 150 °C, purged by N, then TPD with a heating rate of 10°C/min
in Nz)

7.3.5 Characterization of the interaction between SO, and NH3

NH; adsorption is a key step in the SCR reaction [163], so in order to determine
how SO, might impact this function, DRIFTS was used to characterize the surface during
NHs;and NH3; + SO, co-adsorption. In the DRIFTS spectra taken during NH3 adsorption,
the catalyst was saturated with NHs, so the band intensities provide an indication of the
amount of NH3 adsorbed on different acid sites. As shown in Figure 7.5, NH3 adsorption
results in a significant feature at 1460 cm™ and a weaker one at 1617 cm™. The former is

assigned to the NH,4" vibrations, via NH3 adsorbed on Brgnsted acid sites, and the latter

142



to NH3 bound to Lewis acid sites [74]. In comparison, the same catalyst was subsequently
exposed to both NH3; and SO,. After a 60 minute exposure, the band intensities during the
interaction of NH3; and SO, were compared with that during the NH3 adsorption itself.
Very interestingly, the band corresponding to NH3 on the Lewis acid sites (1617 cm™)

slightly decreased and the band intensity for the NH," vibration increased.
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Figure 7.5 DRIFTS spectra obtained after a 60 minute exposure to NH3; and NH3 + SO,
at 100°C (Experiment conditions: 500 ppm NHs, 10% O,, 200 ppm SO, (if
added) in a He balance)

7.3.6 NH3-TPD and NH3+SO,-TPD

TPD experiments were run after the catalyst was exposed to both NH3 and SO..
As shown in Figure 7.6, during the TPD, with the catalyst just exposed to SO,, desorption
peaks were observed at temperatures higher than 450°C. However, with exposure to both

NH;3 and SO,, another peak was observed at about 400°C, with the onset of the desorption
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noted at ~300°C. This extra SO, feature is associated with the enhancement in the NH;"
band observed in the DRIFTS spectrum detailed previously. These data taken together
suggest that some surface ammonium-sulfate or ammonium-bisulfate species were

formed and decomposed releasing SO, at lower temperature.
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Figure 7.6 TPD results after exposure to SO, + NH3, NH; or SO, (Experimental
condition: 500 ppm NHs (if added), 200 ppm SO, (if added), 10 % O, at 150
°C, purged by N, then TPD with a heating rate of 10°C/min in N,)

At the same time, NH3; profiles during the TPD in the absence or presence of SO,
clearly show that a significantly larger amount of NH3; was released when the catalyst
was also exposed to SO, during the adsorption process. Indeed, the ratio of this increased
amount of NH; to the amount of the additional SO, that was released at 400°C is 2:1.

This coincides with the typical decomposition reaction of (NH,).SO,4 according to

(NH4)ZSO4(S) © NH4HSO4(S) + NH3(g) and (71)

144



NH4HSO4(S) d NH3(g) + SOZ(g) + 1/2 Oz(g) + HZO(g)! (72)
in which involves the initial decomposition to NH; and NH4HSO, at around 300°C and
the surface NH;HSO, species continue to decompose to NH; and SO, at higher

temperature. Therefore the overall released NH3 and SO, is in a 2:1 ratio.

7.3.7 Interaction between SO, and pre-adsorbed NO

The interaction between SO, and NOy was investigated by comparing the
DRIFTS spectra taken during catalyst exposure to NO + O, and then exposing the sample

to SO, after a NO + O, exposure.
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Figure 7.7 DRIFTS spectra taken during exposure to SO, after exposure to NO + O, at

150°C (Experimental conditions: 500 ppm NO, 10%0,, then followed by 200
ppm SO,)

As shown in Figure 7.7, bands at 1612 and 1577 cm™ were immediately observed

during exposure to NO + O,. Based on literature studies, these two peaks are tentatively
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assigned to adsorbed bidentate (1577 cm™) and bridging (1608 cm™) nitrate species [168-
170]. It is also worth noting that the band at 1577 cm™ was not observed during NO + O,
adsorption on H-SAPO-34, therefore is considered to be a unique feature for bidentate
nitrate formed on Cu sites. When the sample was exposed to SO, after it was exposed to
NO + O, the feature at 1577 cm™, which is assigned to the nitrates formed on Cu sites,
quickly disappeared with time. Thus, SO, affected NOy adsorption, specifically the

nitrate species formed on the Cu sites.
7.3.8 Interaction between NOy and pre-adsorbed SO,

The interaction between NOy and pre-adsorbed SO, was then investigated by
exposing the sample to SO, and O, first, followed by a He purge, and then exposure to

NO + O,. The DRIFTS results during the NOy exposure are shown in Figure 7.8.
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Figure 7.8 DRIFTS spectra taken during exposure to NO + O, after exposure to SO, at
150°C (Experimental condition: 200 ppm SO, over Cu-SAPO-34 at 150 °C,
and then followed 500 ppm NO, 10% O in He, total flow rate 50 ml/min)
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With NO, exposure, a weak peak appeared at 1610 cm™, assigned to the bridging
nitrate species. No bidentate nitrate ad-species (1577 cm™) appeared. In addition, the
intensity of the NOy adsorption peak in Figure 7.8 is less than that in Figure 7.7,
demonstrating that less NO, adsorbed when the sample was first exposed to SO, + Oy,
especially the NOy associated with the Cu sites. These data again proves that SO,

competes with NOy for surface adsorption sites.
7.3.9 TPD of adsorbed NOy and adsorbed NOx + SO,

In order to further confirm the competitive adsorption of NOy and SO,, two
temperature programmed desorption experiments were conducted for comparison. Figure
7.9(a) shows the concentrations during a TPD after the catalyst was exposed to NO + O,.
A significant amount of NO (12.7 umol/g) and NO, (31.1 pmol/g) desorbed from the
catalyst surface. NO, was the primary species desorbed at temperatures below 375°C, and
at higher temperature, NO — with equilibrium limitations between NO and NO; playing a
role. With SO, added during NO + O, adsorption, much less NO and NO, were released
from the surface during the TPD experiment as compared to that in the absence of SO,
during adsorption as shown in Figure 7.9 (b). In addition, some SOz (41.6 umol/g)
desorption was observed at temperatures above 400°C and a large amount of SO, (126
pmol/g) desorbed at higher temperatures. This further proves SO, decreases NOy
adsorption extent. It is also worth mentioning that no SO3; was detected during the TPD
taken after SO, adsorption over the Cu-SAPO-34 catalyst (Figure 7.4), while some SOz
was formed on the catalyst during the co-adsorption process of both NOy and SO,. It has

been reported that SO, could be oxidized by NO, to form SO; [169]. Therefore, it is
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likely that SO, was oxidized by NO, into SO3, which was released at a relatively high

temperature.
80
704 (@)
£ 60-
% -
— 504
c
i) 1
© 40+
1% ]
8 30 H
o 1 —NO
O 20 —— NO,
10
0 dagh

T T T 1 M I M I
100 200 300 400 500 600 700 800

Temperature (°C)

80

0] (b)
’é“ 60
% 4
-(‘:E 40 —N02
£ | SO,
8 304 —— S0;
c
o 4
O 5

10 4

0_

] ‘ T T =1 T T
100 200 300 400 500 600 700 800

Temperature (°C)
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by N, followed by the TPD with a heating rate of 10°C/min in Ny)
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Based on the TPD and DRIFTS characterization data, exposure to SO, results in
sulfate formation, which in turn leads to two possible degradation modes. First, there is
clear evidence of (NH,).SO, formation. Such species can foul surface sites, block pores
and in general limit reactant/catalyst interactions. Second, exposure to SO, preferentially
blocked key NOx adsorption sites on the surface. Specifically, formation of bidentate
nitrate species, previously identified as the signature of NOy stored on Cu sites, was
considerably inhibited in the presence of SO,. Of particular note, catalyst performance
was only inhibited below 300°C. Based on the TPD results, it is in this temperature range
that the (NH4),SO, decomposes. This therefore suggests that the formation of the

(NH4)2S0Oy is the low temperature SO, poisoning degradation mode.

7.3.10 Regeneration of the SO, poisoned catalyst by O,/N,

After SO, exposure, the Cu/SAPO-34 sample was heated to different
temperatures (300 to 700°C) in order to investigate the potential SCR reaction activity
recovery. Figure 7.10 shows the NO conversion at 260°C on the catalysts treated at
different temperatures after 50 ppm SO, poisoning. NO conversion in the presence of 50
ppm SO, reached only 61% of the original activity obtained in the absence of SO..
However, if the catalyst was heated at 300°C for 12 hours after the SO, exposure, the
catalyst activity attained 68% of the original SCR performance. Furthermore, when the
regeneration temperature was increased to 500°C, at which the (NH4),SO4 surface species
were completely removed, 90% of the SCR performance was recovered, which strongly
suggests that the SO, poisoning effect was mainly due to the formation of (NH4),SO,.
Interestingly, there is still 10% NO conversion loss even if the (NH,),SO4 was removed
from the catalyst surface. This is due to the formation of small amounts of CuSO, or
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Cex(S0O4)y on the catalyst. As previously discussed, these species typically decompose at a

relatively high temperature.
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Figure 7.10 NH3-SCR activity after stepwise desulfation at different temperatures
(Experimental condition: 100 ppm SO,, 500 ppm O, was introduced at 130
°C for 3h, NH3-SCR activity is collected at 250 °C)

As shown in Figure 7.11, indeed, with increasing the temperature above 500°C,
the NO conversion was further recovered. Almost 100% regeneration was achieved.
Surprisingly, with the highest temperature exposure, higher low temperature activity was
obtained relative to the fresh sample, which has been previously observed [72] and is

likely due to further ion-exchange during the high temperature exposure.
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7.4 Conclusions

In this study, the effect of SO, poisoning on the SCR reaction activity of a Cu-
SAPO-34 catalyst was characterized. SO, did inhibit the reaction, specifically in the low
temperature region (< 300°C). The SO, poisoning mechanism involves the formation of
(NH4).SO, species that may poison the active sites and block the zeolite pores. SO,
adsorption also competes with NOy adsorption on the Cu sites, also potentially
contributing to the inhibition observed. In addition, the formation of CuSO4 or Cex(SO4)y
may also result in some activity loss. SO, poisoning was reversible with NO conversions

recovered after high temperature treatment in an O,/N, mixture.
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Chapter 8 Conclusions and Recommendations

The focus of this dissertation is the characterization of the selective catalytic
reduction of NO, by NH3; (NH3-SCR) reaction over small pore Cu-CHA catalysts (Cu-
SAPO-34 and Cu-SSZ-13). This work is an effort towards understanding the catalytic
performance, surface chemistry, acid properties, Cu structures, Cu loading effects and
deactivation mechanism (hydrothermal aging and sulfur poisoning) through the
application of bench-scale and micro-scale catalytic reactor systems combined with
material characterization techniques. The present findings suggest that all of the listed

factors are important for the NH3-SCR reaction.
8.1 Conclusions

8.1.1 Reaction mechanism of NH3-SCR over Cu-SAPO-34

An in-situ DRIFTS study was carried out with a Cu-SAPO-34 catalyst to study
the elementary steps occurring in the NH3-SCR reaction and to identify the key pathways
to produce N, and H,O. The results demonstrate that the formation of surface nitrates and
nitrites are the key steps in NH3-SCR over Cu-SAPO-34. The results reveal that the NO,
NO+0O; and NO, adsorption process all resulted in the formation of surface nitrates and
nitrites species on the catalyst surface. This was evidenced by the detection of DRIFTS
features associated with NO™ species and surface nitrates with different structures. NO*
could easily combine with surface oxygen or coordinated oxygen to form NO,". In order
to study the reactivity of NO, NO+0O; and NO, with surface NHj3, these combinations of

reactants were individually introduced over NHj pre-adsorbed sample at 200°C. The
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DRIFTS spectra indicate that the reaction between NO itself and surface NH3; was
inactive. However, with the presence of O,, the pre-adsorbed NH3 was rapidly consumed
by NO, indicating that the inclusion of O, essentially activated the NH3;-SCR reaction.
Indeed, it was found that NO+O, formed a larger amount of surface NO* and NO;™ than
NO itself. In other words, NO+O, significantly promoted the surface NOx storage
capacity therefore accelerated its reaction with surface NHs. In addition, the interaction
between NO, and surface NHj3 led to the formation of NH4NOj3 surface species. NHsNO;
is typically considered to be detrimental to the SCR reaction since it may block the active
sites at low temperature. However, it was found to be rapidly consumed by NO at
temperatures as low as 100°C on the Cu-SAPO-34 catalyst. Furthermore, the
participation of nitrite species in the SCR reaction is very likely to occur. The interaction
between surface nitrites and NH3 forms NHsNO,, which is very unstable and readily
decomposes to N, and H,O at temperatures higher than 80°C. Therefore, it could be the
key in the low-temperature activity of Cu-SAPO-34 due to its high reactivity. However,
the evolution of surface nitrites species was not detected in the DRIFTS spectra since it
overlapped with the zeolite framework vibration modes in the same region. Furthermore,
the role of Brgnsted acid sites and Lewis acid sites in the NH3-SCR was investigated.
Lewis acid sites act as the active centers for the NH3-SCR reactions and the Brgnsted
acid sites provided more sites for NH3 adsorption instead of being directly involved in the

SCR reaction.
8.1.2 Zeolite acidity and Cu structure characterizations in Cu-SAPO-34

With the knowledge gained about the mechanism, the acidity changes as a

function of Cu loading on Cu-SAPO-34 were probed. Furthermore, the structure-
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activity relationship was studied by preparing a series of SAPO-34 catalysts with Cu
loadings ranging from 0.7 to 3.0 wt%. The Cu-SAPO-34 samples were prepared using
a solid state ion exchange (SSIE) method in which a physical mixture of nano-sized
CuO and and H-SAPO-34 material was thermally treated at 800°C in air. The acid
properties of the catalysts were characterized by NH3-TPD and in-situ DRIFTS. More
Cu exchanged at the Brgnsted acid sites with increasing amounts of Cu precursor
during the SSIE, resulting in a monotonic reduction in the total number of Brensted
acid sites. Interestingly, the Lewis acid sites created by Cu ions linearly increased with
increasing Cu loading up to 2.0 wt% and then only slightly increased with a further
increase to 3.0 wt%. XRD, H,-TPR, UV-vis and DRIFTS were used to probe Cu
structures. From the DRIFTS, two different perturbed T-O-T vibrations were observed
for both the zeolite skeleton and NH3 adsorption spectra, indicating the existence of
two different types of exchanged Cu species. This is also consistent with the results of
NO adsorption DRIFTS spectra, in which two different Cu** sites were observed to
adsorb NO molecules. One of the sites was assigned as isolated Cu®* species and the
other could be another type of exchanged Cu site, possibly CuxOy clusters (dimeric or
oligomeric Cu species). The isolated Cu®* on each sample was further identified by
UV-vis and quantified by H,-TPR experiments. Based on these results, isolated Cu?*
species were found to be the active sites of NH3-SCR at low temperature. Furthermore,
CuO phases were detected on the samples with high Cu loadings via XRD. The
presence of CuOy may promote NHj oxidation by Oy, leading to the observed

decrease in standard SCR performance at high temperature.
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8.1.3 Excellent NH3-SCR performance over a Cu-SSZ-13 catalyst prepared by SSIE

The solid state ion exchange method was further developed to synthesize Cu-
SSZ-13 catalysts with excellent NH3-SCR performance and durable hydrothermal
stability. After the solid state ion exchange (SSIE) process, the SSZ framework structure
and surface area was maintained as evidenced by BET surface area and XRD
measurements. The obtained Cu-SSZ-13 catalysts showed very high activity and N,
selectivity. The incorporation of Cu with the zeolite Brgnsted acid sites were probed by
NH; temperature programmed desorption (NH3-TPD) combined with in-situ DRIFTS.
NH;3-TPD results reveal that the total number of Lewis acid sites on the as-prepared Cu-
SSZ-13 was larger than that of H-SSZ-13, demonstrating that Cu successfully exchanged
with Brgnsted acid sites creating additional Lewis acid sites. DRIFTS spectra obtained
during NH3 adsorption further confirmed this. The tetrahedral cation-oxygen-tetrahedral
cation (T-O-T) framework vibrations perturbed by ion exchanged copper species were
observed in the DRIFTS spectra. These bands are considered signatures of exchanged
Cu?* sites on the zeolite materials and therefore again confirms the formation of active
Cu?* sites. In addition, the T-O-T band corresponding to the isolated Cu** was more
intense than the band related to the Cu,Oy clusters. Therefore, isolated Cu®* sites, which
are responsible for the low temperature SCR activity, were believed to be selectively
formed by SSIE. Furthermore, the hydrothermal stability of the as-prepared Cu-SSZ-13
was estimated by treating the samples at 750°C for 16 hours in 10% H,O0 and 10% O,.
After the hydrothermal aging process, the NO conversions were maintained in the full
temperature window, which is indicative of the excellent hydrothermal stability of the as-

prepared Cu-SSZ-13.
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8.1.4 Comparison between Cu-SSZ-13 and Cu-SAPO-34 upon hydrothermal aging

The impact of hydrothermal aging on both Cu-SSZ-13 and Cu-SAPO-34 were the
compared. After 750°C hydrothermal aging for 16h, the NO conversions on both
materials were maintained. However, a significant difference appeared after
hydrothermal aging at 800°C. The Cu-SSZ-13 sample resulted in remarkably lower NO
conversions at all temperatures tested while the Cu-SAPO-34 still maintained its high
SCR activity. In fact, the NO conversions over Cu-SAPO-34 were even enhanced at
temperatures below 350°C, due to a post solid state ion exchange process occurring
during the high temperature treatment. Indeed, the NH3-TPD results suggest an increase
in strong Lewis acid sites in/fon the Cu-SAPO-34 sample after hydrothermal aging at
750°C and 800°C. However, all types of acid sites were decreased by hydrothermal aging
the Cu-SSZ-13 sample, verified by in-situ DRIFTS of NHz; and NO adsorption
experiments. Furthermore, hydrothermal aging at 800°C resulted in a significant
reduction in the amount of exchanged Cu?* sites and accordingly, the SCR activity on
Cu-SSZ-13 was dramatically decreased by hydrothermal aging. As for the framework
structure, XRD showed that some CHA phases disappeared after 800°C hydrothermal
aging on Cu-SSZ-13; however, all the diffraction peaks still existed on Cu-SAPO-34
after the same aging treatment. The NHj3 oxidation activity over Cu-SSZ-13 increased
after 750°C hydrothermal aging, caused by the aggregation of isolated Cu?* sites into
CuO particles. Further increasing the aging temperature to 800°C led to a decrease in
NHj3 oxidation activity, possibly due to the severe damage of the framework structure as
indicated by the loss of crystallinity in XRD. On the other hand, no significant change of

NHj3 oxidation activity was observed on Cu-SAPO-34 after hydrothermal aging at 750°C
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and 800°C, proving that Cu-SAPO-34 structure is more robust to hydrothermal aging

than Cu-SSZ-13.

8.1.5 SO, poisoning impact on the NH3-SCR reaction over Cu-SAPO-34

Sulfur poisoning is a durability issue for Cu-SAPO-34 in NH3-SCR reactions,
thus the impact of SO, on the SCR performance and the deactivation mechanism were
investigated. The data showed that SO, mainly inhibited SCR activity at low temperature
(<300°C), while no evident effect was observed at higher temperatures. Temperature
programmed desorption of SO, indicated that SO, desorbed starting from 300°C, thus the
lack of impact noted at high temperature. SO; was only formed by SO, oxidation at
temperatures above 350°C therefore the drop of low temperature performance with the
presence of SO, was not be caused by SOz formed via SO, oxidation DRIFTS spectra
indicated the formation of surface SO, and sulfate species during SO, adsorption. When
SO, was introduced over the NHj; pre-adsorbed sample at low temperature, some
(NH4)2SO, like species were formed on the surface. The formation of (NH4),SO4 is
further confirmed by the temperature programmed desorption (TPD) experiments. When
NHj3 and SO, were simultaneously introduced on the catalyst, more NH3; was adsorbed on
the surface as compared to the NH3 uptake during NH3-SCR, and was also accompanied
by a new desorption peak of SO, at around 400°C in comparison to the SO,-TPD result.
The ratio of this increased amount of NH3 to the amount of additional SO, that adsorbed
with the presence of both NH3; and SO, turned out to be 2:1, providing evidence that
(NH4).SO,4 was formed at low temperature. The competitive adsorption of SO, with NOy
was also studied by DRIFTS spectra combined with TPD experiments. The results

showed that the NOy adsorption capacity decreased in the presence of SO, in the feed.
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Overall, the low temperature deactivation mode is attributed to both the formation of
ammonium sulfate species and the competitive adsorption of SO, with NOy adsorption.
Fortunately, the SO, poisoning effect was reversible. When the catalyst was thermally
treated at 700°C, the surface sulfur species decomposed and the original SCR activity

was retained.

8.2 Recommendations for future work

i The NH3-SCR reaction mechanism was studied using in-situ DRIFTS. However,
all the DRIFTS experiments were performed in the absence of water. Similar studies
should be performed in the presence of water. In addition, the SCR reaction pathway
proposed in this study could be further combined with the kinetic modeling.

i It was concluded that isolated Cu®* sites were responsible for NH3-SCR activity at
low temperature. However, the high temperature active sites still need further
investigation. High temperature NO conversions were limited by the non-selective NH3
oxidation, which was enhanced by the CuxOy species. However, the correlation of the
overall NOy reduction rate and the amount of active sites at high temperature still needs
to be carefully probed. Additionally, the structures of the CuxOy clusters need to be
accurately characterized.

iii. CuO particles were detected in both Cu-SAPO-34 and Cu-SSZ-13 catalysts
prepared by the solid state ion exchange method. CuO is known to be inactive for NH3-
SCR and converts NH; to NOy at high temperature, therefore decreasing the SCR
performance. Therefore, the solid state method could be further improved by somehow

eliminating the formation of CuO from the catalysts.
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iv. The data showed that the Cu-SAPO-34 was more resistant to hydrothermal aging
than Cu-SSZ-13. Detailed material characterization could be conducted to explain the
intrinsic aging mechanisms for Cu-SSZ-13 and Cu-SAPO-34.

V. The impact of SO, poisoning of Cu-SAPO-34 was studied. However, the
upstream oxidation catalyst oxidizes some SO, to SO3;. SO, and SO; may have different
deactivation effects towards the SCR catalysts and with the presence of H,O, some
H,SO, is also likely to form. Therefore, a similar study can be extended with the systems

including SO3 and/or H,0.
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