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Abstract 

Sulfur is a common poison for automotive catalysts. Sulfur oxides in the engine 

exhaust adsorb onto and interact with catalytic converters leading to catalyst deactivation. 

SO2 is the main sulfur species exiting the engine, which can be further oxidized to SO3 

over an oxidation catalyst with subsequent H2SO4 formation in the presence of water. For 

diesel engines in particular, SO2, SO3 and H2SO4 may have different impacts on the 

diesel oxidation catalyst (DOC) activity, as well as the activity of catalysts further 

downstream. In the present PhD research project, the interactions between sulfur oxides 

and a model Pt/γ-Al2O3 DOC were investigated.  

SO2 oxidation on a Pt/γ-Al2O3 catalyst was experimentally studied and a steady-state 

kinetic model was developed to describe SO2 oxidation on the catalyst. The modeling 

results reveal that the relative importance of the individual rates in the reaction 

mechanism, as well as the surface coverages, were strongly temperature dependent. 

SO2 storage and release on/from γ-Al2O3 and Pt/γ-Al2O3 were studied to understand 

the transient phenomena that occur upon a DOC’s exposure to SO2. Temperature-

programmed desorption (TPD) and in-situ diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) experiments were performed to identify sulfur species formed on 

both catalysts. Adsorption data verified that γ-Al2O3 as a catalyst support significantly 

affects SO2 storage and release over Pt/γ-Al2O3. Based on the DRIFTS and TPD studies, 

multi-step reaction mechanisms were proposed for SO2 adsorption and desorption 

on/from both γ-Al2O3 and Pt/γ-Al2O3 and kinetic models were developed.  

SO3 adsorption and desorption on γ-Al2O3 and Pt/γ-Al2O3 were studied using TPD 

and DRIFTS experiments. It was found that similar species form on γ-Al2O3 and Pt/γ-
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Al2O3 during SO3 adsorption, however upon the adsorbed species decomposition, 

different sulfur species are released from the two samples. 

Different impacts of SO2, SO3 and H2SO4 on Pt/γ-Al2O3 were studied using TPD 

experiments. The results show that the sulfur uptake as well as the contribution of stable 

sulfates on the alumina support decreases in the following order: H2SO4 > SO3 > SO2. 

The results suggested that the degree of catalyst sulfation upon its saturation with 

different forms of sulfur could represent the extent of deactivation.  
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Chapter 1 Introduction and background 

1.1 Introduction 

Diesel engines have a higher fuel efficiency and greater power density compared to 

conventional gasoline engines, thus providing a significant reduction of per mile CO2 

emissions. The lean burn nature of the diesel engine provides an additional benefit for 

CO and hydrocarbon control such that average CO emissions from a diesel vehicle can be 

an order of magnitude lower than that for an equivalent gasoline vehicle. Total 

hydrocarbon emissions are also approximately one-third of those from gasoline vehicles. 

In terms of pollutant emissions, the main concerns for diesel engines are the NOx and 

particulate matter (PM) [1]. Diesel aftertreatment systems have significantly evolved over 

the last few decades, driven by implementation of stricter emission standards as well as 

development of more advanced engine technologies. Utilizing highly active and durable 

catalysts, as well as an optimized aftertreatment design is key for diesel engine emissions 

control [2].  

Sulfur is a naturally occurring component of crude oil and diesel fuels contain sulfur 

chemically bound to hydrocarbon molecules. During the combustion process, the organic 

sulfur compounds in diesel fuel are first degraded/decomposed and then oxidized to SO2 

[2]. The reactions are very fast such that nearly complete conversion of sulfur to SO2 

occurs in the combustion chamber. In diesel aftertreatment systems, SO2 can be further 

oxidized to SO3 on the catalysts with oxidation functionality, with subsequent formation 

of sulfuric acid due to the presence of water in the exhaust gas. Sulfur compounds can 

directly contribute to pollutant emissions due to the SO2 release from the tailpipe or 

increased formation of sulfate particulates as a result of SO2 oxidation on the 



 

2 
 

aftertreatment catalysts [1]. However more importantly, the overall performance of the 

catalytic components of diesel aftertreatment systems is adversely impacted in the 

presence of sulfur [2]. 

1.2 Sulfur content in diesel fuel  

In order to minimize the adverse effects of sulfur on diesel emission control 

technologies, environmental legislation has limited the maximum content of sulfur in 

diesel fuel, initially driven by the impact of sulfur on PM emissions (sulfate particulates), 

and later by its interference with various emission control catalysts [2]. The first 

regulations mandating the reduction of diesel fuel sulfur levels were implemented in the 

1990s when sulfur oxide emissions from diesel engines had a noticeable contribution to 

the global SO2 emission inventory. Most recently, ultra low sulfur fuel was introduced 

with a maximum sulfur content between 50 and 15 ppm as a “technology enabler” for 

catalytic diesel particulate filters and NOx control catalysts [2]. The reduction of sulfur 

content in diesel fuels during the last two decades along with their corresponding 

emission standards are summarized in Table 1.1.  

Table 1.1 Reduction of sulfur levels in diesel fuel [2] 

Fuel Type Sulfur Level 
Reason for 

Reducing Sulfur 

Targeted 

Emission 
Emission Standards 

Standard diesel 
≥ 0.5% 

(5000 ppm) 
n/a n/a 

US before 1993 

EU before 1996 

Low sulfur diesel 500-350 ppm 
Sulfate PM control; 

SO2 control. 
PM, SO2 

US1994: 0.1 g/bhp-hr PM 

Euro II/III: 0.25/0.1 g/kWh 

PM 

Ultra low sulfur 

diesel 
50-10 ppm 

To enable NOx 

aftertreatment; 

To enable catalytic 

DPFs; 

Sulfate PM control. 

PM, NOx 

US2007/10: 0.2 g/bhp-hr 

NOx; 0.01 g/bhp-hr PM 

Euro IV/V: 0.02 g/kWh PM 

Sulfur-free diesel ≤ 10 ppm* Euro V/VI 

* EU: proposed phase-in from 2005-2009. 
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Emission standards have evolved and changed continuously with the most stringent 

emission standards being adopted in the United States and European Union. Therefore, 

there is still an uneven global distribution for diesel sulfur levels due to different emission 

standards applicable in different countries. Figure 1.1 shows the worldwide diesel fuel 

sulfur levels considering national regulations in different countries.  

 

Figure 1.1 Worldwide diesel sulfur content, 2014 [3] 

The SO2 concentration in the exhaust gas can be calculated based on the fuel 

consumption and its sulfur content. Figure 1.2 shows the volumetric SO2 concentration in 

the exhaust gas as a function of diesel fuel sulfur content, calculated for an air to fuel 

ratio of 20, which is typical for diesel engines operating at full load conditions. As shown 

in Figure 1.2, with 15 ppm sulfur in diesel fuel, the SO2 concentration in the exhaust gas 

would be about 1 ppm. With the recent decrease in the fuel sulfur levels, lubricating oil 
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may also become important as a SO2 source in the exhaust gas. Diesel lube oils generally 

contain sulfur in the range of 4,000-10,000 ppm with typical oil consumption oscillating 

between 0.1% and 0.2% of fuel. For example, two cases of lube oil contribution to the 

exhaust SO2 levels are shown in Figure 1.2. The lower line corresponds to a lubricating 

oil consumed at a rate of 0.1% of fuel and containing 4,000 ppm sulfur, whereas the 

upper line represents the “worst case” scenario with a 10,000 ppm sulfur oil consumed at 

a rate of 0.2% of fuel. In the worst case scenario, the oil-derived SO2 level is comparable 

to that produced by diesel fuel of 15 ppm sulfur content. 

 

Figure 1.2 SO2 concentration in the exhaust gas as a function of fuel sulfur content [2] 

1.3 Diesel engine aftertreatment system 

Multiple catalytic components are used in diesel aftertreatment systems in order to 

control the exhaust emissions to achieve the emission standards. Unburned hydrocarbons 

(HC), carbon monoxide (CO), nitrogen oxides (NOx) and particulate matter (PM) are 

regulated components of diesel exhaust. A typical aftertreatment system of a diesel 

engine consists of three different components, as shown in Figure 1.3. The diesel 

oxidation catalyst (DOC) is the first in the diesel engine aftertreatment architecture and is 
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used to oxidize CO and hydrocarbons to CO2 and H2O, and to oxidize NO to NO2. Since 

the focus of this work is the sulfur impact on Pt/Al2O3 DOCs, I will describe DOCs in 

more detail in section 1.4.  

The DOC is typically followed by a Diesel Particulate Filter (DPF) which is used to 

remove particulates/soot from the exhaust gas. For current DPFs, wall flow filters are 

used in which the monolith channels are alternatively blocked at the filter inlet and outlet. 

The gas flow which enters the open channels cannot exit the channel outlet, therefore it 

has to go through the wall where the PM is trapped. There are two approaches for the 

DPF regeneration. The first approach is active regeneration, where the filter is heated to 

soot combustion temperatures with O2 as the oxidant, i.e., 550°C. In the second approach, 

called passive regeneration, the washcoat on the trap has a catalyst which helps the 

oxidation of the accumulated soot at lower temperatures through use of NO2 as the 

oxidant. The NO2 is generated through NO oxidation, is used as the oxidant reforming 

NO, which can then again be oxidized over the catalyst layered on the DPF [4].  

The third component of the diesel aftertreatment system is a NOx reduction system 

where two common strategies, i.e., selective catalytic reduction (SCR) or NOx 

storage/reduction (NSR), have been considered and employed [5]. SCR selectively 

reduces nitrogen oxides to N2 using either NH3/urea (over Fe/Cu zeolite based catalysts) 

or hydrocarbons (over Ag/Al2O3 based catalysts) as the reductant [6]. On the other hand, 

NSR catalysts, also known as lean NOx traps (LNT), remove NOx from the exhaust gas 

stream by reversible chemical adsorption of NOx onto a catalyst in the form of 

nitrates/nitrites, followed by reduction under stoichiometric or rich conditions [7].  
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Figure 1.3 Different components in a diesel aftertreatment system [8] 

1.4 Diesel oxidation catalyst (DOC) 

Diesel oxidation catal ysts are targeted to provide high CO and unburned 

hydrocarbon oxidation activity. They oxidize unburned hydrocarbons, including PM 

precursors, leading to a reduction in the PM emissions. NO oxidation also occurs on the 

DOC which is beneficial for the performance of the downstream NOx reduction system as 

higher ratios of NO2 to NO improves the performance of the lean NOx traps as well as 

SCR catalysts. NO2 is also useful for the regeneration of the diesel particulate filter. Since 

NO2 is a stronger oxidant compared to O2, it can oxidize the soot trapped on the DPF at 

lower temperatures than those required in the case of O2 [5].  

Pt and Pd are the most common precious metals used in DOCs. Rh is also used in 

some cases, but its application is much more in the TWCs. For HC oxidation, Pt has a 

higher activity due to its relatively lower oxygen coverage under oxidizing conditions and 

therefore less inhibition by high oxygen coverage [5]. At extreme temperatures, like those 

required for the DPF regeneration, thermal degradation occurs and Pt-based catalyst 

Selective Catalytic Reduction 

Diesel Particulate Filter 

Diesel Oxidation Catalyst 
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activity drops. Pd-based catalyst activity also decreases at high temperatures because of 

sintering and decomposition of PdO (the active phase) to Pd. Pd resistance to sintering is 

higher when compared to Pt. Precious metals should be highly dispersed on the washcoat 

in order to increase the active metal exposed surface area, thus minimizing the precious 

metal required and decreasing the catalyst cost [5]. High surface area Al2O3, silica or 

zeolites, or a combination of these components, are commonly used as catalyst supports 

where the washcoat is coated on a ceramic cordierite or metal monolith structure [9]. A 

schematic picture of different components of a monolithic DOC is shown in Figure 1.4.  

 

 

Figure 1.4 (a) Monolith channel A: Ceramic substrate [10], B: Washcoat, (b) Different 

components of a monolithic DOC [11] 

A DOC can also oxidize some SOF which contributes up to 65% of the particulate 

emissions. Due to the low operating temperature of the engine during the cold start, the 

catalyst first adsorbs the SOF and then oxidizes it as the exhaust reaches higher 

temperature (i.e., 200-250°C) [4].  

These catalysts can also have a high activity for SO2 oxidation, which is undesirable 

due to the more severe deactivating effects of SO3 (or H2SO4) compared to SO2 on the 

key reactions of the DOC as well as the downstream catalyst performance. Therefore, a 

highly selective catalyst with a low SO2 oxidation activity would be desired, but with the 

(a) (b) 
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primary function of the DOC being oxidation reactions, it is not likely that SO2 oxidation 

will be negated.  

1.5 Sulfur impact on particulate matter (PM) emissions  

Apart from the deactivating impacts of SO2 and SO3 on the catalyst performance, 

SO3 can also quickly form sulfates in the presence of water, which is a major contributor 

to particulate formation. Therefore depending on the extent of SO2 oxidation on the 

DOC, the particulate matter (PM) emissions from the exhaust gas can be significantly 

impacted. In general, the overall effect of the DOC on the total PM emissions is a 

decrease due to the oxidation of the soluble organic fraction (SOF) of the particulate 

matter make up in exhaust gas [12]. However, depending on the temperature, formation 

of sulfate particulates over the DOC may lead to a net increase in total PM emissions. For 

example, one study has shown the relative contribution of PM constituents over a DOC 

as a function of temperature, schematically shown in Figure 1.5. The engine-out PM 

emission, i.e., without using a catalyst, was also shown for comparison. As can be 

observed, at 300°C the SOF oxidation on the DOC resulted in a net decrease in the total 

PM emissions. However at higher operating temperatures, the sulfate formation became 

significant such that an overall increase in the total PM emission was observed at 450°C 

[2].  
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Figure 1.5 Contribution of PM constituents over a DOC as a function of the catalyst 

temperature [2] 

The extent of sulfur oxide exposure to the DOC is another important factor affecting 

the PM emissions. Figure 1.6 shows the results of 12 repeated emission tests performed 

according to the Federal Test Procedure (FTP) cycle over a catalyst-equipped heavy-duty 

vehicle. The sulfur content in the test fuel is 400 ppm by weight and the baseline shows 

the total PM emissions without a catalyst. Total PM emissions were recorded over the 

subsequent tests using the catalyst where the particulate analysis indicated an overall 

increase in the release of sulfate particulates with test repetitions. In the first test, the 

catalyst reduced the total PM emissions by 25%, whereas in the last test the total PM 

increased by about 30% mainly as a result of the sulfate release. These results indicate 

that sulfates were initially stored in the catalyst washcoat, leading to a net decrease 

observed in the total PM emissions. As the catalyst washcoat gradually saturated, sulfate 

particulates released under the test conditions leading to an increase in the total PM 

emissions. These results suggest that in order to evaluate the sulfur impact on the steady-

state performance of the catalyst, a proper preconditioning or “degreening” procedure 

should be employed to avoid misleading results [2].  
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Figure 1.6 Particulate emissions over repeated FTP cycles [2] 

1.6 Sulfur impact on Pt/Al2O3 DOCs 

The effects of sulfur on the performance of noble metal automotive catalysts have 

been reviewed by Gandhi and Shelef [13]. According to previous studies on three way 

catalysts, the oxidation of CO and unsaturated hydrocarbons is inhibited in the presence 

of SO2. On the other hand, SO2 can improve the oxidation of saturated hydrocarbons. 

Modification of the catalyst surface by the presence of the surface sulfate groups on the 

support and creation of new catalytic sites was suggested as a reason for this activity 

enhancement. The degree of support sulfation depends on the SO2 oxidation activity on 

the precious metal sites [13].  

The SO2 effects on CO, NO and hydrocarbon oxidation reactions over Pt/γ-Al2O3 

DOCs have been previously studied [14-18]. Gracia et al. [14] found that in the presence 

of 20 ppm SO2 in the feed, the CO light-off temperature on alumina and silica supported 

Pt increased. Figure 1.7 shows the CO conversion as a function of temperature with no 

SO2 in the feed along with the repeated runs when SO2 is co-fed. With a silica supported 

catalyst (Figure 1.7a), the Pt surface becomes almost completely poisoned during the first 

run. In the case of the Pt/Al2O3 catalyst (Figure 1.7b) however, sulfur poisoning between 
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the runs is more gradual with only a 5°C increase in the light-off temperature between the 

first and second runs and then a significant temperature increase, 33°C, between the 

second and third runs. Site blocking as well as modification of the Pt-CO bond were 

found to be the possible sulfur poisoning effects. These results revealed that alumina 

acted as a sulfur storage reservoir, which could delay the appearance of catalyst 

deactivation [14]. It should be noted that when the SO2 impact on the steady state 

performance of the catalyst is evaluated, such transient effects due to the SO2 storage on 

alumina need to be considered to avoid inaccurate results. 

 

Figure 1.7 CO conversion as a function of temperature for Pt supported on SiO2 and 

Al2O3 catalysts. Reaction conditions: 1% CO–10% O2 in He, temperature 

ramp: 1°C/min. ■, Reaction with no SO2. ●, First run with 20 ppm SO2. ♦, 

Second run with 20 ppm SO2. ▲, Third run with 20 ppm SO2 [14] 
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In another study, by Karkkainen et al. [19], the CO and C3H6 oxidation activity of 

sulfur-water and water-treated Pt-Pd/Al2O3 and Pt/Al2O3-based monolith DOCs were 

studied. Sulfur-treated samples were characterized using XPS and TEM techniques and 

no significant structural changes were observed in the catalysts after sulfur poisoning. 

Therefore, chemical adsorption of sulfur species on the catalyst surface and support 

material, followed by active site covering was suggested as the main sulfur deactivation 

effect [19].  

Krocher et al. [16] studied sulfur deactivation of NO oxidation and according to their 

results, sulfation of DOCs is a two stage process, starting with oxidation of SO2 to SO3 

and the adsorption of sulfuric acid at the surface, followed by a slower sulfation of the 

bulk washcoat. The NO oxidation activity decreased significantly in the presence of SO2, 

due to SOx storage on the catalyst surface which is constantly supplied via Pt sites. The 

activity could be completely recovered by heating the catalyst to 400°C. Very stable 

sulfate species, which remained on the washcoat, were found to have a negligible effect 

on the NO oxidation performance [16]. In another study performed by Li et al. [17], the 

impact of SO2 on the performance of Pt/Pd-based DOCs was investigated using NO and 

hydrocarbon oxidation as probe reactions. The authors showed that sulfur in its freshly 

deposited state directly interacts with the precious metal sites, leading to NO and 

hydrocarbon oxidation activity loss. For example, the steady state NO oxidation 

performance of a sulfur-free and sulfated catalyst are shown in Figure 1.8. As observed, 

small quantities of freshly deposited sulfur (0.3±0.1 g/L) lead to a significant loss of NO 

oxidation activity. With subsequent high temperature treatment in the absence of sulfur, 

i.e., “baking”, substantial recovery of the overall catalytic activity was observed even 
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though the majority of sulfur remained on the catalyst. This activity recovery was 

attributed to sulfur’s ability to migrate along the catalyst support, driven by a higher 

stability of the sulfate species on the oxide support, resulting in less sulfur in proximity to 

the active precious metal site [17]. 

 

 

Figure 1.8 The effect of sulfur “baking” at 400°C for 20 h on NO oxidation performance 

[17] 

The impact of SO2 exposure time on the NO oxidation performance of Pt/Al2O3 

catalysts was studied by Li et al. [15] and the regeneration of sulfated catalysts was 

systematically investigated. The SO2 exposure was performed at 300°C using 20 ppm 

SO2, 10% H2O, 5% CO2 and 10% O2. The regeneration procedure was conducted in a 

reaction mixture of 500 ppm NO, 100 ppm CO, 100 ppm C3H6, 3% H2O, 5% CO2 and 

10% O2 where three cycles of NO oxidation were performed with a temperature ramp 

from 100°C to 500°C. Their results showed that the catalyst activity could almost 

completely be recovered after short time (i.e., 5 h) SO2 exposure whereas the catalyst 

exposed for the longer exposure time (i.e., 20 h) could only be partially regenerated. The 
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partial regeneration of the sulfated samples was attributed to irreversible deactivation of 

kink and edge Pt sites. They also studied the SO2 poisoning mechanism on NO oxidation 

over Pt/Al2O3 using in-situ DRIFTS, in the presence of SO2 and H2O. According to their 

results, upon SO2 adsorption on the catalyst an intermediate SOx species forms, which is 

subsequently oxidized and transformed to SO3, followed by the formation of more stable 

SO3 species on Pt. During the regeneration process in the NO oxidation reaction mixture, 

the SOx species were transformed to unstable intermediate SOx species and were finally 

removed [15]. In the previous SO2 impact on DOC studies performed, SO2 is typically 

used in the feed as a poisoning agent, however as mentioned earlier, in the presence of O2 

and water, SO2 oxidation over the DOC may lead to the formation of SO3 and sulfuric 

acid. Hence, it should be noted that the observed deactivation effects could be a 

combination of the SO2, SO3 and H2SO4 impacts on the catalyst, rather than only a SO2 

impact.  

In work performed by Luo et al. [20], sulfur release from a model Pt/Al2O3 DOC 

was studied using temperature-programmed techniques and step-response methods. The 

SO2 adsorption was performed at 200°C with 225 ppm SO2 and 5% O2 followed by a 

temperature ramp to 700°C under different gas environments. Figure 1.9 shows the SO2 

and H2S concentrations as a function of time during TPD of a sulfated Pt/Al2O3 where the 

catalyst was exposed to different gas environments. Their results showed that desulfation 

was promoted as the gas environment changed from oxidizing to inert and then to 

reducing conditions, as can be seen in Figure 1.9. H2, as a reducing agent, was found to 

be more active than CO under dry conditions and the presence of water further improved 

the desulfation process. They considered the desulfation mechanism as a stepwise 
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reduction of sulfates to SO2 and then to H2S. According to their experimental results, it 

was suggested that the desulfation process with H2 was limited by sulfur transfer to the Pt 

sites, or H2 dissociation and H transfer to the sulfate sites [20]. 

 

Figure 1.9 SO2 and H2S concentrations as a function of time during TPD of a sulfated 

Pt/Al2O3 with switches between the gas environments: (1) TPD to 700°C and 

hold, (2) switch to He (inert gas), and (3) switch to 1% H2 (reducing 

environment) [20] 

1.7 Research objectives and dissertation outline 

The sulfur content in diesel fuels has been drastically reduced in recent years, driven 

by strict environmental regulations, however sulfur is still an issue for the performance of 

aftertreatment catalysts [15], especially due to the significant amount that can accumulate 

as a function of time. Sulfur interactions with the Pt/Al2O3 DOC have been studied in the 

literature using SO2 in the feed, mostly in the presence of oxygen and water to represent 

the exhaust gas conditions. However, under these conditions and depending on the 

temperature, SO2 can be oxidized to SO3 over a DOC, with subsequent formation of 

sulfuric acid and sulfate particulates in the exhaust gas. Since these sulfur species could 
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have substantially different deactivation impacts on DOCs, decoupling those effects 

would provide new insights into the sulfur poisoning mechanism as well as the design of 

effective regeneration procedures.  

The quantitative degree of the catalyst sulfation depends on the extent of the SO2 

oxidation over the DOC. Therefore, the steady state SO2 oxidation performance of a 

DOC is a key in understanding the sulfur deactivation of the catalyst as well as predicting 

any possible increase in the PM emissions due to sulfate formation and its subsequent 

release from the catalyst under high temperature excursions. The sulfur poisoning effect 

is a dynamic process with a strong temperature dependence. These transient effects need 

to be predicted in order to accurately account for the sulfur impact on the catalyst over 

the lifetime of the DOC. In addition, transformation of sulfur species upon SO3 

adsorption on the Pt/Al2O3 catalyst and the mobility of the adsorbed species from the 

precious metal sites to the support have not yet been studied in the literature. Therefore in 

the present dissertation, I studied SO2 oxidation on a model Pt/γ-Al2O3 DOC and 

developed a kinetic model which predicts the steady-state SO3 formation over the 

catalyst. The SO2 storage-release on/from Pt/γ-Al2O3 was experimentally studied with 

different adsorbed species characterized and a kinetic model describing the adsorption of 

SO2, the decomposition of the species formed and the desorption of SO2 was developed 

based on the experimental data. In order to understand the SO3 impact on Pt/γ-Al2O3 

DOCs, SO3 adsorption and desorption on/from γ-Al2O3 and Pt/γ-Al2O3 was 

experimentally studied. Finally, in order to understand sulfur poisoning caused by 

different forms of sulfur, a comparative study of the SO2, SO3 and H2SO4 impacts on Pt-

based DOCs was performed. 
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This dissertation is organized as follows. The experimental setups and procedures 

used for catalyst testing are described in chapter 2. The steady-state SO2 oxidation study 

on Pt/γ-Al2O3 is presented in chapter 3. The experimental study and kinetic modeling of 

SO2 adsorption and desorption on/from γ-Al2O3 and Pt/γ-Al2O3 are presented in chapter 

4. In this chapter, temperature-programmed desorption (TPD) and diffuse reflectance 

Fourier transform infrared spectroscopy (DRIFTS) were used as experimental techniques 

in order to characterize adsorbed species and a kinetic model was developed based on the 

experimental results. The results of the experimental study of SO3 adsorption and 

desorption on γ-Al2O3 and Pt/γ-Al2O3 are presented in chapter 5, again using TPD and 

DRIFTS as experimental techniques. A comparative study of the SO2, SO3 and H2SO4 

impacts on a Pt/γ-Al2O3 catalyst is presented in chapter 6. Finally, the main conclusions 

of the dissertation and recommendations for the future work are presented in chapter 7. 
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Chapter 2 Experimental methods 

The experiments included in this dissertation were conducted with two different 

reactor systems. The SO2 oxidation tests as well as the SO2 adsorption and temperature-

programmed desorption (TPD) experiments were performed in a bench scale reactor 

system with monolithic catalyst samples. An in-situ diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS) reactor system was also used in the SO2 adsorption-

desorption study in order to identify the surface species on the catalyst. A Micromeritics 

ASAP-2020 instrument was used to measure the BET surface area as well as the active 

metal dispersion of the catalyst. The details of the two reactor systems, i.e., bench scale 

monolith reactor and DRIFTS reactor, are presented in this chapter.  

2.1 Bench scale monolith reactor system 

2.1.1 Gas supply system  

In the bench scale reactor system, as shown in Figure 2.1, the simulated exhaust 

gases are introduced from the “main” manifold. N2 as a carrier gas is supplied from an 

On-Site Nitrogen generator system (N-30-TGN model) and its flow rate is controlled by a 

MKS mass flow controller (MFC). Other gases are supplied from gas cylinders, acquired 

from Praxair, with specific flow rates controlled by MKS MFCs (Model 1179A). Each 

MFC was calibrated using digital flow meters (Bios Definer 220-H). The specifications 

of the gases used in the bench scale reactor system are listed in Table 2.1. 
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Table 2.1 Specifications of the gases used in the monolith reactor system 

Gas Description Purity 

N2 
Diluent for reactive feed gas, purge gas for 

reactor and FTIR 
99.999% 

O2 Pure 99.993% 

H2 Pure 99.999% 

CO Balanced with N2 10% 

SO2 Balanced with N2 1% 

 

There are two pathways for the gases to flow from the main manifold to the FTIR 

analyzer, either through the reactor itself or around the reactor through the bypass. In 

order to avoid contamination of the inlet lines and to minimize the time lag of the system 

during transient adsorption-desorption experiments, SO2 and SO3 inlet lines are separate 

from the main manifold and connected to the reactor/bypass right before the reactor inlet. 

When SO3 is needed in the feed, it is produced in another reactor upstream of the main 

reactor, shown as the “SO3 reactor” in Figure 2.1. The details of the “SO3 reactor” are 

described later in Section 2.1.2. Inlet SO2 or SO3 can go through three different 

pathways: the reactor inlet, the bypass line or directly to the vent. When water is needed 

in the experiments, a water injection system is used to supply water to the feed gas. The 

water system includes a Bronkhorst El-FLOW MFC for N2 carrier gas, a Bronkhorst 

LIQUI-FLOW MFC for liquid water as well as a Bronkhorst controlled evaporator mixer 

(CEM). The desired gas and liquid flow rates are controlled with a Bronkhorst digital 

readout/control unit and the evaporator outlet is added to the feed gas line downstream of 

the main manifold. The gas lines connected to the main manifold as well as the NH3 line 

were built from stainless steel ¼ in tubing with the SO2 and SO3 lines built from 1/8 in 

tubing. 
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Figure 2.1 Bench scale monolith reactor system 

2.1.2 Sulfur resistant lines and fittings 

The outlet lines of the SO3 reactor as well as those for the main reactor are coated 

with a sulfur resistant coating provided by SilcoTek®. The coating is SilcoNert®2000 

which is an inert, chemically protective barrier of amorphous silicon material inter-

diffused with the host substrate resulting in a 100-500 nm coating [21]. The stainless steel 

Swagelok tubing and fittings coated with SilcoNert®2000 were used in the parts of the 

reactor set up which are exposed to sulfur oxides. During all the experiments, the inlet 

and outlet gas lines were heated to 150-200°C in order to minimize deposition of sulfur 

species and possible water condensation in the lines. For heating purposes, the lines were 

wrapped with Cole-Parmer insulated heating tapes and Darco Southern insulation tape 
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(Tetraglas 3000 Woven Tape). The temperatures of the heating tapes were adjusted using 

ISE Variac Variable Transformers.  

2.1.3 Reactor systems 

A schematic picture of the main monolith reactor is shown in Figure 2.2. The main 

reactor system is a 457 mm long quartz tube with 25 mm outer diameter (OD) and 22 mm 

inner diameter (ID). A pair of stainless steel fittings coated with SilcoNert®2000 are used 

as the end connections for the quartz tube reactor with 1/16 in port connections for 

thermocouple insertion or as an inlet for the SO2/SO3 feed, as well as ¼ in inlet and outlet 

connections. In order to seal the end fittings on the quartz tube reactor, a 1 in graphite 

ferrule (Volunteer Industrial Supply) is used on each end connection. A monolithic core 

of the catalyst sample, either washcoated with just alumina or Pt/γ-Al2O3 depending on 

the experiment, was used in the quartz tube reactor. High temperature insulation (Darco 

Southern Tetraglas 3000 Woven Tape) was wrapped around the sample in order to block 

the space between the monolith and the wall of the reactor to minimize the gas flow 

bypassing the catalyst. The catalyst sample was inserted into the quartz tube reactor and 

small quartz rods, 2.5 mm ID and 3 mm OD, were placed upstream of the sample to 

ensure mixing and uniformity of the gas flow. The reactor assembly was placed in a 

Lindbergh Mini-mite temperature controlled furnace. For temperature measurements, 

three thermocouples were inserted at different locations inside the reactor. One 

thermocouple was located upstream of the catalyst, the two others were placed inside the 

sample, one close to the inlet face and the other close to the outlet face, all radially 

centered. 
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Figure 2.2 Monolith reactor set up 

For experiments that required SO3 in the feed, SO2 and O2 were metered into an 

upstream reactor which consisted of another monolith core of Pt/γ-Al2O3. This catalyst 

was loaded in a 1 in diameter stainless steel tube reactor which was placed in a ceramic 

heater. A low flow rate, 300 ml/min corresponding to a space velocity of 3700 h
-1

 along 

with a relatively high temperature, i.e., in the range of 350-400°C, were used such that 

complete conversion of SO2 to SO3 was achieved in the “SO3 reactor”. An appropriate 

concentration of SO2, balanced in O2, was selected according to the desired SO3 

concentration in the main reactor, and metered through the catalyst core. The “SO3 

reactor” outlet was then added to the main feed.  

2.1.4 Analysis and data acquisition system 

A MKS MultiGas MG-2030 FTIR spectrometer, positioned downstream of the 

reactor system, was used to measure the reactor outlet gas compositions. The 

spectrometer is equipped with a 5.11 m high-optical-throughput 200 mL gas sampling 

cell. The FTIR analyzer incorporates a high sensitivity liquid nitrogen cooled MCT 

detector. The temperature of the gas cell was maintained at 191°C by a digital 

temperature controller. The species concentrations that were of interest for this thesis and 
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could be measured by the FTIR included SO2, SO3, H2SO4, H2O, CO, CO2, NO and NO2. 

The instrument was purged with 20 psig purified air generated from a FTIR purge gas 

generator (Parker Balston). A background spectrum was obtained prior to each test. For 

the background, 16 scans were collected. When measurements were not being taken, 2 

L/min pure nitrogen flow was used to protect the gas cell.  

To minimize corrosion problems due to sulfur exposure and increase the lifetime of 

the gas cell, a new corrosion resistant gas cell developed by MKS, i.e., the G50 gas cell, 

was used in the FTIR analyzer. The inside of the G50 gas cell is coated with a Dursan® 

coating and the cell is equipped with MgF2 coated mirrors and ZnSe windows with 

Kalrez o-rings. Dursan® is an inert, chemically protective, wear resistance, anti-corrosive 

barrier of carboxysilicon material inter-diffused with the host substrate resulting in a 400-

1600 nm coating [22]. 

Due to the interfering peaks of SO2 and SO3 in the IR absorption spectra, an accurate 

calibration method was needed to be used for the SO2 and SO3 measurements. This 

calibration method was created by removing the overlapping regions of the SO2 and SO3 

IR absorption spectra from the analysis band, which was originally used for their 

quantification in the MKS supplied library. Frequency ranges of 1294-1363 cm
-1

 and 

1389-1426 cm
-1

 were selected as analysis bands for the SO2 and SO3 calibration methods, 

respectively. Required modifications were also performed within the mentioned analysis 

regions in order to avoid interferences with other compounds, such as water, which could 

be present in the sample gas. The developed calibration methods were tested with known 

concentrations of SO2 and SO3 to verify the accuracy of the measurements [23]. For the 
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measurement of the other gas phase species, the calibration recipes provided with the 

instrument were used. 

The data acquisition system included a PC equipped with MKS software for 

recording concentration data and National Instruments modules, i.e., Field point 

controller and Labview® software, for recording temperature data. The concentration 

data were measured using the FTIR instrument with a data acquisition frequency of every 

0.5 seconds at a resolution of 0.5 cm
-1

. The concentration data were recorded with MKS 

MG2000® software. The catalyst temperatures were measured by the thermocouples 

inserted into the reactor and monitored and recorded with Labview® software connected 

to Field point modules. The data collected by the Labview® interface 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 

characterization technique that can be used to identify species adsorbed on a catalyst 

surface and their surface concentration based on the infrared radiation (IR) absorbed. The 

DRIFTS instrument operates by directing a focused IR beam into a sample where the IR 

radiation interacts with the sample material. The incident beam can be reflected off the 

top surface, scattered while interacting with the sample material or transmitted through 

the sample particles. The part of the beam which is scattered within the sample and back-

reflected to the surface is collected by the output mirror and directed to the detector, as 
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shown in Figure 2.3. The detector records the altered IR beam as an interferogram signal 

which can then be used to generate a spectrum [24]. 

 

Figure 2.3 Schematic picture of a diffuse reflectance optical system. M1-M6 represent 

mirrors [25] 

2.2.2 Spectrometer and data acquisition system 

A Thermo Scientific Nicolet 6700 spectrometer equipped with a MCT detector was 

used in my DRIFTS experiments. A praying Mantis DRIFTS accessory along with a 

reaction chamber were installed in the sample compartment and used as the reactor 

system as will be described later in Section 2.2.3. The DRIFTS system was connected to 

a PC equipped with Thermo Scientific OMNIC software for recording spectral data and 

Watlow EZ-Zone® Configurator software for conducting temperature controlled 

programs. The sample temperature was measured by a thermocouple inserted below the 

reaction chamber and monitored and controlled using a Harrick Scientific automatic 

temperature controller (ATC-024-3).  

The DRIFTS spectra were collected in the spectral range of 4000 to 600 cm
-1

. 

Background spectra were taken while flowing He at the corresponding temperatures of 

interest. The resolution was 4 cm
-1

 and the numbers of scans for both sample spectra and 
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background were 64, unless otherwise mentioned. The diffuse reflectance spectra are 

presented in Kubelka-Munk (KM) units, which linearly relates surface concentrations 

with the reflectance characteristics of a diffusely reflecting sample [26]. The Kubelka-

Munk function transforms the measured spectrum (  ( )) into the absorbance spectrum 

according to the following equation 

  (  )  
(    )

 

   
 
 

 
 
       

 
 ,   (2-1)  

where   ( ) is the reflectivity of a sample of infinite thickness measured as a function of 

the frequency ( ),  (  ) is the KM function and is the ratio of the intensity of the 

reflected light to the intensity of the incident light and the parameters K and S are the 

absorption coefficient and the scattering coefficient of the sample, respectively [27]. The 

absorption coefficient (K) can be replaced by 2.303εC where ε is the sample absorptivity 

and C is the analyte concentration. The scattering coefficient is a function of particle 

shape, size and packing density of the sample. Hence, assuming a constant absorptivity 

and scattering coefficient for the sample, a linear relation between the KM function and 

the analyte concentration is predicted. The KM spectrum is similar to a classical 

absorption spectrum, however their corresponding signal intensities are not comparable 

since the KM function weakens the weak bands (high reflectance) and intensifies the 

strong bands (low reflectance) [26]. This helps represent the raw data in a simpler form 

which is useful for the data analysis. In addition, the linear dependency between the KM 

function and the species surface concentration provides a convenient approach for 

quantification purposes. 
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2.2.3 Reactor system 

In the DRIFTS setup, a Harrick Scientific Praying Mantis
TM

 accessory and a high 

temperature reaction chamber were used as the reactor system. This system is specifically 

designed for examining high surface area powders by DRIFTS. The whole Praying Mantis 

box was purged with 9 L/min pure N2 to reduce the H2O and CO2 levels, entering from the 

atmosphere [28].  

The sketch of the Harrick Scientific high temperature reaction chamber is shown in 

Figure 2.4. The reaction chamber is constructed of chemically resistant 316 stainless steel 

and can be heated up to 600°C under vacuum. This reaction chamber 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 Scientific temperature controller. The sample 

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 [29].  

 

Figure 2.4 High temperature reaction chamber [29] 
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The powder sample was pressed into a 60 mg pellet of 6.5 mm diameter and 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. Two optical ZnSe windows were installed on a 

removable stainless steel dome using o-ring seals. The total flow rate during the experiments 

was maintained at 50 ml/min (STP) with MKS mass flow controllers. 

2.2.4 Gas supply system 

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

the DRIFTS rector system are listed in Table 2.2. 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 gases were mixed before entering the reaction 

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

were heated to 150°C using insulated heating tapes (Cole-Parmer) wrapped with 

insulation tape (Darco Southern Tetraglas 3000 Woven Tape). In the experiments where 

SO3 was needed, SO3 was produced in an upstream reactor equipped with a Pt/Al2O3 

monolithic catalyst and the reactor temperature was adjusted such that complete 

conversion of SO2 to SO3 is achieved. The SO3 was then injected to the main feed before 

entering the reaction chamber.  

Table 2.2 Specifications of the gases used in the DRIFTS reactor system 

Gas Description Purity 

He Diluent for reactive feed gas 99.999% 

O2 Pure 99.993% 

SO2 Balanced with N2 1% 
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2.3 Safety 

Two gas detection systems were used in the lab in order to detect any possible toxic 

gas leaks. A Beacon 410 Gas Monitor (RKI Instruments) was placed close to the 

monolith reactor system and equipped with four sensors for the detection of H2, SO2, CO 

and NO gases. Another Beacon 410 Gas Monitor system was placed close to the DRIFTS 

instrument with its sensors installed and calibrated for the detection of NH3, SO2 and 

CH4. The sensor models along with their detection ranges are listed in Table 2.3 where 

the detection ranges for combustible gases are presented in terms of lower explosion limit 

(LEL). 

Table 2.3 Specifications of the gas sensors used in the gas detection system [30] 

Target Gas Detection range  Sensor model 

H2 (combustible) 0-100% LEL 65-2400RK 

SO2 0-6.00 ppm 65-2300RK-SO2 

CO 0-300 ppm 65-2496RK 

NO 0-100 ppm GD-K8A 

NH3 0-75.0 ppm 65-2300RK-NH3 

CH4 (combustible) 0-100% LEL 65-2405RK 

 

During normal operation, the gas monitor systems display the target gas, unit of 

measure and current gas reading for all active channels. Each gas monitor system has 

three alarm levels which are set to be activated when the gas reading reaches a specific 

alarm set point [31]. The gas detection systems were inspected and calibrated for each 

gas (by Detect Services, Corp.) every six months in order to ensure proper operation. A 

D-link network camera was installed in front of the gas detection system to monitor its 

screen in real time, and can be used to check the gas readings during alarm conditions. In 
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addition to the gas monitor systems, multiple CO alarms (Kidde) were placed throughout 

the lab for the detection of any CO leakage. 

 



 

31 
 

Chapter 3 Experimental and kinetic study of SO2 oxidation on 

a Pt/γ-Al2O3 catalyst 

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. 

Reference and figure numbers changed for dissertation consistency. 

3.1 Background 

A number of studies have focused on sulfur interactions with DOCs [5, 20, 32] and 

its effect on NO oxidation activity [16, 18, 33] and oxidation of other emissions [34-35]. 

In those investigations, sulfur interactions with the metal, metal oxides, as well as the 

catalyst support have been studied using experimental and computational methods. 

However, few studies have focused on the SO2 oxidation reaction itself. DOC SO2 

oxidation kinetics would of course enable prediction of residual SO2 and product SO3 

concentrations exiting the catalyst, which in turn could be used to determine deactivation 

rates of downstream catalyst systems.  

Modeling SO2 interactions with Pt-based catalysts has been studied, however, mostly 

for lean NOx trap (LNT, or NOx storage/reduction (NSR)) catalysis in terms of diesel 

automotive applications. For example, Olsson et al. [36] studied sulfur poisoning and 

regeneration of a Pt-containing LNT. They developed a kinetic model that included sulfur 

deactivation of the LNT, regeneration of the catalyst for NOx trapping and sulfur release. 

Their sulfur sub-model contained steps for SO2 adsorption on two sites, barium and 

alumina, and the subsequent oxidation to form sulfates. It was suggested that sulfur 

poisoning occurs on both Ba and alumina, with the poisoned Ba sites leading to NOx 

storage loss [36]. Dawody et al. [37] studied the effect of SO2 exposure conditions on 
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sulfur accumulation on Pt/SiO2 as well as its impact on the NOx storage/reduction 

performance of a Pt/BaO/Al2O3 LNT and BaO/Al2O3. It was found that both SO2 

exposure in combination with O2 or H2 caused deactivation of the NOx storage capacity 

of the NSR samples, but they noted that exposure to SO2 with O2 increased the formation 

of sulfur-containing species on the samples. Moreover, it was shown that the presence of 

Pt enhanced the adsorption of SO2 under all exposure conditions [37]. In another study 

performed by Dawody et al. [38], a kinetic model was developed that included SO2 

interactions with a LNT catalyst. The model consisted of six sub-models: (i) NOx storage 

under sulfur-free conditions; (ii) SO2 storage on NOx storage sites; (iii) SO2 oxidation 

over platinum sites; (iv) SO3 storage as bulk sulfates on both barium and alumina bulk 

sites; (v) SO2 interaction with platinum in the presence of H2; and (vi) oxidation of 

accumulated sulfur compounds on platinum by NO2. Their model was able to describe 

the main features in the experiments such as the decrease in the NOx storage performance 

after exposure to sulfur.  

Many research groups have studied SO2 oxidation over vanadium-based catalysts 

[39-43], with fewer evaluating Pt-based catalysts, however, these investigations mainly 

focus on SO2 oxidation under conditions applicable to sulfuric acid production, i.e., with 

high concentrations of SO2 (percent levels) and not those relevant to automotive 

emissions (ppm levels). For example, Benzinger et al. [44] investigated SO2 oxidation 

kinetics over Pt in a micro-structured reactor. They performed a detailed mechanistic 

study and numerically simulated SO3 formation in a single channel configuration. Good 

agreement was observed between their simulation results and the experimental data. A 

rate determining step sensitivity analysis on the reaction steps showed that the 
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adsorption/desorption of SO2 and the surface reaction between the adsorbed species were 

similar under their experimental conditions. Therefore, they suggested that the rate 

determining step could change depending on the experimental conditions. In work 

performed by Sharma et al. [6], a microkinetic model for SO2 oxidation on Pt was 

proposed with an ultimate goal of understanding DOC-SOx interactions. They considered 

12 reversible catalytic reactions and five surface species (S
*
, O

*
, SO

*
, SO2

*
 and SO3

*
) 

with some kinetic parameters taken from the literature and some calculated using semi-

empirical methods. Steady-state isothermal PFR simulations were performed and the 

model predictions were compared to the experimental data of a Pt/SiO2 coated monolith. 

Two kinetic parameters were adjusted in their model and a further validation was carried 

out against SO2 conversion experimental data with a Pt/TiO2 catalyst. Fair agreement 

between the model predictions and experimental data was observed. The reversible 

surface reaction between the adsorbed species was identified as the most important 

reaction step based on their sensitivity analysis. However, SO3 adsorption/desorption 

showed the largest sensitivity at low temperatures (250°C) [6]. 

SO2 adsorption on a Pt(111) surface and reactivity of the adsorbed sulfur species has 

been widely studied using different spectroscopic techniques [33, 45-50]. First principles 

density functional study regarding SO2 binding and oxidation on Pt has also been 

performed [51-53]. Lin et al. [51] performed DFT calculations and predicted that on an O 

precovered Pt(111) surface, the activation barrier for an assumed Eley-Rideal mechanism 

was less than that for the Langmuir-Hinshelwood reaction. However, they suggested that 

the actual mechanism of sulfur oxidation might be highly sensitive to environmental 

conditions due to the large sensitivity of the surface thermodynamics to oxygen coverage 
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on Pt as well as the stability of surface-bound SO4 under highly oxidizing conditions 

[51].  

In the present work, a SO2 oxidation model was built using data obtained from 

experiments with a monolithic Pt/γ-Al2O3 catalyst. As a starting point in developing the 

kinetic model, the kinetic scheme presented in Dawody et al. [38] was assumed. A 

systematic optimization methodology, previously reported in the literature [54], was used 

to estimate the rate coefficients using experimental data. A separate set of experimental 

data was used to verify the accuracy of the model. The relative importance of each step in 

the reaction mechanism was evaluated at different temperatures to identify the rate 

determining step (RDS).  

3.2 Experimental methods 

3.2.1 Catalyst pretreatment 

The Pt/γ-Al2O3 catalyst used in this study was provided by Johnson Matthey in 

monolithic form. The monolith had a platinum loading of 50 g/ft
3
, an Al2O3 loading of 

~1.6 g/in
3
, and a cell density of 325 channels/in

2
. A monolithic core of 1.96 cm diameter 

and 3.68 cm length with a cross section of 130 cells was used in the bench reactor 

experiments. Progressive degradation of Pt/Al2O3 catalyst performance due to exposure 

to sulfur has been reported in the literature [5]. Catalyst deactivation in the presence of 

sulfur can occur through active metal site blocking [55] or support sulfation [56-58]. 

Changes in catalyst morphology, structure and electronic properties have been observed 

after sulfur exposure [57, 59]. Olsson and Karlsson investigated the effect of long time 

SO2 exposure to Pt, and Pt migration and sintering were observed even at temperatures as 

low as 200°C [18]. Slow activity changes were also noticed during the course of this 
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study and data obtained from temperature-programmed desorption (TPD) experiments 

(data not shown for brevity) demonstrated a significant amount of S uptake by the 

support material, with a slow approach to saturation. Based on the above observations, to 

attain reproducibility, an overnight SO2 exposure, 50 ppm SO2 in N2 at 240°C, was used 

as a pretreatment method except for the reaction order experiments which were 

conducted with a different pretreatment method (as described later in this section). The 

pretreatments were conducted with total flow rate of 4.6 L/min corresponding to the 

space velocity of 25000 h
-1

. The reproducibility of the data was within ±4% using the 

long time SO2 exposure pretreatment.  

3.2.2 Reactor experiments 

The apparent activation energy of SO2 oxidation over Pt/γ-Al2O3 was determined. In 

the first set of experiments, the feed concentrations were varied between 100-149 ppm for 

SO2, 54-106 ppm for SO3 and 6-10% for O2. The homogeneous SO2 oxidation rate in the 

gas phase is extremely low, with SO2 conversion due to the homogeneous reaction 

neglected at temperatures below 900°C [60]. In my experiments, all conversion 

calculations were done with respect to the inlet concentrations of the feed gas measured 

through the bypass line. It is worth mentioning that while my initial goal was to address 

the feed concentrations seen in diesel engine exhaust, SO2 and SO3 concentrations larger 

than normal were employed to accelerate the time to reach steady state. SO3 was also 

included in the feed to maintain differential conditions within the reactor. High SO3 

levels might also be expected at the catalyst outlet under high rate conditions. Three sets 

of feed compositions were selected from the above ranges and the apparent activation 

energy was measured by randomly varying the temperature between 240 and 308°C 
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while keeping the feed composition constant. Another set of experiments was performed 

with no SO3 in the feed to study the effect of SO3 on the activation energy. With no SO3 

in the feed, the differential assumption for the reactor may not be as accurate as when 

SO3 is present in the feed, however, in the former case, the measurements were 

performed multiple times while restricting data points to conversion below 10% to ensure 

the accuracy of the estimated value.  

Global reaction orders with respect to SO2, O2 and SO3 were estimated. For reaction 

order experiments, the catalyst sample was pretreated at 430°C in N2 for 30 min, rather 

than the long-time SO2 exposure, with reproducible results still obtained. To minimize 

the effect of temperature gradients and to avoid mass transfer limitations due to 

concentration gradients, the reactor was operated in a differential reactor regime by 

restricting the SO2 conversions to below 15%. Excess SO3 was used in the feed to ensure 

the reactor operates in a differential manner. The data were recorded when steady state 

was reached, which typically occurred after about 1 h. Due to the transient nature of the 

adsorption/desorption processes over the catalyst surface, a true steady state might not be 

achieved during this time, especially for the low temperature data points. However, the 

SO2 oxidation activity did not change significantly after collecting the steady state data 

points (i.e., the SO2 concentration change was less than 1-2 ppm) and therefore the data 

were considered at steady state. In order to determine the reaction orders, the 

concentrations of various species were varied independently between 52-310 ppm for 

SO2, 58-259 ppm for SO3 and 5-15% for O2, all at 274°C. A power law expression was 

assumed for the reaction rate dependency on the SO2, O2 and SO3 concentrations. The 

estimated values for the reaction orders, as well as the activation energy, and their 
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standard errors were obtained by a log-linear analysis. To observe the effect of SO3 

presence in the reaction mixture, the reaction orders with respect to SO2 and O2 were also 

obtained with no SO3 in the feed. All kinetic experiments were repeated to verify 

reproducibility of the data.  

For the kinetic model development, the first step consisted of collecting the 

experimental data over the intended concentration and temperature ranges. The SO2 and 

SO3 concentrations in the feed were varied between 49-157 ppm and 0-113 ppm, 

respectively, and 5-13% was used for oxygen. The data were collected between 239-

371°C, which is in line with the SO2 light off temperature range over the catalyst used. 

More experimental data points were also taken in the higher temperature region, which is 

limited by thermodynamic equilibrium. Different combinations of feed concentrations 

and reactor temperatures were selected within the defined domain and the data were 

collected at randomly selected combinations – i.e., not in any concentration or 

temperature order. All the experiments were conducted with total flow rate of 4.6 L/min 

corresponding to the space velocity of 25000 h
-1

. 

3.2.3 Pt dispersion measurement 

Pt dispersion of the monolithic sample was measured using a chemisorption 

technique described by Karakaya et al. [61]. It is based on temperature-programmed 

desorption (TPD) of pre-adsorbed CO in a continuous flow reactor at atmospheric 

pressure. Prior to the TPD experiment, a catalyst pretreatment was carried out according 

to the procedure described in [61]. 0.5 vol.% CO diluted in N2 was metered to the reactor 

at room temperature to saturate the metal surface. The CO flow was stopped after 

saturation of the sample and the physisorbed CO was removed by flowing N2 over the 
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catalyst at room temperature. These processes were conducted with a total flow rate of 1 

L/min. The flow rate was then decreased to 0.5 L/min and the TPD was performed with a 

heating rate of 25°C/min from room temperature to 515°C under continuous N2 flow. The 

desorbed amounts of CO and CO2 were obtained. The metal dispersion was calculated by 

assuming that all desorbed C species, i.e., CO and CO2, originated from the adsorbed CO. 

Furthermore, adsorption stoichiometry of CO/Pt and CO2/Pt were assumed to be unity. A 

Pt dispersion of 5.84% was obtained for the catalyst sample. Such a small dispersion was 

caused by thermal aging due to catalyst exposures to high temperatures (i.e., 730°C) 

during multiple cycles of SO2 TPD/TPO prior to any experiments. This cycling was done 

to ensure no further degradation during the experiments done in this study. 

3.3 Modeling 

The kinetics development methodology typically involves solving an outer problem 

and a corresponding inner problem. The outer problem is the optimization which starts 

with the assumption of a desired reaction rate expression along with initial guesses for the 

rate parameters, and changing the same to minimize the error between experimental 

observations and the calculated values. The corresponding inner problem involves 

generating exit concentrations for each set of reaction rate parameters specified by the 

outer problem. I begin this section by detailing the equations employed for solving the 

exit concentrations of the desired species across the reactor. 

3.3.1 Inner Problem  

The equations which define the gas and surface concentrations of the species whose 

concentrations appreciably change across the length of the reactor are shown below:  
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The definitions of the variables involved in these equations are detailed in the 

nomenclature section. In the above equations, isothermal conditions for the reactor were 

assumed, which were also verified via temperature measurements at different positions 

inside the monolith, where the temperature difference was always within 3-4°C. In 

addition, it was assumed that the surface temperature was the same as that in the gas and 

the inlet temperature defined the overall reactor temperature thus allowing Tg = Ts = Tin. 

To further simplify the overall problem and focus on the task of developing reaction 

kinetics on the surface, several assumptions were made in the mass balance equations 

(i.e., equations (3-1) and (3-2)). First, since steady-state conversion data were used, it was 

assumed that there were no transients. Second, it was assumed that mass transfer is 

reasonably fast compared to the reaction rates. This assumption was verified by 

calculating the Weisz-Prater number and Mear’s criteria for the internal and external 

mass transfer limitations, respectively. The equations described above will then transform 

to the form 
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where F


is the governing equation of each coverage site. The set of equations constitutes 

a differential algebraic equation (DAE) system and was solved using ode15s in Matlab. 
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The activation energies were scaled as reported previously [54] to increase robustness. 

Via this approach, surface coverages and species exit concentrations are provided, which 

in turn were used by the outer problem to perform the desired optimization. 

3.3.2 Outer problem 

A reaction rate scheme is needed before optimizing rate parameters against 

experimental data. A reaction mechanism previously reported by Dawody et al. [38] was 

assumed. For the oxidation of SO2 on the Pt surface, they proposed a Langumuir-

Hinshelwood based mechanism. The same mechanism was adopted for this study, and 

their rate parameters were used as initial guesses for the optimization. The adopted 

Langmuir-Hinshelwood model is: 

2

2,1

2 )( SOPtPtgSO  ,    (3-5) 

OPtPtgO  22)( 4,3

2 ,     (3-6) 

PtSOPtOPtSOPt  3

6,5

2  and   
(3-7) 

PtgSOSOPt  )(3

8,7

3 .
    

(3-8) 

The objective function used for optimization is adopted from [54] 

   
 

  
∑

 

  

  
   ∑     (

 
   
     

 
   
    )

  
   

,   (3-9) 

where XSO2 is the SO2 conversion at the reactor outlet. Matlab’s constrained optimizer, 

called fmincon, was utilized for the optimization process. To identify the parameters 

requiring adjustment for a match to the experimental data, a sensitivity analysis was 

performed. Thermodynamic consistency of the kinetic parameters was also considered in 

the fitting procedure. 
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The initial guesses for the activation energies and pre-exponential factors for the various 

reactions were obtained from Dawody et al. [38] and are listed in Table 3.1 for 

comparison. All the pre-exponential factors given here are based on the molar amount of 

active sites. During model implementation, however, the pre-exponential factors were 

multiplied by the molar amount of active sites per kg of catalyst. For example, the unit of 

the pre-exponential factor for the adsorption steps is given as m
3
/(mol·s) in Table 3.1, 

whereas in the model calculations it was multiplied by the exposed Pt site density and 

therefore converted to m
3
/(kg catalyst·s). 

Table 3.1 Initial value of the kinetic parameters from Dawody et al. [38] 

Parameter Initial value Parameter Initial value (kJ/mol) 

A1 4.8×10
7
 m

3
mol

-1
s

-1
 E1 7 

A2 1×10
15

 s
-1

 E2 150 

A3 8.44×10
5
 m

3
mol

-1
s

-1
 E3 10.40 

A4 9.97×10
14

 s
-1

 E4 189.40 

A5 6.4×10
14

 s
-1

 E5 179 

A6 6.2×10
15

 s
-1

 E6 182 

A7 1×10
15

 s
-1

 E7 140 

A8 4.7×10
7
 m

3
mol

-1
s

-1
 E8 4 

 

3.4 Results and Discussion 

3.4.1 Reaction kinetics measurements 

The overall rate of reaction for SO2 oxidation can be written in a power law form as  

       (
   

  
)[   ]

 [  ]
 [   ]

 (     ),   (3-10) 

where A is the frequency factor for the forward rate constant, Ea is the activation energy, 

[SO2], [O2] and [SO3] are the gas-phase concentrations of SO2, O2 and SO3, respectively, 
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a, b and c are the forward reaction orders, and βeq is the approach to equilibrium and is 

defined as 

    
[   ]

[   ][  ]      
,     (3-11) 

with     the equilibrium constant of the overall reaction. The apparent activation energy 

was calculated based on the experimental data obtained in the presence and absence of 

SO3 in the feed. The temperature dependence of the SO2 oxidation turnover rate (TOR) 

for experiments with and without SO3 in the feed is shown in Figure 3.1 where the TORs 

represent the observed reaction rates. The high temperature data were not used in the 

activation energy calculations, therefore the equilibrium term, i.e., βeq, was small enough 

to be neglected and the observed TORs approximately represent the forward reaction 

rates. The SO2 conversions used in the TOR calculations were all obtained using the SO2 

concentration measured at the inlet and outlet of the reactor, with a SO2 measurement 

error within 1 ppm. An apparent activation energy of 59±1 kJmol
-1

 was obtained with no 

SO3 in the feed, whereas an activation energy of 101±3 kJmol
-1

 was calculated with SO3 

in the feed, indicating that SO3 inhibits the SO2 oxidation rate. The values of the 

activation energy obtained for different feed concentrations are shown in Figure 3.1. The 

observed inhibition effect for SO3 is similar to the NO2 inhibition effect on the NO 

oxidation rate over Pt as widely reported in the literature [62-64].  
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Figure 3.1 Arrhenius plot for SO2 oxidation on Pt/γ-Al2O3 in the presence and absence of 

SO3 in the feed 

Reaction order experiments were performed in the differential reactor regime with 

conversions below 15% and βeq values below 0.0004, demonstrating that the reaction was 

far from equilibrium. The first set of experiments was done with no SO3 in the feed and 

the forward reaction orders were determined using a least squares analysis. The results of 

these experiments are summarized in Table 3.2. In order to investigate the effect of SO3, 

another set of experiments was performed with SO3 added to the feed and reaction orders 

again calculated, again with data listed in Table 3.2. The reaction orders were determined 

by varying the concentrations of various species independently between 52-310 ppm for 

SO2 order, 58-259 ppm for SO3 order and 5-15% for O2 order, all at 274°C. Using SO3 in 

the feed, the SO2 reaction order was 0.88 and the O2 reaction order was -0.24, similar to 
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those obtained in the absence of SO3 in the feed. The SO3 reaction order was calculated 

as -0.42, demonstrating its inhibition effect. Figure 3.2 shows the effects of reactant and 

product concentrations on the observed SO2 oxidation TOR at 274°C with SO3 as part of 

the feed. In order to examine the effect of operating conditions on the reaction rate 

dependencies, a number of experiments were performed using different feed 

concentrations and temperatures, all within the differential reactor regime, and reaction 

orders similar to those reported in Table 3.2 were obtained. 

Table 3.2 Experimental reaction orders for SO2 oxidation on Pt/γ-Al2O3 

Experiment SO2 order SO3 order O2 order 

with no SO3 in the feed 0.72±0.15 - -0.22±0.12 

with SO3 in the feed 0.88±0.07 -0.42±0.11 -0.24±0.04 

 

 

Figure 3.2 SO2 oxidation TOR dependence on SO2, O2 and SO3 concentrations at 274°C  
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3.4.2 Kinetic model results 

The system of differential algebraic equations was solved at different temperatures 

to predict the steady-state SO2 conversion as well as the coverage of the adsorbed species 

along the monolith length. A set of experimental data measured within the defined 

domains of the feed concentration and temperature, as described in Section 3.2.2, was 

used in order to optimize the kinetic parameters. To ensure that the model satisfies 

thermodynamic equilibrium, some data points in the high temperature region were also 

added to the optimization data set. To minimize the effect of measurement errors, the SO2 

concentrations at the inlet and outlet of the reactor were considered and any data point 

with a concentration change smaller than 8 ppm was dropped from the experimental data 

set. It should be mentioned again that the SO2 measurement error is within 1 ppm 

according to the FTIR calibration. Therefore, the arbitrarily chosen 8 ppm margin 

overestimates the experimental error simply in order to decrease the uncertainty of the 

adjusted parameters. It also accounts for any experimental errors other than those related 

to the FTIR calibration, such as possible deviations from a true steady state. Ultimately, 

31 data points were employed for the parameter estimation as listed in Table 3.3. The 

data points added to the experimental data set in the high temperature region, 

representing the equilibrium-controlled reaction, are not included in Table 3.3 for brevity. 

It should be noted that the equilibrium constraint has already been considered in the 

parameter estimation within the model, therefore the equilibrium data are only used to 

double check model consistency under equilibrium-limited conditions and they have no 

further effect on the fitting of the kinetic parameters.  
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Table 3.3 Experimental data used for parameter optimization (The data in the equilibrium 

controlled region are not listed here). Total flow rate for all data points is 4.6 

L/min 

No. Inlet Temp. (°C) 

Inlet concentrations 
Exit SO2 

conversion (%) 
SO2 (ppm) SO3 (ppm) O2 (%) 

1 239 98 5 5 12% 

2 250 98 8 10 14% 

3 260 99 54 10 9% 

4 261 98 6 5 22% 

5 261 98 28 10 11% 

6 261 148 53 6 9% 

7 282 150 107 13 16% 

8 283 148 56 6 25% 

9 283 99 52 6 22% 

10 283 50 104 7 19% 

11 283 99 54 10 20% 

12 283 98 29 10 26% 

13 283 51 103 10 18% 

14 283 100 76 10 18% 

15 283 98 8 10 37% 

16 283 100 105 10 15% 

17 283 98 6 5 39% 

18 295 100 53 13 21% 

19 305 148 55 6 45% 

20 305 50 104 10 40% 

21 305 100 105 10 35% 

22 305 98 6 5 61% 

23 306 50 102 7 41% 

24 316 98 8 10 48% 

25 317 98 8 10 65% 

26 327 100 79 10 68% 

27 327 50 102 7 71% 

28 327 98 6 5 81% 

29 327 148 55 6 71% 

30 350 98 6 5 95% 

31 372 98 6 5 100% 
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Sensitivity analysis shows that the model is sensitive to the kinetic parameters of 

oxygen adsorption/desorption (steps (3-3) and (3-4)) as well as the surface reaction (steps 

(3-5) and (3-6)). The kinetic parameters related to the SO2 and SO3 adsorption/desorption 

steps did not have a significant effect on the model predictions. This is consistent with the 

rate determining step evaluation, discussed later in this section. To keep the number of 

adjustable parameters as low as possible, only the activation energies of steps (3-3) to (3-

6) were optimized and the pre-exponential factors were kept constant. To maintain the 

thermodynamic consistency of the model, the activation energy for SO2 desorption (step 

(3-2)) was calculated based on thermodynamic restrictions. Thermodynamic constraints 

include the enthalpic and entropic terms. To satisfy the enthalpic constraint, the enthalpy 

change resulting from the individual activation energies is equal to the overall reaction 

enthalpy. The entropic constraint was already satisfied as the original set of pre-

exponential factors was thermodynamically consistent and they were not changed in the 

optimization. The values of the pre-exponentials as well as the rest of the activation 

energies, which were constant during the optimization, were the same as those listed in 

Table 3.1. The optimization was performed by minimizing the objective function given in 

Equation (3-9) using MATLAB. The values of the optimized kinetic parameters are listed 

in Table 3.4. The optimized parameters were used in the kinetic model and the SO2 

conversions under different experimental conditions were predicted. The model-predicted 

and experimental conversions are compared in a parity plot shown in Figure 3.3. 
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Table 3.4 Optimized value of the kinetic parameters 

Parameter Optimized value (kJ/mol) 

E2 128.3
a
 

E3 11.2 

E4 184.7 

E5 153.4 

E6 180.1 

a
 Calculated from thermodynamic restrictions 

 

Figure 3.3 Comparison between experimental and model-predicted conversions 

The steady-state SO2 oxidation model was validated using a set of experimental data 

which was not included in the optimization procedure. The model prediction for this 

experiment is shown in Figure 3.4. As can be observed, the model with the optimized 

parameters is able to accurately predict the experimental data. Since SO2 oxidation is an 

exothermic reaction, conversion at high temperatures is limited by thermodynamic 

equilibrium. In fact, the experimental data in the high temperature region consistently met 

the equilibrium curve. Therefore, instead of taking more data points at high temperature 

region, the model accuracy in this region was examined by comparing the predicted 
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conversion with the equilibrium conversion obtained from Gibbs free energy 

calculations. Variations of the equilibrium constant with temperature are related to the 

reaction Gibbs free energy according to the following expression  

       ( 
  

  
),     (3-12) 

where ΔG is the Gibbs free energy of SO2 oxidation, which is a function of temperature, 

R is the gas constant and T is the temperature. The equilibrium constant, i.e., Keq, is also 

related to the conversion according to its definition. Therefore, equilibrium conversion 

can be calculated as a function of temperature using equation (3-12). 

 

Figure 3.4 SO2 conversion as a function of temperature, model predictions and 

experimental data are shown along with equilibrium-limited conversion at 

high temperatures. Feed composition: 149 ppm SO2, 10% O2 and 106 ppm 

SO3 

The relative importance of each step in the reaction mechanism was studied at 

different temperatures to identify the rate determining step. The optimized kinetic 

parameters were used in the microkinetic model and the system of differential algebraic 



 

50 
 

expressions was solved at four different temperatures. At each temperature, the rate of 

individual steps was calculated and integrated along the length of the monolith, thus an 

average rate was obtained for each of the eight steps in the reaction mechanism. The 

average rates were then compared in the bar chart shown in Figure 3.5. It should be noted 

that the forward and backward reaction steps in the Langmuir-Hinshelwood mechanism, 

i.e., equations (3-5) to (3-8), are separated as individual steps in the rate calculations. 

However, since the reaction pairs are important for the overall SO2 oxidation, they are 

considered as a pair of forward/backward steps in the RDS analysis.  

 

Figure 3.5 Comparison between the rates of individual steps in the mechanism at 

different temperatures; in case of O2 adsorption/desorption, the values of 2r3 

and 2r4 are plotted. Feed composition: 149 ppm SO2, 10% O2 and 106 ppm 

SO3 

The RDS can be found by comparing the contribution of an individual step reaction 

rate to the overall rate. One approach is to evaluate the ratio of the forward rate of step i 
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to the overall rate, i.e., ri
+
/roverall, and when equal to 1, then this step is rate determining 

[65]. Based on Figure 3.5, it appears that O2 adsorption/desorption and/or the surface 

reaction could be rate determining. Under steady state conditions, the time derivative will 

be zero, thus the net rate of O2 adsorption/desorption, i.e., 2(r3-r4), is equal to the net rate 

of surface reaction, i.e., (r5-r6), etc. with all reaction pair net rates equal 

                (     )             .   (3-13) 

Note, when comparing the forward rates with the overall rate, the stoichiometric 

coefficient for the O2 adsorption/desorption step, 1/2, can be considered. Therefore, in 

Figure 3.5 and Table 3.5, where the individual rate values are compared, the rate values 

for this step are represented as 2r3 and 2r4, rather than r3 and r4.  

As observed in Figure 3.5, the SO2 and SO3 adsorption/desorption steps (steps (3-1), 

(3-2) and (3-7), (3-8)) are fast compared to O2 adsorption/desorption and the surface 

reaction steps over the entire temperature range studied. The rate values for the four rapid 

reactions are well above the y axis limits shown in Figure 3.5, with an order of magnitude 

larger than one, and are truncated such that the values of the rate for steps (3-3) to (3-6) 

can be compared more easily. The values of the average rates for each step calculated at 

the four different temperatures are listed in Table 3.5. As can be seen in the top panels of 

Figure 3.5, at the two low temperatures characterized, i.e., 250°C and 300°C, oxygen 

adsorption and surface reaction are slow compared to the other forward steps, which are 

important for the progress of the overall reaction. Therefore, the overall reaction is 

controlled by both oxygen adsorption/desorption and surface reaction at temperatures 

below 300°C, while the other steps are significantly faster and can be assumed to be 

quasi-equilibrated. As temperature increases, oxygen adsorption/desorption becomes 
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faster whereas the forward and backward surface reactions are still significantly slower 

than the other steps. Therefore, as can be observed in the two bottom panels of Figure 

3.5, the surface reaction is the only rate limiting step at temperatures above 300°C. The 

modeling results therefore suggest that the SO2 oxidation kinetics are sensitive to both 

oxygen adsorption/desorption and surface reaction at temperatures below 300°C, whereas 

at higher temperatures, the surface reaction is the rate limiting step. 

Table 3.5 Average rates for each step at different temperatures, the rate unit is s
-1

 

Temperature (°C ) 250 300 350 400 

r1 3.58 1.12×10
1
 1.74×10

1
 1.42×10

1
 

r2 3.57 1.12×10
1
 1.73×10

1
 1.41×10

1
 

2r3 3.57×10
-3

 5.33×10
-2

 6.55×10
-1

 8.62 

2r4 1.63×10
-4

 2.16×10
-2

 5.73×10
-1

 8.53 

r5 3.41×10
-3

 3.18×10
-2

 8.23×10
-2

 9.87×10
-2

 

r6 3.49×10
-7

 1.24×10
-5

 3.94×10
-4

 1.01×10
-2

 

r7 5.19 2.29×10
1
 1.12×10

2
 4.62×10

2
 

r8 5.19 2.29×10
1
 1.12×10

2
 4.62×10

2
 

 

This result differs from that which Benzinger et al. [44] reported in their study, 

where SO2 adsorption was determined as the rate limiting step, under high concentrations 

of SO2. It could be due to the quite different operating conditions under which SO2 

oxidation has been studied. The sensitivity of the RDS to the temperature range, 

suggested in the present study, confirms their conclusion regarding the possibility of 

different rate limiting steps depending on the experimental conditions. 

The predicted surface coverages of adsorbed SO2, SO3 and oxygen as a function of 

monolith length at three different temperatures are shown in Figure 3.6. These coverages 

were calculated using the kinetic model with the same feed composition used in Figure 
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3.4. As shown in the first panel of Figure 3.6, the adsorbed SO2 has the smallest coverage 

on the Pt surface at all three temperatures. At 250°C, the Pt sites are mostly covered with 

adsorbed SO3 and oxygen with approximately equal contributions. As temperature 

increases, the SO3 coverage decreases and oxygen becomes dominant on the Pt surface. 

These changes can be seen more clearly in Figure 3.7 where the coverages at the channel 

outlet are plotted as a function of temperature. Since under these conditions the coverages 

do not change significantly along the monolith channel, the outlet coverage can properly 

represent the coverage inside the channel. The model predicts oxygen as the most 

abundant surface intermediate (MASI) at temperatures above 300°C. The oxygen 

coverage starts to decrease at temperatures above 500°C where the density of the vacant 

sites increases. 

 

Figure 3.6 Calculated surface coverages along the monolith channel at three different 

temperatures. Feed composition: 149 ppm SO2, 10% O2 and 106 ppm SO3 
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These results can be explained based on the relative importance of the individual 

steps at different temperatures. With SO3 present in the feed, a large fraction of the active 

sites are occupied by the adsorbed SO3 at temperatures below 300°C, inhibiting the 

progress of the overall reaction. In the case of no SO3 in the feed, since the reverse 

surface reaction is slow, some amount of produced SO3 could still remain on the surface, 

especially in the downstream portion of the catalyst, with a smaller degree of SO3 

inhibition. At higher temperatures, O2 adsorption/desorption becomes faster compared to 

the forward/backward surface reaction, with surface reaction being the RDS. It has been 

widely reported in the literature that oxygen is the most abundant surface intermediate on 

the Pt surface for both NO oxidation [64] and SO2 oxidation [38, 44]. For SO2 oxidation 

on Pt, such an assumption is not true at all temperatures as the modeling results suggest 

that the oxygen coverage as well as other surface coverages are strongly dependent on 

reaction temperature and feed composition.  

 

Figure 3.7 Surface coverages calculated at the channel outlet as a function of 

temperature. Feed composition: 149 ppm SO2, 10% O2 and 106 ppm SO3 
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The model predictions also agree with the higher activation energy observed in the 

presence of SO3 in the feed. As described in Section 3.4.1, the activation energy 

measurements were performed in the 240-308°C temperature range where, according to 

the model, both O2 adsorption/desorption and surface reaction are important for the 

progress of the overall reaction. This implies that SO3 inhibits SO2 oxidation through 

occupation of the active sites required for oxygen adsorption, leading to a slower 

oxidation rate in the low temperature region. This result is confirmed with the high 

coverage of SO3 predicted by the model at low temperatures. Data also show that, as SO3 

increases in concentration, its inhibition effect is non-linear, and increases in inhibition 

extent become less significant with increasing levels of SO3 in the feed. This is also 

consistent with SO3 inhibition through competitive adsorption on Pt sites, since as the 

concentration increases, some level of a saturation effect will occur. 

Consistency of the model prediction with the observed reaction orders was also 

examined using a global rate analysis for the proposed Langmuir-Hinshelwood 

mechanism. In taking the standard approach, each of the four reaction steps were 

assumed rate limiting, with the other three at equilibrium. This leads to the derivation of 

four global rate equations for comparison. The experimental reaction orders measured are 

consistent, with certain key assumptions, with global rate expressions derived assuming 

either SO2 adsorption/desorption or the surface reaction as the RDS. Since the latter is 

predicted as the RDS within a wide temperature range via the microkinetic model, the 

results of my analysis for this case are presented here. The following rate expression is 

obtained assuming the surface reaction to be the RDS 
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Based on the optimized kinetic parameters and the species concentrations employed 

in this study, the first and second terms in the denominator are negligible compared to the 

other terms in the whole temperature range studied. Therefore, the global rate expression 

can be simplified to 
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(     ),   (3-15) 

where the first and second terms in the denominator represent the oxygen and SO3 

coverages, respectively. This equation (3-15) suggests that the SO2 oxidation reaction is 

first order with respect to SO2 and negative order with respect to SO3, consistent with the 

experimental reaction orders. In the low temperature region, the order of magnitude of 

both terms in the denominator are comparable, verifying the importance of oxygen and 

SO3 coverages. The rate dependency on oxygen is weak at such low temperatures, again 

in line with the observed reaction orders. At higher temperatures, the first term in the 

denominator becomes larger, indicating a higher contribution of oxygen coverage on the 

surface, resulting from the faster O2 adsorption/desorption step. 

3.5 Conclusions 

SO2 oxidation was studied over a Pt/γ-Al2O3 oxidation catalyst. Experimental 

measurements were used to calculate an apparent activation energy of 101 kJ·mol
-1

. 

Reaction orders of 0.88 and -0.24 were determined with respect to SO2 and O2, 

respectively, and the SO3 reaction order was -0.42, demonstrating its inhibition effect. A 

microkinetic model based on a Langmuir-Hinshelwood mechanism was proposed for the 
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catalytic oxidation of SO2 on Pt/γ-Al2O3 and a one-dimensional steady-state model was 

developed for a single channel of a monolith. A set of kinetic parameters, taken from the 

literature [38], was used in solving the reactor model, with some parameters optimized to 

match the experimental data. A separate set of experimental data, which was not included 

in the parameter optimization, was used to validate the kinetic model. The developed 

model was able to accurately predict the experimental behavior of the catalyst. The model 

predicts that oxygen adsorption/desorption and surface reaction control the overall rate at 

temperatures below 300°C. As temperature is increased, oxygen adsorption/desorption 

more rapidly increases relative to the surface reaction between the adsorbed SO2 and 

oxygen, which becomes the only RDS at temperatures above 300°C. The modeling 

results revealed that at low temperatures, i.e., 200°C, the adsorbed SO3 had the highest 

coverage on the Pt surface followed by oxygen and SO2. However, as temperature 

increases, the adsorbed oxygen becomes the most abundant surface intermediate, 

consistent with literature results [38, 44]. The modeling results also revealed that the 

relative importance of the individual rates in the mechanism as well as the surface 

coverages were strongly dependent on temperature. Global rate analysis, assuming the 

surface reaction as the RDS, verifies the results of the microkinetic model with a rate 

expression consistent with the experimental reaction orders. 
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Chapter 4 Kinetic study of adsorption and desorption of SO2 

over γ-Al2O3 and Pt/γ-Al2O3 

Note: The material in this chapter has been submitted for publication. The introduction 

and experimental methods material has been summarized to avoid redundancy with 

Chapters 1 and 2. Reference and figure numbers changed for dissertation consistency. 

4.1 Introduction 

It is relatively well known that sulfur is a common catalyst poison in automotive 

catalysis. Sulfur compounds originating from fuel are released mostly in the form of SO2 

after combustion in the engine [5]. Complicating the effects, depending on the exhaust 

temperature, SO2 can be oxidized to SO3 over a DOC. SO2 and SO3 can have different 

impacts on the DOC and other downstream catalysts, with SO3 leading to more severe 

deactivation, at least partly due to its affinity to form H2SO4.  

To understand the effect of SO2 on Pt/γ-Al2O3 activity, a number of research groups 

have investigated the interaction of alumina with SO2 [66-73]. According to Datta et al. 

[66], the SO2 adsorption process on γ-Al2O3 initially involves adsorption either at Lewis 

acid sites (coordinately unsaturated aluminum atoms) or at Lewis base sites (exposed 

oxygen atoms). Adsorption at the Lewis acid sites gives rise to relatively weakly held 

SO2 whereas interaction with the Lewis base sites leads to chemisorbed SO2. Dalla Lana 

et al. [73] studied SO2 adsorption on γ-Al2O3 and proposed an adsorption mechanism 

where the most likely mode involved interaction between oxygen atoms of the SO2 

molecule and oxygen vacancies on the alumina surface. According to their results, 

oxygen vacancies were the only type of adsorption sites on the surface, but with a large 

distribution of binding energies due to the different atomic arrangements. They also 
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found that SO2 chemisorption was an activated process and the chemisorbed SO2 was 

stable up to 602°C. Nam and Gavalas [69] also suggested that there is a distribution of 

SO2 adsorption sites on alumina and their relative strengths vary depending on 

pretreatment temperatures.  

Mitchell et al. [71] observed the formation of sulfate species between 150-300°C, 

even in the absence of gas-phase oxygen. SO2 adsorption on under-saturated oxygen ions 

(less negatively charged compared to O
2-

 anions in the bulk of alumina) was suggested as 

a possible mechanism for surface sulfate formation [72]. Saur et al. [68] found that in the 

absence of OH groups or water, the surface sulfate formed during adsorption of SO2 on 

alumina or titania has a tridentate structure, i.e., (M3O3)S=O (with M representing Al or 

Ti), whereas in the presence of H2O or excess surface OH groups, it can be converted to a 

bidentate sulfate. In another study, formation of two SO4
2-

 species on alumina was 

reported: i) a well-dispersed surface species for concentrations up to 1.2×10
14

 ion/cm
2
, 

and ii) bulk-like or subsurface compounds with further addition of SO4
2-

 ions [74]. 

Surface sulfates on alumina decompose at temperatures above 700°C [74]. Bulk 

aluminum sulfate is even more stable with a decomposition temperature around 800-

920°C [68]. It has also been shown that Pt can influence the decomposition temperatures, 

with sulfate decomposition temperatures decreasing by about 200°C on Pt/γ-Al2O3 

relative to Al2O3 [75].  

Dawody et al. [37] studied the SO2 effect on the NOx storage performance of 

Pt/BaO/Al2O3 and BaO/Al2O3 catalysts. The presence of Pt enhanced the adsorption of 

SO2 under all exposure conditions studied. However, there was no correlation between 

the total amount of adsorbed sulfur on the samples and the NOx storage capacity 
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deactivation rate. It was proposed that sulfur adsorption on the sites that were not 

necessarily important for the NOx storage process could be a reason for this observation 

[37]. In another study [75], SO2 interactions with supported Pt catalysts were compared 

to those with the bare support. Upon SO2 reaction with Al2O3, SOx
2-

 species were formed 

on the catalyst surface where the chemical nature of the surface species changed with the 

reaction temperature such that SO3
2-

 was the main species at 200°C, SO4
2-

 became 

dominant at 400°C, with a mixture of SO3
2-

 and SO4
2-

 present at intermediate 

temperatures. Upon SO2 exposure to Pt/Al2O3, surface sulfate formation started at lower 

temperatures and the yield of SO4
2-

 species increased compared to that with the bare 

support, however all the sulfate formed resided on alumina, rather than Pt sites, due to the 

higher stability of sulfate species on the support. Formation of sulfide species (S
2-

) on the 

Pt surface, with a lower binding energy compared to that for sulfite and sulfate species, 

was also observed in the absence of oxygen [76].  

Light and medium duty diesel exhaust typically has a peak of temperature of around 

250-300
°
C. As shown in chapter 3, non-trivial SO2 oxidation on Pt/γ-Al2O3 starts at 

around 250
°
C. Hence to simplify the overall problem statement, a few assumptions were 

made regarding the kinetic measurements presented in this chapter: 

 SO2 oxidation is small during the adsorption and typical desorption phase of the 

diesel oxidation catalyst operating window; this assumption supports the 

exclusion of O2 in the feed conditions.  

 Formation of H2SO4 is small in the operating window of interest; thus H2O was 

excluded in the experiments, which substantially improved the quality of the data 

specifically for the in-situ DRIFTS measurements. 
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SO2 storage and release on γ-Al2O3 and Pt/γ-Al2O3 were studied using temperature-

programmed desorption (TPD) and in-situ DRIFTS measurements, with an ultimate goal 

of developing a kinetic model to elucidate the SO2 poisoning of a Pt/γ-Al2O3 DOC. The 

effect of SO2 on γ-Al2O3 was separately studied to decouple the support effect. DRIFTS 

experiments were utilized to identify the surface species formed upon SO2 exposure to γ-

Al2O3 and Pt/γ-Al2O3. The data obtained were then used to develop a model that can 

predict SO2 storage and release.  

4.2 Experimental methodology 

4.2.1 Catalyst 

The γ-Al2O3 and Pt/γ-Al2O3 catalysts used in this study were provided by Johnson 

Matthey in monolithic form. The Pt/γ-Al2O3 monolith had a platinum loading of 50 g/ft
3
, 

an Al2O3 loading of 1.6 g/in
3
, and a cell density of 325 channels/in

2
. An Al2O3-coated 

monolith with the same loading of 1.6 g/in
3
 was also employed in the experiments with 

just Al2O3 evaluated. A monolithic core of 1.98 cm diameter and 2 cm length was used in 

the flow reactor system for each TPD experiment.  

4.2.2 Temperature Programmed Desorption (TPD) experiments 

Since the TPD experiments involved high temperature excursions, the monolith 

samples were removed after each experiment and replaced with a fresh catalyst to 

eliminate any doubt regarding catalyst degradation. Prior to each TPD experiment, the 

sample was hydrothermally aged at 710°C for 4 h with a gas flow of 5% H2O, 10% O2 

balanced with N2. The reactor was then cooled down to the desired adsorption 

temperature while purging with N2. Each TPD experiment was conducted in three phases. 

The first phase was the adsorption phase in which the catalyst was exposed to a constant 
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concentration of SO2 for 3 h until the outlet concentration reached the inlet value, 

indicating that the surface was saturated at the given temperature. In the second phase, 

SO2 was turned off and the sample was purged with N2 for 10 min to desorb any loosely 

bound species. This phase was ended after 10 min, even if the outlet SO2 concentration 

may not have reached 0 ppm. In the third phase, the catalyst was heated in N2 with a 

temperature ramp of 20°C/min from the saturation temperature to ~920°C, to ensure all 

the adsorbed species were removed from the catalyst surface. Removal was verified by 

sulfur mole balance calculations for each TPD experiment. The same TPD protocol was 

performed with an empty reactor to verify inlet concentration profiles and any adsorption 

in the lines. All aging and TPD experiments were conducted at a total flow rate of 2.64 

L/min, corresponding to a space velocity of 25,000 h
-1

.  

4.2.3 In-situ DRIFTS experiments 

DRIFTS was used to characterize the species formed during SO2 adsorption at two 

different temperatures (150
o
C and either 400

o
C or 450

o
C), which were chosen based on 

the SO2 desorption data obtained during the TPD experiments. Samples for DRIFTS were 

prepared by scraping off the washcoat from the γ-Al2O3 and Pt/γ-Al2O3 monolith samples 

after they were hydrothermally aged, and the scrapings were separated from the cordierite 

substrate. Traces of the substrate material in the obtained washcoat powder were 

unavoidable. The powder was pressed into a pellet and loaded in the reaction chamber. A 

fresh sample was used for each test.  

According to Datta et al. [66], SO2 adsorption is strongly affected by the presence of 

OH groups so that alumina samples with different degrees of dehydroxylation could 

result in different adsorption properties and thus IR spectra. To minimize the changes in 
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the sample spectra due to the rearrangement of hydroxyl groups and to desorb any 

physisorbed water left on the surface, the sample was heated at 400°C in He for 2 h prior 

to each DRIFTS experiment. After the pretreatment the reaction cell was set at the target 

adsorption temperature with He flowing and the background was collected after holding 

the sample at this temperature for at least 1 h until no variation was observed in the 

spectra. SO2 adsorption was performed by exposing either the γ-Al2O3 or Pt/γ-Al2O3 

sample to 100 ppm SO2 for 1 h which provided enough time for saturation. The DRIFTS 

cell was then purged with He for 30 min to remove the remaining SO2 from the gas phase 

as well as to desorb weakly adsorbed species from the surface. All the experiments as 

well as the pretreatments were conducted with a total flow rate of 50 ml/min.  

4.3 Model development 

A two-phase transient model was developed for a single channel of the monolith, 

with the assumption that it can be considered a one-dimensional plug flow reactor. The 

following assumptions were used in the reactor model: 

 Quasi equilibrium between the gas phase and catalyst surface phase is assumed, 

thus there is no transient term in the species mole balance equation; 

 No concentration gradient exists in the radial direction; 

 A uniform temperature profile is assumed within the channel where Ts ≈ Tg ≈ 

Tg,in, thus the energy balance need not be solved. This assumption was verified 

viatemperature measurements where the difference between the inlet and outlet 

temperature was always below 4°C;  

 External mass transfer resistance is negligible, hence the species mole fraction on 

the catalyst surface is the same as the gas phase mole fraction: xi,s=xi,g; and 
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 Internal mass transfer resistance in the washcoat pores is negligible due to the thin 

sample washcoat loadings. 

The model equations consist of species balances in the gas phase and adsorbed 

species balances in the solid phase. The following set of governing equations was solved 

to obtain gas-phase SO2 concentrations as well as adsorbed species surface coverages as a 

function of time and axial position within the channel: 

Trace species conservation: 
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Surface coverages:  
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Site balance for each adsorption site: 

     1
i

i
 .     (4-3) 

Note that in equation (4-1), rj represents the individual reaction rates involved in SO2 

adsorption and release into the gas phase, which is calculated based on the proposed 

multi-site adsorption mechanism (described in Section 4.4.3). The reaction rate for SO2 

adsorption and desorption on each site is multiplied by the corresponding site density 

involved in that reaction, i.e., 
kSja ,
. As shown in equation (4-2), the surface coverages on 

each site change with time due to adsorption, desorption or reaction taking place on that 

site; this in turn is a function of temperature, the SO2 gas-phase concentration and surface 

coverages. In order to calculate the empty site coverage on each adsorption site, the site 

balance equation is considered for each adsorption site. The equations were solved in 

Matlab using ode15s for coverage equations, and ode23tb for the species equations after 
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suitable scaling. The variables involved in the above equations are all defined in the 

Nomenclature section.  

4.4 Results and Discussion 

4.4.1 Temperature Programmed Desorption (TPD) Results 

TPD data obtained from the γ-Al2O3 and Pt/γ-Al2O3 samples after SO2 exposure are 

shown in Figure 4.1. A separate experiment was run with an empty reactor, and those 

data are displayed along with the TPD data to demonstrate the inlet concentration 

profiles. A mole balance analysis was performed to ensure all sulfur oxides stored on the 

catalyst during the adsorption phase were released from the sample during the TPD. The 

mole balance errors as well as the SO2 adsorbed amounts for both samples are listed in 

Table 4.1. Here, a positive error refers to some amount of sulfur left on the catalyst or 

measurement error, whereas a negative error would be measurement error. It should be 

mentioned that during all the TPD experiments, SO3 and H2SO4 concentrations were also 

monitored and neither was observed. As shown in Table 4.1, the small values of the mole 

balance errors support the accuracy of the TPD results. The relative similarity in the 

amount of adsorbed SO2 when comparing γ-Al2O3 and Pt/γ-Al2O3 demonstrate the 

significance of the support in storing SO2, as previously reported in the literature [14, 33, 

68]. 

Table 4.1 SO2 adsorption on γ-Al2O3 and Pt/γ-Al2O3  

Sample 
Mole balance 

error (%) 

SO2 adsorbed 

(μmol) 

BET surface 

area (m
2
/g) 

SO2 loading on the 

washcoat (μmol/m
2
) 

γ-Al2O3 coated 

monolith 
-1.3 141 101.09±0.26 2.3 

Pt/γ-Al2O3 

coated monolith 
0.4 158 94.69±0.39 2.5 
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Figure 4.1 SO2 concentrations measured during adsorption followed by TPD with γ-

Al2O3 and Pt/γ-Al2O3. Conditions during saturation: SO2 inlet concentration 

= 48 ppm, temperature = 157°C 

According to Waqif et al. [70], Al2(SO4)3 is stable up to 800°C and decomposes to γ-

Al2O3 upon heating to higher temperatures. Therefore in the TPD profile from γ-Al2O3 

(Figure 4.1), the peak corresponding to the highest temperature, i.e., above 850°C, was 

assigned to bulk Al2(SO4)3; and this species/peak is designated as SO2-S4. The large peak 

was considered as a combination of two desorption peaks, hereafter denoted as species 

SO2-S1 and SO2-S2. Similar surface species were identified in the case of SO2 TPD on 

Pt/γ-Al2O3, however, the presence of Pt substantially increases the relative amounts of 

more stable species. As shown in Figure 4.1, the sharp peak centered at ~250°C was 

again present (SO2-S1) and the shoulder of this peak in the temperature range of 400-

500°C also (SO2-S2). A third peak centered at 600°C was also observed and is assigned 

as SO2-S3, which was not obvious in the alumina TPD data. The high temperature peak is 

again bulk aluminum sulfate (SO2-S4). The sulfur loadings obtained for both γ-Al2O3 and 



 

67 
 

Pt/γ-Al2O3, are listed in Table 4.1. As shown in Figure 4.1, the bulk sulfate peak in the 

TPD profile of Pt/γ-Al2O3 was shifted toward lower temperatures compared to that in the 

case of alumina. This is likely due to Pt facilitating decomposition of sulfates so that the 

decomposition occurs more readily compared to the same species on alumina [75]. 

4.4.2 DRIFTS study of SO2 adsorption on γ-Al2O3 and Pt/γ-Al2O3 

DRIFTS was used to identify the nature of the surface species adsorbed on γ-Al2O3 

and Pt/γ-Al2O3. SO2 adsorption experiments were performed with each sample at two 

different temperatures, selected based on the desorption or decomposition temperatures 

observed in the TPD experiments (Section 4.4.1).  

DRIFTS spectra collected after saturating the γ-Al2O3 sample with SO2 for 60 min, 

and after further purging the sample with He for an additional 30 min to remove loosely 

bound species, are shown in the top spectra of each panel in Figure 4.2. The spectrum 

labeled as “SO2 saturated-150C” was recorded after 60 min exposure to 100 ppm SO2 at 

150°C and the “Purged with He-150C” spectrum was collected 30 min after stopping SO2 

and purging with He. No significant difference was observed between the two spectra in 

the low wavenumber range, i.e., below 1800 cm
-1

 in the presence and then absence of 

SO2 in the gas. It should be noted that the characteristic bands of sulfur species on γ-

Al2O3 in the IR spectra are mostly located at wavenumbers below 1800 cm
-1

, therefore I 

have focused on this region in my analysis. The broad band in the range of 1000-1100 

cm
-1

 represents surface sulfite species resulting from the interaction of SO2 with oxygen 

sites in γ-Al2O3 [67]. The shoulder on the sharp peak in the range of 1300-1340 cm
-1

 is 

due to the presence of weakly adsorbed SO2 on Al
n+

 Lewis acid sites [71]. The feature at 

1267 cm
-1

 can be assigned to molecular SO2 adsorbed on Al sites which are acidic and 
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therefore not as strong as the basic oxygen sites [66]. The small features at 1585 and 

1609 cm
-1

 are attributed to the sulfite species coordinated on Lewis acid sites, i.e., Al
n+

, 

and the negative peak at 3742 cm
-1

 originates from hydroxyl groups on the alumina 

surface that were covered by sulfite/sulfate species [72]. The small band located at 2965 

cm
-1

 is assigned to a H-SO3
-
 vibration, indicating bi-sulfite (HSO3

-
) formation via SO2 

interaction with residual hydroxyl groups [77]. The H-SO3
-
 species may also contribute to 

the bands in the range of 1100-1200 cm
-1

, as well as to the sharp peak at 1267 cm
-1

 [77]. 

During the DRIFTS experiments on both γ-Al2O3 and Pt/γ-Al2O3, a broad band in the 

frequency range of 3000-3650 cm
-1

 was always observed. This peak formed, and 

consistently increased after SO2 was introduced into the system. As shown in Figure 4.2, 

the intensity of this band significantly decreased after SO2 was removed from the gas-

phase and the sample was purged with He. This is explained by the interaction of SO2 

with surface hydroxyls leading to the formation of water and bi-sulfite species (HSO3
-
), 

according to the reaction pathway proposed by Zhao et al. [78]: 

SO2(g) + [OH
-
]-Al (s) → [HSO3

-
]-Al (s) and   (4-4) 

       SO2(g) + 2[OH
-
]-Al (s) → [SO3

2-
]-Al (s) + H2O.   (4-5) 

As shown in Figure 4.2, during the He purge some water was removed from the 

surface, resulting in a significant decrease in this broad band’s intensity. 
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Figure 4.2 Comparison between the DRIFTS spectra of γ-Al2O3 after exposure to 100 

ppm SO2 for 60 min at 150°C (top spectra) and 450°C (bottom spectra). The 

450°C spectrum has been multiplied by a factor of 5 

In order to study the effect of temperature on the nature of the adsorbed species, a 

similar experiment was performed with γ-Al2O3 with adsorption at 450°C. This 

temperature was selected based on the TPD results, where the data suggested that one of 

the adsorbed species completely desorbed by 450°C (Figure 4.1), while remaining 

species were still present on the surface. The DRIFTS spectrum after 60 min SO2 

adsorption at 450°C is shown as the bottom spectrum in Figure 4.2. Interestingly, a new 

feature appeared at 450°C, whereas the sharp peak at 1267 cm
-1

 vanished. This indicates 

that the first desorption peak in the TPD experiments (SO2-S1) was associated with SO2 

attached to Al sites, with a small contribution from bi-sulfite (HSO3
-
) possible. The new 

feature around 1350 cm
-1

 was assigned to surface sulfate species, which was 

accompanied by the growth of the broad peak in the 950-1100 cm
-1

 range. The peak 

located at 1350 cm
-1

 is the characteristic band of surface sulfates, which was also 

observed when the catalyst was exposed to SO2 and O2 (not shown for brevity). The 

broad feature in the 950-1100 cm
-1

 range was attributed to the cooperative effects of 
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surface sulfites and sulfates [78]. According to the adsorption mechanism proposed by 

Zhao et al. [78], when O2 is present in the gas phase, it can be adsorbed on the surface, 

forming surface-active oxygen thereby facilitating further oxidation of bi-sulfite and 

sulfite species by the active oxygen sites (O
2-

) to sulfate. According to the DRIFTS 

results, the participation of surface oxygen, either originating from residual gas-phase O2 

or from the molecular structure of alumina, in the formation of surface sulfate became 

important upon heating the sample to 450°C. Thus, sulfate formation on γ-Al2O3 is 

apparently an activated process. These DRIFTS results thus demonstrate that SO2 can 

adsorb in a molecular state on Al sites or as surface sulfite species on O
-
 sites, with some 

degree of conversion to sulfate species at higher temperatures. 

In order to identify the surface species on Pt/γ-Al2O3, the sample was exposed at 

150°C to 100 ppm SO2 diluted with He. The DRIFTS spectrum recorded after 60 min 

SO2 exposure at 150°C is shown in Figure 4.3. As can be observed in the top spectrum in 

Figure 4.3, the IR bands are similar to those obtained for SO2 adsorption on γ-Al2O3 at 

this temperature. The broad band at 1066 cm
-1

 represents surface sulfite and the sharp 

feature at 1260 cm
-1

 is SO2 adsorbed on Al sites. The peak at 2964 cm
-1

 is attributed to 

bi-sulfite (HSO3
-
) with its accompanying features contributing to the peaks at 1260, 1189 

and 1123 cm
-1

 wavenumbers [77]. The negative peaks at 1455 and 1585 cm
-1

 appeared as 

a result of the interaction of the adsorbed species with Lewis acid sites and the large 

negative peak at 3755 cm
-1

 was due to sulfur oxide interactions with the basic hydroxyl 

groups [78]. The broad features observed in the high frequency range, i.e., 2000-3500 cm
-

1
, could be due to the small amounts of physisorbed water produced as a result of SO2 

direct interaction with hydroxyl groups, as described earlier. 
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Figure 4.3 Comparison between the DRIFTS spectra of Pt/γ-Al2O3 after exposure to 100 

ppm SO2 for 60 min at 150°C (dashed line) and 400°C (solid line). The 150°C 

spectrum has been multiplied by a factor of 10 

The effect of temperature on the formation of the adsorbed species on the Pt/γ-Al2O3 

sample was also studied. The DRIFTS spectrum obtained after exposure of Pt/γ-Al2O3 to 

100 ppm SO2 at an adsorption temperature of 400°C is shown in Figure 4.3. Again, the 

choice of 400°C was based on the TPD results with the Pt/γ-Al2O3 sample, where the first 

desorption peak ended at this temperature. Comparison between the two spectra collected 

at 150°C and 400°C reveal that an intense band at 1380 cm
-1

 appeared when SO2 was 

adsorbed at 400°C. In a study performed by Saur et al. [68], a feature at 1386 cm
-1

 in the 

IR spectra of sulfated Al2O3 was assigned to the terminal S=O bond of a tridentate 

surface sulfate species on Al2O3, i.e., (Al-O)3S=O. Such a molecular structure for surface 

sulfates was similarly described for sulfated Al2O3 and TiO2 [70]. There is a very small, 

broad feature at 1200 cm
-1

 in the 400°C spectrum, which was not present at 150°C. This 

band could be assigned to bulk aluminum sulfate, which is formed on alumina at high 

sulfur loadings and high enough temperatures. The rest of the features in the 400°C 
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spectrum are the same as those present at 150°C, i.e., surface sulfite (1066 cm
-1

), SO2 

adsorbed on Al sites (1260 cm
-1

) and bi-sulfite (2964 cm
-1

), however with their relative 

amounts compared to the surface sulfates being significantly lower at this temperature. 

Upon heating the sample to 600°C, no significant change was observed in the surface 

sulfate peaks in the DRIFTS spectra, suggesting that the surface species formed at 400°C 

are still stable at such a high temperature. 600°C was the limit of the DRIFTS cell used. 

One of the major differences between the spectra obtained from the Pt/γ-Al2O3 and 

γ-Al2O3 samples was the significant amount of surface sulfate formation at high 

temperatures (400
o
C) in the Pt/γ-Al2O3 case. Based on these results, and in comparison 

with the TPD data where there was a more significant SO2-S3 feature on Pt/Al2O3 vs 

Al2O3, SO2-S3 is designated as surface sulfates. Furthermore, the presence of sulfite 

species in the DRIFTS, and with sulfate species being more stable than sulfite species, 

the SO2-S2 species are designated as sulfites. A comprehensive list of surface species 

along with their assigned naming convention, used in the modeling section, is shown in 

Table 4.2.The increased amount of the surface sulfate and bulk sulfate observed for the 

Pt-containing catalyst, compared to alumina, indicates a promoting effect of Pt in sulfate 

formation as well as on the spillover of the surface sulfates to the bulk. In other words, Pt 

influences the catalyst sulfation through two different pathways: i) facilitates the 

oxidation of sulfite species to sulfates; ii) increases the mobility of the sulfur species from 

the surface to the bulk. The desorption pattern was also affected by Pt, where the bulk 

sulfates were decomposed with SO2 release at lower temperatures compared to alumina. 

The reason could be the increased mobility of the adsorbed species and the reverse 

spillover of sulfates from bulk to the alumina surface. Metal-support interactions can also 
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lead to the modification of the active sites and the formation of new adsorption sites
24

. 

Therefore, another reason for the observed shift in the desorption temperature of the 

peaks could be due to Pt-induced modification of the adsorption sites in the Pt-containing 

sample. 

Table 4.2 Surface species identified using DRIFTS and the corresponding naming 

convention 

IR frequency Site 
Naming 

Convention 
Reference 

1267 cm
-1

 Molecular SO2 on Al SO2-S1 66 

1300-1340 cm
-1

 SO2 adsorbed on Lewis acid sites (Al
n+

) SO2-S1 71 

1066 cm
-1

 Surface sulfite SO2-S2 71 

2965 cm
-1

 Bi-sulfite (HSO3
-
) SO2-S2 77 

1070 cm
-1

 Surface sulfate SO2-S3 69 

1380 cm
-1

 Surface sulfate SO2-S3 69 

1180-1200 cm
-1

 Bulk Aluminum Sulfate SO2-S4 70 

 

4.4.3 Surface reaction scheme 

Multiple desorption peaks were observed in the temperature programmed desorption 

(TPD) experimental results with γ-Al2O3 and Pt/γ-Al2O3, as shown in Figure 4.1. 

Different surface species formed during SO2 adsorption were characterized using the 

combined DRIFTS and TPD data, leading to the reaction scheme proposed here. A three 

site reaction scheme was proposed for SO2 adsorption and desorption on/from γ-Al2O3, as 

shown in Table 4.3, with S1, S2 and S4 representing different adsorption sites. It should 

be mentioned that I originally considered a four site mechanism for SO2 adsorption and 

desorption on/from γ-Al2O3 based on the DRIFTS and TPD data obtained with Pt/Al2O3, 
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however since the contribution of the third site (i.e., S3) was insignificant in the Al2O3 

TPD data, I chose to neglect the reaction step associated with S3 site in the mechanism 

and used a simplified three step reaction scheme for γ-Al2O3. In the three site mechanism 

shown in Table 4.3, S1 corresponds to Al sites on which SO2 molecularly adsorbs, S2 

corresponds to under coordinated oxygen atoms on the alumina matrix where surface 

sulfite forms and S4 represents the sites on which bulk aluminum sulfate forms. The 

physical interpretation of the adsorption sites and surface species along with the reaction 

kinetics assumed for each step will be further explained in Section 4.5. 

Table 4.3 Reaction steps and rate expressions for SO2 adsorption/desorption on/from γ-

Al2O3  

Reaction Reaction rate expression 

SO + S 
   
↔ SO  S  

        ( 𝐸  𝑇⁄ )[   ]    

        ( 𝐸 (  𝛼        )  𝑇⁄ )        

SO + S 
   
↔ SO  S  

        ( 𝐸  𝑇⁄ )[   ]   
  

        ( 𝐸 (  𝛼        )  𝑇⁄ )       
  

SO  S + S4
   
↔ SO  S4 + S  

        ( 𝐸  𝑇⁄ )       
     

        ( 𝐸  𝑇⁄ )   
         

 

A similar approach was applied to develop a reaction scheme for Pt/γ-Al2O3. The 

SO2 TPD profile obtained from Pt/γ-Al2O3 is overlaid with that from γ-Al2O3 in Figure 

4.1. The desorption features from Pt/γ-Al2O3 are similar to those from γ-Al2O3, however, 

there was a larger contribution from bulk sulfates. Also, unlike the γ-Al2O3 the TPD data 

from Pt/γ-Al2O3 showed four distinct desorption peaks. In essence, four different sites are 

proposed for SO2 storage and release on/from Pt/γ-Al2O3, viz. S1 (corresponding to Al 
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sites where SO2 is molecularly adsorbed), S2 (corresponding to under coordinated 

oxygen atoms on the alumina matrix where surface sulfite forms), S3 (corresponding to 

under coordinated oxygen atoms on the alumina matrix where surface sulfate forms) and 

S4 (sites on which bulk aluminum sulfate forms). The proposed kinetic scheme for Pt/γ-

Al2O3 is shown in Table 4.4. 

Table 4.4 Reaction steps and rate expressions for SO2 adsorption/desorption on/from 

Pt/γ-Al2O3 

Reactions Reaction rate expression 

SO + S 
   
↔ SO  S  

        ( 𝐸  𝑇⁄ )[   ]    

        ( 𝐸 (  𝛼        )  𝑇⁄ )        

SO + S 
   
↔ SO  S  

        ( 𝐸  𝑇⁄ )[   ]   
  

        ( 𝐸 (  𝛼        )  𝑇⁄ )       
  

SO + S3
   
↔ SO  S3 

        ( 𝐸  𝑇⁄ )[   ]   
  

        ( 𝐸  𝑇⁄ )       
  

SO  S3 + S4
   
↔ SO  S4 + S3 

        ( 𝐸  𝑇⁄ )       
     

        ( 𝐸  𝑇⁄ )   
         

 

4.5 Modeling results 

4.5.1. Kinetic model for SO2 adsorption-desorption on γ-Al2O3 

The TPD and DRIFTS results demonstrate that the alumina support plays a 

significant role in the storage/release behavior of SO2 on Pt/γ-Al2O3. Thus, in the 

modeling work, I first focused on SO2 adsorption-desorption on γ-Al2O3 and developed a 

transient kinetic model for this system. In the next step, a kinetic model was developed 

for Pt/γ-Al2O3, taking advantage of the information obtained from the model of the γ-

Al2O3 system.  
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Based on the findings from the TPD and DRIFTS results from both samples, four 

adsorption sites were considered for SO2 adsorption on γ-Al2O3 and Pt/γ-Al2O3. SO2-S1 

is the adsorbed SO2 on Al sites, SO2-S2 is the surface sulfite species, SO2-S3 is the 

surface sulfate species and SO2-S4 is the bulk-like Al2(SO4)3. As observed in Figure 4.1, 

the TPD results show no unambiguous evidence of the decomposition of surface sulfates 

on the Al2O3 surface. This does not mean they did not exist, only that if they were formed 

from SO2 oxidation at the surface they just as quickly decomposed or formed bulk sulfate 

species. The contribution of bulk sulfates (i.e., SO2-S4) is very small on the alumina 

surface and since bulk sulfate forms through migration of surface sulfate to the alumina 

bulk, a small contribution for the surface sulfate would also be expected. It was initially 

attempted to model the SO2 adsorption on γ-Al2O3 using a four site adsorption 

mechanism (the modeling results are presented in Appendix A) where the contribution 

for the S3 sites was 4% of the total site density. But, due to this small contribution by the 

S3 sites, the reaction scheme was simplified to a three site mechanism by neglecting the 

adsorption/desorption step on the S3 site and considering its small contribution as part of 

the reaction step on the S2 sites. Therefore, a three site adsorption mechanism was 

proposed for the SO2 adsorption/desorption on/from alumina as shown in Table 4.3. In 

the proposed reaction scheme, the second step is considered as the formation of surface 

sulfite species, i.e., on the S2 site, with any contribution from the surface sulfate species 

also included. The formation of the bulk sulfate, the last mechanistic step, is proposed to 

be a spillover step to account for the migration of surface sulfite or sulfate species to the 

support.  



 

77 
 

It was initially attempted to explain the γ-Al2O3 TPD data using first order kinetics 

for all the reaction steps. With first order kinetics, the SO2 desorption from S1 and S4 

sites could be predicted quite well, however, the model prediction showed a steep 

concentration decay during SO2 desorption from S2, implying that the kinetic scheme 

was not capturing the formation and decomposition of surface sulfite species on the 

surface. Assuming a strong coverage dependency for the activation energy associated 

with SO2 desorption from the S2 site did not result in significant enough improvement. It 

turned out that using third order kinetics for the reaction step on the S2 site led to 

improved prediction of the experimental behavior. There is also physico-chemical 

evidence for the third order kinetics proposed in the reaction scheme for sulfite and 

sulfate formation on alumina and Pt/γ-Al2O3 based on our DRIFTS results as described 

below. Strongly bound sulfite species are formed as a result of the SO2 interactions with 

basic oxygen ions or hydroxyl groups [71]. Bi-sulfite species also form due to the 

interaction between SO2 and the most basic OH groups of alumina [79]. The relative 

population of these sulfite species depends on the termination oxygen ions and degree of 

dehydroxylation of the alumina surface [72]. The DRIFTS data at low temperature (i.e., 

150°C) clearly showed SO2 interactions with hydroxyl groups on both γ-Al2O3 and Pt/γ-

Al2O3 and subsequent release of water on the surface suggesting reaction (4-5) as a 

primary pathway for the formation of sulfite species. SO2 adsorption on undersaturated 

oxygen ions (i.e., less negatively charged compared to usual O
2-

 ions) was also proposed 

in the literature as a possible mechanism for the formation of surface sulfate species on 

alumina [72] as shown in the reaction 

SO2 (g) + 2O
-
 (s) → SO4

2-
 (s).    (4-6) 
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Reactions (4-5) and (4-6) suggest non-first order kinetics for the sulfite and sulfate 

formation on the γ-Al2O3 and Pt/γ-Al2O3 surface. Furthermore, the IR bands observed at 

1350 and 1380 cm
-1

 for the γ-Al2O3 and Pt/γ-Al2O3 sample, respectively, in our DRIFTS 

results represent a tridentate structure for surface sulfate species on Al2O3, i.e., (Al-

O)3S=O, which is consistent with third order kinetics. Hence in the alumina model, first 

order kinetics were assumed for the coverages associated with the S1 and S4 sites, 

whereas third order kinetics were assumed for those related to the S2 site with coverage 

dependent desorption energies for S1 and S2. 

The three site adsorption mechanism for the SO2 adsorption/desorption on γ-Al2O3 

was incorporated into the reactor model and the set of governing equations were solved to 

calculate the SO2 gas-phase concentration as well as the surface coverages as a function 

of time and axial position within the monolith channel. A set of kinetic parameters 

including pre-exponential factors and activation energies was needed as an initial guess in 

order to solve the governing equations. Multiple TPD experiments with different ramp 

rates were performed on γ-Al2O3 to calculate the binding energies of the adsorbed species 

on each site, namely S1, S2, and S4, according to the method proposed by Falconer and 

Madix [80]. For each TPD data set, desorption peaks were deconvoluted to three peaks, 

assuming a Gaussian peak shape, and the desorption energies for SO2-S1, SO2-S2 and 

SO2-S4 were calculated. Note, the method of heating rate variation provides accurate 

values when only one binding state occurs for each adsorbed species or when the peaks 

are not excessively broad [80]. Its application may be difficult in the case of substantially 

overlapping peaks or when a distribution of binding states exists for each adsorbed 

species, which is the case here for the SO2-S2 and SO2-S1. Hence, the activation energies 
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calculated from the heating rate variation method were used as an estimate for solving the 

transient model and some of them were modified when needed to provide a better match 

to the experimental TPD data. The broad distribution of binding energies was taken into 

account using coverage dependent desorption energies for the SO2-S1 and SO2-S2 

species on alumina.  

As mentioned earlier, according to the DRIFTS results with alumina, S1 can be 

attributed to the Al sites where SO2 is weakly adsorbed, with the first sharp peak in the 

TPD data representing desorption of these SO2-Al species. The second peak which forms 

the broad shoulder is attributed to surface sulfite species. Ultimately, SO2-S4 is the bulk 

aluminum sulfate which forms at higher temperatures and is stable up to 850°C. 

Adsorption on S1 was assumed to be non-activated (E1=0), since it readily formed on the 

alumina surface upon SO2 adsorption at the lowest temperature employed in the DRIFTS 

experiments, 150°C. On the other hand, the adsorption step on S2 and the spillover step 

on S4 were considered activated, with the bulk sulfate formation requiring higher 

temperatures, as observed in the DRIFTS study, and thus having a significant activation 

energy, while the activation energy for the sulfite formation reaction was relatively 

weak.The pre-exponential factors as well as the coverage dependence of the desorption 

energies were tuned to fit the experimental data. The initial guesses for the pre-

exponential factors related to the desorption steps were estimated based on typical values 

suggested by transition state theory (TST) [81]. The upper limits for the adsorption pre-

exponential factors were calculated based on collision theory [82]. In order to impose 

thermodynamic constraint on the kinetic parameters, the entropy change for SO2 

adsorption was calculated based on the two extreme cases, i.e., localized vs. 2D gas 
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adsorbate [83], as is described in Appendix B. The values of the pre-exponential factors 

were fitted such that the model-predicted entropy change lies within this range. An 

adsorption enthalpy of 350 kJ/mol was obtained for the SO2-S4 species, which is in good 

agreement with the values reported in the literature for the bulk aluminum sulfate [84].  

Table 4.5 Kinetic parameter values used in the γ-Al2O3 transient model  

Reaction step A
i
 E

i
(kJ/mol) 

r
1
 24

 

m
3

mol
-1

s
-1

 0 

r
2
 2.6×10

10 

s
-1

 115(1-0.15θ
SO2-S1

) 

r
3
 1.6×10

3 

m
3

mol
-1

s
-1

 20 

r
4
 1.4×10

11

 s
-1

 170(1-0.27θ
SO2-S2

) 

r
5
 5

 

m
3

mol
-1

s
-1

 32 

r
6
 4.5×10

14

 s
-1

 382 

 

The model predictions along with the experimental data are shown in Figure 4.4 with 

all the kinetic parameters employed in the model listed in Table 4.5. As shown in Figure 

4.4, the model with the fitted parameters is able to accurately predict the experimental 

data during both the SO2 storage and release phases. It should be mentioned that, as 

described in the TPD experimental procedure, the adsorption phase was performed over a 

three-hour period to ensure the catalyst was completely saturated. However, in order to 

decrease the computational time required to run the transient model, the adsorption phase 

data set was decreased by eliminating a range of data where no significant change was 

observed in the outlet concentration. In doing so, a time period of 6000 s in length, within 

the saturation phase, was removed from the original experimental data set prior to solving 

the transient model. That is the reason why the adsorption phase in the modeling results 

appears shorter than that described in the TPD experimental procedure. 
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Figure 4.4 Comparison of kinetic model fitting and experimental data for SO2 TPD on γ-

Al2O3. Saturation conditions: 98 ppm SO2, 157°C. Model parameters: Total 

site density: aj=23 mol site/m
3
 monolith; Contribution of each site: 

aj,S1=0.39aj, aj,S2=0.55aj, aj,S4=0.06aj 

The model-predicted coverages at the channel outlet along with the catalyst 

temperature are shown as a function of time in Figure 4.5. During the adsorption phase at 

157°C, SO2 is adsorbed on the S1 and S2 sites leading to the formation of SO2-Al and the 

surface sulfite species. The formation of the bulk aluminum sulfate starts later as it is 

highly activated and also depends on the SO2-S2 coverage according to the proposed 

mechanism. As a reminder, in the alumina model (Table 4.2), the formation of surface 

sulfate, which has a small contribution during the TPD, is considered along with surface 

sulfite (as SO2-S2 species) and therefore the spillover step is modeled as S2 to S4. SO2-

S1 and SO2-S2 reach saturation coverages of 0.82 and 0.87, respectively, at the end of the 

adsorption phase. When the SO2 flow was stopped, some of the SO2 adsorbed on the Al 

sites, i.e., SO2-S1, desorbed in order to reach a new equilibrium state. Surface sulfites are 

more stable with a low desorption rate at this temperature, therefore the SO2-S2 coverage 

drop due to desorption was not significant during this phase. As the temperature 

increased, the SO2-S1 and SO2-S2 coverages dropped, whereas the rate of SO2-S4 
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formation increased, which represents an increase in the bulk aluminum sulfate coverage. 

At 580°C, bulk aluminum sulfate (SO2-S4) reached a saturation coverage of 0.93 while 

the surface sulfite and sulfate coverage continued decreasing due to decomposition and 

SO2 desorption into the gas phase. Bulk aluminum sulfate also started decomposing once 

the temperature reached 800°C. 

 

Figure 4.5 Model-predicted coverages at the channel outlet as a function of time during 

SO2 TPD on γ-Al2O3. Saturation conditions: 98 ppm SO2, 157°C. Site 

densities: total site density, aj=23 mol site/m
3
 monolith; contribution of each 

site, aj,S1=0.39aj, aj,S2=0.55aj, aj,S4=0.06aj 

Surface coverages plotted as a function of channel length at two different times 

during the adsorption phase are shown in Figure 4.6. The gas-phase SO2 concentration is 

also shown. With increasing exposure time, the adsorption front moves progressively 

along the channel length as expected. With increasing exposure time, as shown in Figure 

4.6b, the coverage profile extends along the whole length of the channel leading to more 

uniform coverage profiles. Therefore, the model predicts the right trend, sulfur poisoning 

will affect catalyst activity in a non-uniform manner when evaluating the transient 

behavior of the system. Such non-uniform profiles can have a more significant role for 

very low SO2 concentrations (e.g., 1 ppm), which are more realistic in terms of engine 
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exhaust gas concentrations, where the progress of the poisoning front toward the back 

portion of the catalyst would take significantly longer than what I have shown in here. 

For comparison, the model predicted coverages for such low SO2 concentrations will be 

shown for the Pt/γ-Al2O3 sample, in Section 4.5.2.  

 

Figure 4.6 Model-predicted coverages along a monolith channel during the SO2 TPD 

experiment with γ-Al2O3. Saturation conditions: 98 ppm SO2, 157°C. (a) after 

2 min SO2 adsorption, (b) after 10 min SO2 adsorption 

4.5.2. Kinetic model for SO2 adsorption-desorption on Pt/γ-Al2O3 

A similar methodology was applied to develop a kinetic model for SO2 adsorption 

and desorption on/from Pt/γ-Al2O3. In the case of Pt/γ-Al2O3, a four site mechanism was 

assumed, as described in Table 4.4. Similar to the alumina model, S1 represents the Al 

sites, S2 is attributed to the sites on which surface sulfites and bi-sulfites are formed, S3 

is attributed to the sites where surface sulfates are formed and S4 represents bulk 

aluminum sulfate species. Note that the DRIFTS and the TPD experiments showed 
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significant formation of surface sulfate with a distinct desorption peak observed for 

surface sulfates in the TPD data, as opposed to the γ-Al2O3 case and thus the formation of 

surface sulfates needed to be explicitly accounted for in the overall kinetic scheme here. 

The same methodology was followed for the development of the reaction kinetics as that 

followed for the γ-Al2O3 case. Again, third order kinetics were assumed for the S2 (i.e., 

surface sulfite) and S3 sites (i.e., surface sulfate) with the rest of the sites being first 

order. As mentioned in section 4.3.1, third order kinetics proposed for the surface sulfite 

and surface sulfate can be explained with our DRIFTS results and the tridentate structure 

of surface sulfate on alumina ((Al-O)3S=O). Linear coverage dependencies were 

considered for the desorption energies from the S1 and S2 sites. It should be mentioned 

that due to the small amount of the Pt sites on the catalyst compared to the alumina sites, 

and since the binding energy of sulfur species on Pt is lower than that on the weak 

alumina sites, none of the peaks are assigned to SO2-Pt species. However, the presence of 

Pt influences the SO2 storage/release pattern significantly by increasing the sulfation rate 

as well as the sulfate spillover from the surface to the bulk. Sulfide formation on the Pt 

sites upon SO2 exposure in the absence of oxygen is also possible according to the 

literature [76]. Our experiments were conducted in the absence of O2 in the feed, 

however, the presence of residual oxygen (in ppm levels) in the gas stream could not be 

avoided. In addition, no sulfide species was observed on the surface according to our 

DRIFTS results. Hence, we assumed that the formation of PtS species is negligible under 

our operating conditions. 

The four-site mechanism for the SO2 adsorption-desorption on Pt/γ-Al2O3 was 

incorporated into the set of governing equations. Some of the activation energies and 
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coverage dependencies of the desorption energies were taken from the alumina model 

and used here. The rest of the kinetic parameters were optimized to describe the 

experimental data with thermodynamic constraints imposed upon the pre-exponential 

factors, using the same methodology employed in the case of γ-Al2O3. The model fitting 

results for the SO2 adsorption/desorption on Pt/γ-Al2O3 and the experimental data are 

compared in Figure 4.7 and the values of the kinetic parameters are listed in Table 4.6. 

As shown earlier in Figure 4.1, the bulk sulfate peak in the TPD data of Pt/γ-Al2O3 is 

shifted toward lower temperatures compared to that in the case of alumina. This is due to 

Pt facilitating decomposition of sulfates so that the decomposition occurs more readily 

compared to the same species on alumina [34]. According to the proposed reaction 

scheme, the bulk aluminum sulfate decomposition occurs through the reverse spillover of 

the bulk species to the surface which is promoted in the presence of Pt. The 

decomposition/desorption activation energy of 267 kJ/mol obtained from the Pt/γ-Al2O3 

model verifies such a promoting effect of Pt on the kinetics of bulk aluminum sulfate 

decomposition. In addition, the lower activation energies obtained for the SO2-S2 

(surface sulfite) and SO2-S3 (surface sulfate) formation on the Pt-containing catalyst 

compared to alumina indicates the promoting effect of Pt on SO2 oxidation, thus a higher 

degree of sulfate formation on this catalyst.  
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Figure 4.7 Comparison of kinetic model fitting and experimental data for SO2 TPD on 

Pt/γ-Al2O3. Saturation conditions: 48 ppm SO2, 157°C. Model parameters: 

Total site density: aj=30 mol site/m
3
 monolith; Contribution of each site: 

aj,S1=0.28aj, aj,S2=0.27aj, aj,S3=0.25aj, aj,S4=0.2aj 

Table 4.6 Kinetic parameter values used in the Pt/γ-Al2O3 transient model 

Reaction step A
i
 E

i
(kJ/mol) 

r
1
 1.5

 

m
3

mol
-1

s
-1

 0 

r
2
 1.4×10

9 

s
-1

 116(1-0.15θ
SO2-S1

) 

r
3
 25

 

m
3

mol
-1

s
-1

 10 

r
4
 1×10

11

 s
-1

 162(1-0.25θ
SO2-S2

) 

r
5
 4.5×10

2

m
3

mol
-1

s
-

1

 

18 

r
6
 9×10

13

 s
-1

 263 

r
7
 0.27 s

-1

 28 

r
8
 3×10

10

 s
-1

 267 

 

The model-predicted surface coverages were calculated for the channel outlet and 

shown as a function of time in Figure 4.8. These results reveal that during the adsorption 

phase the S2 sites are filled first producing SO2-S2 or the surface sulfite species. These 
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species are formed through the interaction of SO2 with electron deficient oxygen sites on 

the surface of alumina. The presence of Pt facilitates sulfite formation by decreasing the 

activation energy of the adsorption step on the S2 site. SO2-S1 and SO2-S3, representing 

SO2-Al and surface sulfates respectively, also increase during the adsorption phase until 

they reach a saturation level. According to the model, the maximum coverages of 0.80, 

0.90 and 0.77 were obtained at the end of the adsorption phase for SO2-S1, SO2-S2 and 

SO2-S3, respectively. A similar trend to that observed in the case of alumina was 

observed during the desorption phase and the temperature ramp. The bulk sulfate 

coverage (SO2-S4) gradually increased during the adsorption phase as a result of surface 

sulfate spillover to the bulk. The formation of bulk aluminum sulfate was accelerated 

during the temperature ramp until SO2-S4 reached the maximum coverage of 0.59 at 

approximately 690°C. Similar to the trend observed in the TPD profile, the surface of the 

Pt-containing catalyst is completely regenerated from the sulfur compounds at ~880°C 

which is slightly lower than that observed for γ-Al2O3.  

 

Figure 4.8 Model-predicted coverages at the channel outlet as a function of time during 

the SO2 TPD experiment with Pt/γ-Al2O3. Saturation conditions: 48 ppm SO2, 

157°C. Site densities: total site density, aj=30 mol site/m
3
 monolith; 

contribution of each site, aj,S1=0.28aj, aj,S2=0.27aj, aj,S3=0.25aj, aj,S4=0.2aj 
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The surface coverages and the SO2 gas-phase concentration at a specific time along 

the channel of the Pt/γ-Al2O3 monolith is shown in Figure 4.9. The top panel (a) shows 

the coverage profile after 4 min SO2 exposure and the bottom panel (b) shows the same 

profile after 20 min. Since the inlet SO2 concentration in this case is 48 ppm, which is 

about half of the concentration employed in the alumina model, I have selected longer 

exposure times such that the cumulative amount of sulfur exposure are similar in the two 

cases. It should be mentioned that using the same SO2 concentration and exposure time as 

those employed in the alumina model led to similar results to those reported here.  

As shown in Figure 4.9a, a similar adsorption front to that predicted for alumina is 

observed within the channel in the initial stage of the sulfur exposure. However, with 

Pt/γ-Al2O3 the oxygen sites in the alumina matrix, surface sulfite species, are covered 

first, with SO2-Al and surface sulfates being formed subsequently. The back portion of 

the channel was not impacted after 4 min. After 20 min, as shown in Figure 4.9b, the 

whole length of the channel would be affected by sulfur, with a more uniform profile of 

the surface coverages in the axial direction. The model verifies intuitive trends with the 

sulfur poisoning front moving progressively from the front to the back portion of the 

monolith channel.  
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Figure 4.9 Model-predicted coverages along a monolith channel during the SO2 TPD 

experiment with Pt/γ-Al2O3. Saturation conditions: 48 ppm SO2, 157°C. (a) 

after 4 min SO2 adsorption, (b) after 20 min SO2 adsorption  

The surface coverages on Pt/γ-Al2O3 were also predicted under more realistic 

exhaust gas concentrations, where 1 ppm SO2 was instead used in the feed. The model-

predicted surface coverages and the SO2 gas phase concentration at two specific times 

along the monolith channel are shown in Figure 4.10. As shown in Figure 4.10a, when 

the catalyst is exposed to 1 ppm SO2 for 20 min, only 20% of the channel length is 

significantly covered by sulfur species. Similar to the results obtained with 48 ppm SO2, 

surface sulfites are the most dominant surface species being formed in the initial stage of 

SO2 exposure, followed by surface sulfates and SO2-Al. Figure 4.10b shows the model-

predicted coverages after a 16 h exposure to 1 ppm SO2, which is equivalent to Figure 

4.9b in terms of cumulative amount of SO2 exposure. After 16 h of SO2 adsorption, 

surface sulfites are the most dominant adsorbed species with a coverage close to the 

saturation level for the S2 sites. Surface sulfates and SO2-Al are also uniformly 
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distributed along the axial direction with a gradual increasing trend toward their 

saturation levels. It should be mentioned that the lower coverage of SO2-Al relative to 

surface sulfates is due to the low SO2 concentration. The formation of bulk Al2(SO4)3 is 

more remarkable, compared to that observed for shorter sulfur exposure times, 

demonstrating the role of Pt in facilitating surface sulfate mobility and therefore 

enhanced spillover of sulfates from the surface into the bulk.  

 

Figure 4.10 Model-predicted coverages along a monolith channel for SO2 adsorption on 

Pt/γ-Al2O3. Adsorption conditions: 1 ppm SO2, 157°C. (a) after 20 min SO2 

adsorption, (b) after 16 h SO2 adsorption 

4.6 Conclusions 

SO2 adsorption/desorption on γ-Al2O3 and Pt/γ-Al2O3 was studied to predict sulfur 

storage and release on a Pt-based oxidation catalyst. The significant role of alumina, as a 

catalyst support, in SO2 storage was decoupled by also characterizing γ-Al2O3 samples. 

DRIFTS experiments were utilized to identify the surface species being formed at 
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different temperatures. According to the DRIFTS and TPD results, upon γ-Al2O3 

exposure to SO2, SO2 interacts with aluminum and oxygen sites resulting in the formation 

of SO2 adsorbed on Al sites, surface sulfites/sulfates as well as bulk aluminum sulfates. 

Based on these results, a three-site kinetic mechanism was proposed for SO2 adsorption 

on γ-Al2O3 and a transient kinetic model was developed for a single channel of the 

monolith. A similar methodology was also applied in the Pt/γ-Al2O3 kinetic model 

development, where surface species similar to those observed on alumina were identified 

on the Pt/γ-Al2O3 catalyst, however with a higher contribution of the more stable species, 

indicating the promoting effect of Pt on surface sulfate formation as well as on spillover 

of surface sulfates into the bulk. Also, a distinct surface sulfate species was observed, 

which was not when characterizing only Al2O3. A four-site reaction mechanism was 

proposed for SO2 adsorption/desorption on Pt/γ-Al2O3 and a transient kinetic model was 

again developed. The transient models for γ-Al2O3 and Pt/γ-Al2O3 were able to accurately 

predict the experimental behavior of the catalyst. The modeling results verify intuitive 

trends. For example, in the initial stages of SO2 exposure, only the front portion of the 

Pt/γ-Al2O3 catalyst is impacted by sulfur. As the exposure time increases, the poisoning 

front moves progressively along the channel leading to nearly uniform coverage profiles 

along the entire monolith channel. Model predictions showed that with 1 ppm SO2, which 

is more realistic in terms of exhaust gas concentrations, the entire channel had similar 

steady state coverages over extended periods of time, i.e., approximately 16 h, in 

comparison to high concentration exposures at shorter time scales.  
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Chapter 5 Experimental study of SO3 adsorption and 

desorption over γ-Al2O3 and Pt/γ-Al2O3 

5.1 Introduction 

It has been shown in the literature that alumina, as a common catalyst support, 

interacts with SO2 leading to the formation of stable sulfate species at high enough 

temperatures [66-73]. The results discussed in chapter 4 demonstrate that the alumina 

support plays a significant role in SO2 adsorption and desorption on Pt/γ-Al2O3, acting as 

a sulfur storage component. According to the literature, SO3 strongly interacts with the 

alumina support in DOCs and SO3 chemisorption is the main route for sulfur storage on 

alumina [85-86]. SO3 formation on the alumina surface and its subsequent reaction with 

alumina can lead to the formation of aluminum sulfate (Al2(SO4)3) [85, 87] which covers 

the catalyst surface and eventually blocks the pores [20]. The support sulfation reaction is 

reversible through aluminum sulfate decomposition, however it requires very high 

temperatures, i.e., above 700°C [88].  

Sulfur oxide interactions with Pt/Al2O3 catalysts have been studied in the literature 

using SO2 and O2 in the reaction mixture [15, 72, 75, 76, 89]. For example, Uy et al. [75] 

studied γ-Al2O3 and Pt/γ-Al2O3 sulfation upon exposure to SO2 and O2 at 500°C using 

Raman spectroscopy. After the same SO2 exposure conditions, SOx concentration in the 

Pt/γ-Al2O3 sample was higher by about a factor of two compared to the pure γ-Al2O3 

sample. According to their results, sulfates are the main adsorbed species on γ-Al2O3 and 

Pt/γ-Al2O3 samples and the nature of the sulfate species on both samples is the same. 

However, some differences were observed in the spectra obtained from the two samples 
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and attributed to physisorbed water and surface hydroxyl groups on the γ-Al2O3 sample 

[75]. In a study performed by Smirnov et al. [76], SO2 interactions with thin film model 

Al2O3 and Pt/Al2O3 catalysts were studied in the presence and absence of O2. According 

to their results, upon Pt/Al2O3 reaction with the SO2 + O2 mixture, sulfate species on the 

alumina surface and sulfide species on the platinum surface formed at temperatures lower 

than 200°C, whereas sulfates were the main product at higher temperatures 

(∼300−400°C) [76].  

In previous studies focusing on sulfur storage on Al2O3 and Pt/Al2O3 catalysts, SO2 

or SO2+O2 have been used as the sulfur source, reacting with the catalyst. Depending on 

the temperature and the extent of SO2 oxidation on the catalyst, different amounts of SO2 

and SO3 could be present in the reaction mixture interacting with the catalyst surface. 

Since SO2 and SO3 could lead to different degrees of catalyst sulfation, SO3 interactions 

with γ-Al2O3 and Pt/γ-Al2O3 were studied, and the results discussed in this chapter, with 

the goal to decouple the SO2 and SO3 effects on Pt-based diesel oxidation catalysts. TPD 

experiments were used to study SO3 storage and release over γ-Al2O3 and Pt/γ-Al2O3 

catalysts. In-situ DRIFTS measurements were utilized to identify the surface species 

formed upon SO3 exposure to γ-Al2O3 and Pt/γ-Al2O3. 

5.2 Experimental 

5.2.1 Temperature Programmed Desorption (TPD) experiments 

The TPD experiments were performed in the flow reactor system using monolithic γ-

Al2O3 and Pt/γ-Al2O3 samples. The catalyst samples used in the TPD study were 

provided by Johnson Matthey and their specifications are the same as those mentioned in 

Chapter 4 (section 4.2.1). A monolithic core of 2 cm diameter and 2 cm length of either 
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γ-Al2O3 or Pt/γ-Al2O3 was used for each experiment. For each TPD experiment, a fresh 

monolith sample was used to eliminate any doubt regarding catalyst degradation due to 

high temperature excursions. Prior to the TPD experiment, the sample was 

hydrothermally aged at 710°C for 4 h with a gas flow of 5% water, 10% oxygen, 

balanced with N2. The aging was conducted at a total flow rate of 2.64 L/min, 

corresponding to a space velocity of 25000 h
-1

. The TPD experiment with SO3 was 

performed by exposing the catalyst to 53 ppm SO3, 3.3% O2, balanced with N2, at 165°C 

for 4 h. SO3 was then turned off and after purging the sample with N2 for 20 min, the 

catalyst was heated with a temperature ramp of 10°C/min from the adsorption 

temperature to ~925°C, to ensure all the adsorbed species were removed from the catalyst 

surface. During the adsorption and desorption phases, a total flow rate of 7.93 L/min 

corresponding to a space velocity of 75000 h
-1

 was used. The same TPD protocol was 

performed with an empty reactor to verify inlet concentration profiles and to account for 

any adsorption in the lines.  

5.2.2 In-situ DRIFTS experiments 

For DRIFTS experiments, samples were prepared by scraping off the washcoat from 

the γ-Al2O3 and Pt/γ-Al2O3 monolith samples after they were hydrothermally aged, and 

the scrapings were separated from the cordierite substrate. The powder was pressed into a 

pellet and loaded in the reaction chamber. A fresh sample was used for each test.  

In the first set of DRIFTS experiments, SO3 adsorption on γ-Al2O3 and Pt/γ-Al2O3 

was performed at 150°C followed by a temperature ramp to 400°C in He to desorb the 

adsorbed species which were less stable. Prior to each experiment, the sample was heated 

at 400°C in He for 2 h to desorb any physisorbed water from the catalyst surface. The 
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background was then collected at 400°C in He. The reaction cell was set at the target 

adsorption temperature (i.e., 150°C) and another background was collected in He after 

holding the sample at this temperature for at least 30 min until no variation was observed 

in the spectra. SO3 adsorption was performed by exposing either the γ-Al2O3 or Pt/γ-

Al2O3 sample to 100 ppm SO3 diluted with 85% O2 and 15% He for 30 min. The DRIFTS 

cell was then purged with He for 30 min to remove the remaining SO3 from the gas phase 

as well as to desorb weakly adsorbed species from the surface. The sample was then 

heated to 400°C in He with a temperature ramp of 10°C/min and the spectra at 400°C 

were collected when the temperature became stable. 

In the second set of DRIFTS experiments, SO3 adsorption on γ-Al2O3 or Pt/γ-Al2O3 

was performed at three different temperatures, i.e., 300, 400 and 500°C. Prior to each 

experiment, the sample was pretreated at 500°C in He for 2 h. The background was then 

collected at each temperature while flowing He. The SO3 adsorption experiment on either 

γ-Al2O3 or Pt/γ-Al2O3 sample was conducted at 300°C by exposing the catalyst to 100 

ppm SO3 balanced with O2 for 30 min. The sample was then purged with He for 30 min 

followed by a temperature ramp of 10°C/min to 400°C in He. After the temperature 

became stable at 400°C, the sample was again exposed to 100 ppm SO3 balanced with O2 

for 30 min, followed by He purge for 30 min. The sample was then heated to 500°C and 

the same SO3 adsorption procedure was followed at this temperature. The experiments 

and the pretreatments were conducted with a total flow rate of 50 ml/min.  

5.3 Results and Discussion 

Since alumina as a catalyst support interacts with sulfur oxides, SO3 adsorption and 

desorption on both γ-Al2O3 and Pt/γ-Al2O3 were studied to decouple the support effect. 
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The TPD experiments were performed to study the SO3 storage and release on each 

catalyst and to determine the stability of different adsorbed species. The DRIFTS study 

was used to identify the nature of adsorbed species at different temperatures and to 

investigate the adsorbed species interactions with the γ-Al2O3 and Pt/γ-Al2O3 surfaces.  

5.3.1 Temperature Programmed Desorption (TPD) results 

In the TPD study, either γ-Al2O3 or Pt/γ-Al2O3 was exposed to 53 ppm SO3 and 

3.3% O2 at 165°C during the adsorption phase, followed by the TPD phase in N2 with a 

temperature ramp to 925°C. A mole balance analysis was performed to ensure all sulfur 

oxides stored on the catalyst during the adsorption phase were released from the sample 

during the TPD phase. The SO3 adsorbed amount for both γ-Al2O3 and Pt/γ-Al2O3 

samples along with the mole balance errors are listed in Table 5.1. The sulfur loadings 

are reported as moles of sulfur adsorbed per unit surface area of the washcoat. The sulfur 

loadings obtained for similar γ-Al2O3 and Pt/γ-Al2O3 samples upon SO2 adsorption (48 

ppm SO2 at 157°C) are also listed in Table 5.1 for comparison. As shown, the small mole 

balance errors verify the accuracy of the TPD results. The sulfur loadings on γ-Al2O3 and 

Pt/γ-Al2O3 upon SO3 adsorption are relatively similar indicating the significant role of 

support in storing SO3, similar to the results obtained from the SO2 adsorption study 

(chapter 4). The adsorbed amount of sulfur on either γ-Al2O3 or Pt/γ-Al2O3 upon 

saturating the sample with SO3 is one order of magnitude higher than that with SO2, 

indicating a significantly higher degree of sulfation caused by SO3 compared to SO2.  

Table 5.1 SO3 adsorption on γ-Al2O3 and Pt/γ-Al2O3  

 Mole balance 

error (%) 

BET surface 

area (m
2

/g) 

Sulfur loading with 

SO3 (μmol/m
2

) 

Sulfur loading with 

SO2 (μmol/m
2

) 

γ-Al
2
O

3
 -0.96 101.10±0.26 26.4 2.3 

Pt/γ-Al
2
O

3
 -0.55 94.69±0.39 28.7 2.5 
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The SO3 adsorption and desorption profiles on γ-Al2O3 are shown in Figure 5.1. The 

SO3 inlet concentration profile, measured with an empty reactor, is also displayed along 

with the adsorption and desorption data. During the empty reactor experiment, SO2 and 

H2SO4 concentrations were also monitored and neither was observed, and thus are not 

plotted in the figure. As shown in Figure 5.1, a significant amount of SO3 was stored on 

alumina during the adsorption phase. During the TPD phase, the adsorbed sulfur species 

were released mainly in the form of SO3, with some contribution from SO2 at 

temperatures above 650°C. A small amount of H2SO4, originating from the residual water 

on the catalyst surface, was also observed during the TPD phase. The desorption profile 

labeled as “Total S” represents the cumulative concentration of SO2, SO3 and H2SO4 

desorbed from the catalyst.  

 

Figure 5.1 Concentration profile measured during SO3 adsorption on γ-Al2O3 followed by 

TPD. Conditions during adsorption: SO3 inlet concentration = 53 ppm, 

temperature = 165°C 
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Figure 5.2 shows the SO3 adsorption and desorption profile for Pt/γ-Al2O3 along 

with the inlet concentration profile measured through an empty reactor. The adsorption 

data are similar to those observed for the γ-Al2O3 sample, indicating the significant role 

of alumina in storing sulfur, in line with the results from the SO2 TPD study (presented in 

chapter 4). In the desorption data however, the SO2 and SO3 profiles are different from 

those obtained with alumina. The sulfur release profile is shifted from SO3 to SO2 at 

temperatures higher than 400°C. This shift occurs due to the SO3 decomposition reaction 

on the Pt/γ-Al2O3 surface which becomes significant at temperatures higher than 400°C. 

This is also consistent with the SO2 oxidation results, presented in chapter 3, where 

thermodynamic limitations for the SO3 formation on Pt/γ-Al2O3 was observed above 

400°C [23]. According to these results, γ-Al2O3 by itself is not active enough in SO3 

decomposition to reach equilibrium during the TPD phase.  

 

Figure 5.2 Concentration profile measured during SO3 adsorption on Pt/γ-Al2O3 followed 

by TPD. Conditions during adsorption: SO3 inlet concentration = 53 ppm, 

temperature = 165°C 
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In order to study sulfur species decomposition on the two samples, the total sulfur 

release profiles from γ-Al2O3 and Pt/γ-Al2O3 are shown as a function of temperature in 

Figure 5.3, i.e., combining the desorption data in Figure 5.1 and 5.2. Here, the desorption 

profile for the cumulative sulfur (i.e., SO2+SO3+H2SO4) is considered, rather than the 

individual desorption profiles for SO2, SO3 and H2SO4. Plotting the cumulative amount of 

S helps determine the desorption/decomposition temperature profile of the adsorbed 

species, since with multiple possible species desorbing during adsorbed species 

desorption/decomposition, sulfur compounds can be released in different forms 

depending on the temperature range and the catalyst sample employed.  

The total sulfur release profile from Pt/γ-Al2O3 was deconvoluted to three peaks, 

assuming a Gaussian peak shape, and shown in Figure 5.3 along with the experimental 

desorption data for γ-Al2O3 and Pt/γ-Al2O3 to provide a better basis for comparison. The 

deconvoluted peaks for the desorption profile from Pt/γ-Al2O3 are centered at 257°C, 

446°C and 649°C and labeled as SO3-S1, SO3-S2 and SO3-S3, representing three 

different adsorbed species. The first and second deconvoluted peaks (i.e., SO3-S1 and 

SO3-S2) centered at 257°C and 446°C, respectively, are aligned with the first two 

desorption peaks from γ-Al2O3 suggesting similar nature of adsorbed species on both 

samples. The intensities of the SO3-S1 and SO3-S2 peaks desorbed from Pt/γ-Al2O3 are 

also similar to their corresponding peaks desorbed from γ-Al2O3, indicating similar 

amounts of these sulfur species on the two samples. As shown in Figure 5.3, the last 

deconvoluted peak for the Pt/γ-Al2O3 sample (represented as SO3-S3) is centered at 

649°C, whereas in the case of alumina, the desorption temperature of the most stable 
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species are extended to significantly higher temperatures (up to ~925°C). This difference 

can be attributed to the role of Pt in catalyzing the stable sulfur species decomposition.  

 

Figure 5.3 Total sulfur (SO2+SO3+H2SO4) release from γ-Al2O3 and Pt/γ-Al2O3 as a 

function of temperature. Solid lines: experimental data, dashed lines: 

deconvoluted peaks for the desorption profile from Pt/γ-Al2O3  

5.3.2 In-situ DRIFTS results 

DRIFTS was used to identify the adsorbed species formed upon SO3 adsorption on 

γ-Al2O3 and Pt/γ-Al2O3. In the first set of DRIFTS experiments, SO3 adsorption was 

performed on each sample at 150°C, followed by purging the sample with He and a 

temperature ramp to 400°C in He. This procedure was employed to study the adsorbed 

species and possible transformations that may have occurred on the surface during the 

course of the TPD experiments. The DRIFTS spectra recorded for the alumina sample are 

shown in Figure 5.4. The spectrum labeled as “150C” was collected after exposing the γ-

Al2O3 sample to SO3 at 150°C and further purging with He to remove loosely bound 

species. The spectrum recorded after heating the alumina sample to 400°C in He and 
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holding it at this temperature for 30 min is also shown in Figure 5.4 and labeled as 

“400C”.  

 

Figure 5.4 DRIFTS spectra of γ-Al2O3 after exposure to 100 ppm SO3 for 30 min at 

150°C and after heating the sample to 400°C in He. The 150°C spectrum has 

been multiplied by a factor of 4 

The broad band at 1063 cm
-1

 represents the stretching mode of the S-O bond in the 

surface sulfite species on γ-Al2O3 [66, 68, 71]. Surface sulfites are the main adsorbed 

species formed during SO3 adsorption on alumina at 150°C and are stable up to 400°C, as 

shown in the 400°C spectrum in Figure 5.4. The negative peak at 3746 cm
-1

 in both 

spectra originates from SO3 interactions with hydroxyl groups [90]. The feature at 1267 

cm
-1

 was assigned to molecular SO2 adsorbed on Al sites [66] which was also observed 

during SO2 adsorption on γ-Al2O3 and Pt/γ-Al2O3 (as described earlier in chapter 4). This 

peak was small at 150°C and could originate from either a small amount of SO2 in the 

feed stream or SO3 dissociation on the alumina surface. Upon the temperature increase to 

400°C, the 1267 cm
-1

 feature grew indicating a relatively higher degree of SO3 

dissociation at this temperature compared to 150°C. The small band located at 2963 cm
-1

 

in the 400°C spectrum was assigned to a H-SO3
-
 vibration, indicating bi-sulfite (HSO3
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formation via SO2 interaction with hydroxyl groups [77]. The H-SO3
-
 species may also 

contribute to the band at 1267 cm
-1

 [77]. The band at 1355 cm
-1

 appeared when the SO3 

exposed sample was heated to 400°C in He and was assigned to surface sulfate species on 

γ-Al2O3 [68, 91].  

The DRIFTS spectra recorded after exposing the Pt/γ-Al2O3 sample to SO3 at 150°C 

and after heating the SO3 exposed sample to 400°C are shown in Figure 5.5. In the 150°C 

spectrum, the broad band at 1063 cm
-1

 represents surface sulfite and the sharp features at 

1267 cm
-1

 and 2960 cm
-1

 are related to the SO2 species. The peak at 1267 cm
-1

 was 

assigned to molecular SO2 formed upon SO3 dissociation and the peak at 2964 cm
-1

 was 

attributed to bi-sulfite (HSO3
-
) with its accompanying feature contributing to the peak at 

1267 cm
-1

 [77]. As shown in Figure 5.5, the intensities of the SO2 related peaks on the 

Pt/γ-Al2O3 sample are significantly higher than those for γ-Al2O3, indicating a higher 

degree of SO3 dissociation over the Pt-containing sample. This is consistent with the TPD 

results where in the desorption profile from Pt/γ-Al2O3, the SO2 release started right after 

starting the TPD phase (as shown in Figure 5.2), whereas in the TPD experiment with γ-

Al2O3, unambiguous SO2 release into the gas phase was observed only above 400°C (as 

shown in Figure 5.1). In the spectra shown in Figure 5.5, the negative peak at 3743 cm
-1

 

appeared as a result of the adsorbed species interactions with the basic hydroxyl groups 

[78]. Similar to the alumina case, a new band was observed at 1355 cm
-1

 upon heating the 

Pt/γ-Al2O3 sample to 400°C representing the surface sulfate formation [68, 91].  
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Figure 5.5 DRIFTS spectra of Pt/γ-Al2O3 after exposure to 100 ppm SO3 for 30 min at 

150°C and after heating the sample to 400°C in He  

The effect of temperature on the nature of the adsorbed species was also studied by 

conducting the SO3 adsorption experiment on γ-Al2O3 and Pt/γ-Al2O3 at three different 

temperatures, i.e., 300°C, 400°C and 500°C. The spectra at adsorption temperatures of 

300°C, 400°C and 500°C were obtained after exposing either γ-Al2O3 or Pt/γ-Al2O3 

sample to 100 ppm SO3, balanced with O2, at each temperature followed by purging the 

sample with He. The spectra for the γ-Al2O3 and Pt/γ-Al2O3 samples are shown in Figure 

5.6a and 5.6b, respectively. Since within the temperature range employed, the sulfur 

related bands were located at wavenumbers lower than 1800 cm
-1

, only the low 

wavenumber region is displayed in Figure 5.6 for analysis. The choices of the adsorption 

temperatures were made based on the TPD results such that the adsorbed species 

representing different desorption peaks in the TPD profile might be identified. It should 

be mentioned that performing the DRIFTS experiments at temperatures higher than 

500°C was not practical due to the experimental (DRIFTS reaction cell) limitations.  
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Figure 5.6 DRIFTS spectra after exposing the sample to 100 ppm SO3 for 30 min at 

300°C, 400°C and 500°C followed by purging with He at each temperature: a) 

γ-Al2O3 b) Pt/γ-Al2O3 

Figure 5.6a shows the spectra for the γ-Al2O3 sample exposed to SO3. In the 

spectrum recorded at 300°C, the broad band at 1080 cm
-1

 represents surface sulfite and 

the band at 1362 cm
-1

 is surface sulfate on alumina. The feature at 1587 cm
-1

 appeared in 

the alumina spectra upon surface sulfate formation and increased as the surface sulfate 

peak increased until it reached a maximum value. In a recent study performed by Zhao et 

al. with NiAlO samples [78], higher surface acidity was observed upon exposing the 

sample to SO2+O2 compared to the samples not exposed to sulfur. The S=O bond 

interactions with Lewis acid sites was proposed as a reason for the increased acidity. As 

such, in the present analysis, the 1587 cm
-1

 was assigned to the sulfate species 

coordinated on the Lewis acid sites on alumina (i.e., Al
n+

). It is proposed that upon 

sulfate formation on alumina, SO4
2-

 species initially interact with the Lewis acid sites 

accessible on the surface of alumina until saturating the Al
n+

 centers.  

As shown in the 400°C spectrum in Figure 5.6a, the intensity of the 1362 cm
-1

 band 

significantly increased relative to the other bands, indicating enhanced sulfate formation 
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at high temperatures. The features at 1080 cm
-1

 and 1587 cm
-1

 were also observed in the 

400°C spectrum, representing the surface sulfite species and sulfates coordinated on 

Lewis acid sites, respectively. Upon SO3 adsorption at 500°C, the 1362 cm
-1

 band grew 

significantly, as shown in Figure 5.6a, indicating a further increase in the surface sulfate 

yield as well as the stability of the sulfate species up to 500°C. The 1080 cm
-1

 band was 

also observed at 500°C and could represent the cooperative effects of the surface sulfite 

and sulfate species. The band representing SO4
2-

 interactions with Lewis acid sites (i.e., 

1587 cm
-1

) were not observed in the 500°C spectrum. However, it was not concluded that 

these species did not exist on the surface at this temperature, just that if present they were 

not in significant enough quantities to be measured by DRIFTS.  

The DRIFTS spectra after SO3 adsorption on Pt/γ-Al2O3 at 300°C, 400°C and 500°C 

are shown in Figure 5.6b. At the three temperatures studied, the peak at 1387 cm
-1

 

representing the surface sulfate species on alumina was observed [68]. The shoulder of 

this peak in the frequency range of 1315-1340 cm
-1

 was assigned to the sulfate species on 

Pt [53]. Similar to the results from γ-Al2O3, the surface sulfate formation on the alumina 

support (represented by 1387 cm
-1

 band) was accelerated upon increasing the SO3 

adsorption temperature from 300°C to 500°C. Sulfite formation was not significant on the 

Pt/γ-Al2O3 sample as a result of Pt catalyzing oxidation of sulfites to sulfates in the 

presence of gas phase SO3 and O2 at high enough temperatures (i.e., above 300°C). It 

should be mentioned that due to the low quality of the Pt/γ-Al2O3 spectra in the frequency 

range of 950-1150 cm
-1

 (in Figure 5.6b), as a result of the gas cell contamination by 

sulfur, accurate peak analysis for Pt/γ-Al2O3 in this region was not possible. However 

according to the literature, upon a temperature increase from 200°C to 400°C, surface 
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sulfite formation on Pt/γ-Al2O3 is gradually suppressed and the contribution of the sulfate 

species increases [76]. Therefore, the absence of a sulfite feature at 1080 cm
-1

 in the Pt/γ-

Al2O3 spectrum at 500°C is expected. In the 500°C spectrum, the two negative peaks at 

1462 cm
-1

 and 1573 cm
-1

 can be attributed to sulfate interactions with the Lewis acid sites 

on Pt/γ-Al2O3. The absence of the 1587 cm
-1

 peak in the Pt/γ-Al2O3 spectra and 

appearance of these negative peaks indicates that some Al
n+

 Lewis acid sites may not be 

accessible to the sulfate species on the Pt-containing sample and sulfate can interact with 

γ-Al2O3 and Pt/γ-Al2O3 in different ways. According to Kwak et al. [92] on a Pt/γ-Al2O3 

catalyst, Pt atoms bind to the pentacoordinate Al
3+

 sites on the γ-Al2O3 surface through 

oxygen bridges, thereby coordinatively saturating these sites. Therefore in the present 

work, it is proposed that Pt anchors to the Lewis acid sites where surface sulfates 

preferentially adsorb upon sulfate formation on alumina, as verified by the absence of the 

1587 cm
-1

 peak in the sulfated Pt/γ-Al2O3 spectra (Figure 5.6b). According to these 

results, coordinatively unsaturated pentacoordinate Al
3+

 centers could be the specific 

Lewis acid sites where surface sulfates on alumina initially adsorb.  

According to the DRIFTS results at 150°C, surface sulfites are the main species 

formed on both γ-Al2O3 and Pt/γ-Al2O3 upon SO3 exposure at this temperature. On the 

Pt/γ-Al2O3 some molecularly adsorbed SO2 and bi-sulfite were also observed. Therefore 

in Figure 5.3, the fist desorption peak centered at 257°C and designated as SO3-S1, 

represents the surface sulfite species (1063 cm
-1

 and 1080 cm
-1

 peaks in the DRIFTS 

spectra). According to the SO2 TPD study (presented in chapter 4), the first desorption 

peak representing molecularly adsorbed SO2 on Al sites is centered at 236°C. The center 

temperature of the first desorption peak from SO3 saturated sample is 257°C which is 
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close to the peak temperature observed for molecularly adsorbed SO2 on Al sites. 

Previous computational studies have shown that the difference between the SO2 and SO3 

adsorption energies on transition metal surfaces does not exceed 15 kJ/mol (is 8-15 

kJ/mol) [51], implying similar bonding strengths for molecular SO2 and SO3 on transition 

metal sites. For example, adsorption energies of 98 and 113 kJ/mol have been reported 

for the most stable configurations of SO2 and SO3 on the Pt(111) surface [51]. Therefore, 

similar desorption temperatures for SO2-S1 and SO3-S1 suggests similar nature of the 

adsorption sites, i.e., Al atoms in the alumina matrix. As such, it is proposed that the 

“surface sulfite” species identified in the DRIFTS spectra originate from SO3 molecularly 

adsorbed on Al sites. As shown in Figure 5.1, The SO3-S1 species were released from 

alumina mainly in the form of SO3 with a small contribution from H2SO4. In the case of 

Pt/γ-Al2O3, in addition to SO3 and H2SO4, a small amount of SO2 was also released 

during the SO3-S1 desorption/decomposition. This SO2 release originated from 

molecularly adsorbed SO2 and bi-sulfite species, which are formed upon SO3 dissociation 

on the Pt/γ-Al2O3 surface. The second desorption peak in Figure 5.3, designated as SO3-

S2, is centered at 446°C representing surface species that are more stable compared to the 

surface sulfites formed upon SO2 interactions with oxygen sites in the alumina matrix 

(peak at 334°C) and less stable compared to the surface sulfate species observed in the 

SO2 TPD study (peak at 674°C), as presented in chapter 4. Therefore, it is proposed that 

SO3 adsorption on oxygen sites in the alumina matrix can lead to the formation of sulfate-

like species that are more strongly held than SO3 molecularly adsorbed on Al sites.  

According to the TPD results, these sulfate-like species decompose in the 400-600°C 

temperature range on both γ-Al2O3 and Pt/γ-Al2O3. Upon SO3-S2 decomposition, sulfur 
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species were released from the γ-Al2O3 surface mostly in the form of SO3, whereas with 

the Pt/γ-Al2O3 sample, SO3 decomposition catalyzed by Pt led to the significant SO2 

release at temperatures higher than 400°C. Upon SO3 decomposition to SO2 on the Pt 

surface, SO2 desorption happens so fast at these high temperatures such that the SO2 

intermediates were not observed in the DRIFTS spectra of the Pt/γ-Al2O3 sample.  

According to the DRIFTS results, the most stable sulfur species, designated by SO3-

S3, were assigned to sulfate species formed, and their amount rapidly increased, upon 

heating the catalyst to high temperatures (i.e., above 400°C). These species are formed 

through SO3 reaction with alumina at high enough temperatures, as shown with the 1362 

and 1387 cm
-1

 bands in the DRIFTS spectra for γ-Al2O3 and Pt/γ-Al2O3, respectively. A 

tridentate structure, (Al-O)3S=O,, has been suggested for these species [70]. These stable 

sulfate species decompose on the Pt/γ-Al2O3 sample in the 450-900°C temperature range, 

with a shift to higher desorption temperatures for the γ-Al2O3 sample, as shown in Figure 

5.3. The lower decomposition temperature of these species on the Pt/γ-Al2O3 sample 

compared to γ-Al2O3 indicates the Pt role in facilitating the sulfate decomposition. 

It has been reported that sulfur uptake in the form of well dispersed species are 

limited by the surface area of alumina and the concentration of surface sulfite and sulfate 

species do not exceed 1.7-5.0 μmol/m
2
 (1-3*10

14
 molecules/cm

2
) for different alumina 

surfaces [68, 70, 76]. High sulfur loadings calculated from the TPD data, i.e., 26.39 and 

28.69 μmol/m
2
 for γ-Al2O3 and Pt/γ-Al2O3 respectively, suggests significant formation of 

bulk like sulfate species on both samples. Therefore, the lower decomposition 

temperatures observed on Pt/γ-Al2O3, compared to γ-Al2O3, also indicates the Pt role in 

facilitating the sulfate migration from bulk to the surface.  



 

109 
 

5.4 Conclusions 

SO3 adsorption and desorption on a Pt-based oxidation catalyst was experimentally 

studied using TPD and DRIFTS techniques. To decouple the support effect, γ-Al2O3 and 

Pt/γ-Al2O3 samples were used in the experiments. The TPD results showed that the sulfur 

storage and release on the Pt/γ-Al2O3 sample was significantly affected by the alumina 

support, similar to the results presented in the SO2 adsorption study in chapter 4. It was 

found that similar species form on γ-Al2O3 and Pt/γ-Al2O3 during SO3 adsorption, 

however upon the adsorbed species decomposition, different sulfur species are released 

from the two samples. With the γ-Al2O3 sample, desorption is mainly in the form of SO3 

with increased contributions from SO2 only above 650°C. In the case of Pt/γ-Al2O3, the 

desorption profile is shifted from SO3 to SO2 at temperature higher than 400°C due to the 

SO3 decomposition on the Pt surface. DRIFTS results were used to identify the surface 

species formed on the two samples at different temperatures. According to the DRIFTS 

and TPD results, molecularly adsorbed SO3 on Al sites (“surface sulfites”), molecularly 

adsorbed SO3 on oxygen sites (sulfate like species) and stable sulfates with tridentate 

structure are the main adsorbed species formed during SO3 adsorption on γ-Al2O3 and 

Pt/γ-Al2O3. Molecularly adsorbed SO2 on alumina and bi-sulfite species were also 

observed on the Pt-containing sample exposed to SO3 at low temperatures (i.e., 150°C), 

originating from SO3 dissociation on the Pt surface.  
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Chapter 6 Comparative study of SO2, SO3 and H2SO4 impacts 

on a Pt/γ-Al2O3 oxidation catalyst 

Note: The material in this chapter has been submitted for publication. The introduction 

and experimental methods material has been summarized to avoid redundancy with 

Chapters 1 and 2, with some changes in the results and discussion material. Reference 

and figure numbers also changed for dissertation consistency. 

6.1 Introduction 

SO2, as the main sulfur species in the raw engine exhaust [87], can be oxidized to 

SO3 over a diesel oxidation catalyst (DOC) or a catalyst with oxidation functionality, 

with subsequent formation of sulfuric acid in the presence of water. The SO2 effects on 

CO, NO and hydrocarbon oxidation reactions over Pt/γ-Al2O3 DOCs have been studied in 

the literature [14-18]. A number of research groups have investigated SO2 interactions 

with alumina, as a sulfur storage component, and identified the surface species formed 

during SO2 adsorption [88, 89, 93-95]. Alumina and ceria sulfation in reactions with SO2, 

SO2+O2, SO2+H2O and SO2+O2+H2O were studied in the temperature range of 30-

400°C. Surface sulfite and surface sulfate formation were observed at temperatures above 

200°C and 300°C, respectively, on both alumina and ceria. According to these results, the 

presence of oxygen facilitates, and the presence of water hinders, sulfate formation on 

Al2O3 [89].  

Sulfuric acid effects on the activity and stability of Pt/Al2O3 catalysts have also been 

reported, mostly for catalyst performance studies focused on the H2SO4 decomposition 

reaction [96-98]. Major changes in the physicochemical properties of Pt/Al2O3 have been 

observed during long term exposures to H2SO4 at high temperatures (i.e., 800°C for 100 



 

111 
 

h) [96]. Agglomeration of the Pt particles, significant decrease in the Pt dispersion, 

reduction in the porosity and the BET surface area of Al2O3 due to the support sulfation 

and partial phase transformation of Al2O3 have been reported as H2SO4 deactivation 

effects [96, 98].  

In the previous sulfur impact on DOC studies performed, SO2 was typically used in 

the feed as a poisoning agent, however in the presence of O2 and water, and depending on 

the operating temperature, SO2 oxidation over the DOC can occur leading to the 

formation of SO3 and sulfuric acid. Hence, the sulfur poisoning of DOCs is expected to 

be a combination of the SO2, SO3 and H2SO4 impacts on the catalyst, rather than only the 

SO2 impact. The different deactivation impacts of these sulfur species on Pt/γ-Al2O3 have 

not been clearly distinguished in those previous studies. Therefore in this chapter, Pt/γ-

Al2O3 sulfation due to the SO2, SO3 and H2SO4 exposure was studied with the goal to 

understand the deactivation impacts of different sulfur species that can be present in the 

exhaust gas. In the present chapter, the sulfur uptake and release uponand after SO2, SO3 

and H2SO4 exposure to a Pt/γ-Al2O3 DOC was studied using TPD experiments. The 

sulfur poisoning effect occurred due to the different forms of sulfur was also investigated 

by testing the SO2 oxidation performance of the catalyst after different sulfur treatments. 

6.2 Experimental methods 

The monolith-based Pt/γ-Al2O3 catalyst used in this study was provided by Johnson 

Matthey. The catalyst sample had a Pt loading of 50 g/ft
3
, an Al2O3 loading of ~1.6 g/in

3
, 

and a cell density of 325 channels/in
2
. A monolith core of 2 cm diameter and 2 cm length 

was inserted into a quartz tube reactor and the reactor assembly was placed in a 

temperature controlled furnace. The details of the bench reactor set up have been 
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described in chapter 2. For the experiments that required SO3 or H2SO4 in the feed, an 

upstream reactor was used to provide SO3 in the main reactor feed. For H2SO4, results 

demonstrate that when SO3 and H2O were both present at temperatures below 300°C, 

H2SO4 easily formed, such that complete conversion to the acid was observed. The inlet 

and outlet gas lines were heated to 200°C in order to prevent deposition of sulfur species 

and possible water and acid condensation in the lines. The outlet gas concentrations were 

measured using a MKS MultiGas MG-2030 FT-IR analyzer. A reactor bypass line was 

used to verify the inlet concentrations. The SO2, SO3 and H2SO4 FT-IR calibration 

methods were developed and tested in-house [23].  

For each TPD experiment, a fresh monolith sample was used to eliminate any doubt 

regarding catalyst degradation due to high temperature excursions. Prior to the TPD 

experiments, the sample was hydrothermally treated at 710°C for 4 hours in a flow of 5% 

water, 10% oxygen, balanced with N2. The TPD experiment included first a saturation 

exposure to SO2; 48 ppm SO2, balanced with N2, at 157°C for 3 h followed by 10 min 

purge with N2 and a temperature ramp of 20°C/min from 157°C to ~920°C. A total flow 

rate of 2.64 L/min corresponding to a space velocity of 25000 h
-1

 was used during the 

experiment. A similar procedure was followed for the TPD experiment with SO3 where 

the catalyst was exposed to 53 ppm SO3 and 3.3% O2 at 130°C for 4 hours until the 

catalyst was saturated. The sample was then purged with N2 for 20 min followed by a 

temperature ramp of 10°C/min from the adsorption temperature to 925°C. A total flow 

rate of 7.93 L/min corresponding to a space velocity of 75000 h
-1

 was employed during 

the SO3 adsorption and desorption phases. In the case of SO2 and SO3 TPD experiments, 

the same TPD protocol was performed with an empty reactor to verify inlet concentration 
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profiles and any adsorption in the lines. In the TPD experiments with H2SO4, the Pt/γ-

Al2O3 sample was exposed to a gas mixture of 50 ppm SO3, 2% water, 10% O2, balanced 

with N2 at 150°C. At this temperature, a high conversion of SO3 to H2SO4 was expected 

and verified by our measurements through the reactor bypass. The H2SO4 exposure was 

conducted over multiple steps while purging the catalyst with N2 in between. The overall 

H2SO4 exposure time was ~24 h and the catalyst was saturated. Due to the slow approach 

to saturation and in order to minimize possible degradation of the FTIR gas cell, the 

reactor outlet measurements were conducted intermittently, while purging the lines and 

FTIR with N2 between the measurements. The TPD with the acid treated catalyst was 

conducted from 200°C to 900°C with a ramp rate of 10°C/min and a total flow rate of 

17.6 L/min corresponding to a space velocity of 186000 h
-1

. Such a high space velocity 

was employed to dilute the sulfur species concentrations during the TPD phase such that 

continuous FTIR measurement could be performed. It should be mentioned that in the 

case of SO2 and SO3, sulfur mole balance calculations were performed and verified. 

However in the case of the H2SO4 experiment, we were not able to perform sulfur mole 

balance calculations due to the measurement limitations since continuous monitoring of 

the H2SO4 concentration during the adsorption phase was not practical. 

In the SO2 oxidation activity tests, the data were recorded when steady state was 

reached at each temperature, which typically occurred after about 1 h for the SO2 and SO3 

treated catalysts. However in the presence of water, the time required to reach steady 

state was significantly longer especially at low temperatures (e.g., 6 h at 260°C). The 

experimental procedure used for different sulfur treatments prior to the SO2 oxidation 

tests along with the SO2 oxidation conditions in each case are listed in Table 6.1. The 
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experimental conditions for SO2 oxidation in the presence of water are also presented in 

Table 6.1. 

Table 6.1 Experimental conditions for SO2 oxidation on the Pt/γ-Al2O3 catalyst exposed 

to different sulfur treatments 

Experiment Sulfur treatment  

SO2 oxidation conditions 

SO2 

(ppm) 

SO3 

(ppm) 
O2 (%) 

H2O 

(%) 
SV (h

-1
) 

SO2 treatment 
50 ppm SO2 at 240°C 

overnight 
103 0 5 0 25000 

SO3 treatment 
77 ppm SO3 at 240°C for 

2 h 
104 77 10 0 25000 

H2SO4 

treatment 

50 ppm H2SO4, 2% 

water, 10% O2 at 150°C 

for 24 h, at 200°C for 2 h 

111 0 5 0 50000 

Water 

experiment 
- 93 0 5 5 25000 

 

6.3 Results and Discussion 

To differentiate between the SO2, SO3 and H2SO4 impacts on the catalyst, the Pt/γ-

Al2O3 sample was exposed to a feed containing each of these sulfur species individually 

and the extent of catalyst sulfation was studied in each case. The results of the SO2 TPD 

study have been presented in chapter 4, where SO2 adsorption and desorption on γ-Al2O3 

and Pt/γ-Al2O3 was studied in the absence of O2 and H2O. The surface species were 

identified using TPD and DRIFTS techniques. The desorption profile from the SO2 

saturated sample (shown in Figure 4.1) was deconvoluted into four peaks, representing 

different adsorbed species. The temperatures at which the deconvoluted peaks are 

centered along with the peak contribution to the total SO2 release are listed in Table 6.2. 

According to our DRIFTS and TPD results, the adsorbed species were identified as 
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molecularly adsorbed SO2 on Al sites (peak centered at 236°C), surface sulfites/bi-

sulfites on electron deficient oxygen sites in the alumina matrix (peak centered at 334°C), 

surface sulfates on electron deficient oxygen sites in the alumina matrix (peak centered at 

674°C) and bulk aluminum sulfate (peak centered at 861°C). More details regarding the 

SO2 TPD study can be found in chapter 4.  

 

Figure 6.1 TPD profile for Pt/γ-Al2O3 after SO3 adsorption as a function of temperature; 

total flow rate during TPD: 7.93 L/min; adsorption conditions: 53 ppm SO3 at 

130°C 

Table 6.2 The peak deconvolution results for the TPD profiles from SO2, SO3 and H2SO4 

exposed Pt/γ-Al2O3  

SO2 TPD SO3 TPD H2SO4 TPD 

Peak 

Temperature  
contribution 

Peak 

Temperature 
contribution 

Peak 

Temperature 
contribution 

236 27% 251 17% 458 8% 

334 31% 450 49% 605 36% 

674 21% 650 34% 696 46% 

861 21% - - 794 11% 

 

A similar approach was used to study SO3 adsorption and desorption on Pt/γ-Al2O3. 

The TPD profile from a SO3 saturated Pt/γ-Al2O3 sample is shown as a function of 
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temperature in Figure 6.1. The cumulative concentration of SO2, SO3 and H2SO4, labeled 

as “Total S”, is also plotted. As observed, the first desorption peak in the total sulfur 

release profile is in the 130-350°C temperature range and is mainly composed of SO3 

with a small contribution from SO2 and H2SO4. As temperature increased, the SO3 

decomposition reaction on the Pt/γ-Al2O3 surface shifted the desorption profile from SO3 

to SO2. This is consistent with the SO2 oxidation results, presented in chapter 3, where 

SO3 formation becomes limited by thermodynamic equilibrium above 400°C [23]. The 

total sulfur release profile from the SO3 saturated catalyst was deconvoluted to three 

peaks, assuming a Gaussian peak shape, as shown in Figure 6.2 and the temperature at 

the peak center as well as the contribution of each peak are listed in Table 6.2. These 

results show that the contribution of the stable sulfate species formed upon catalyst 

exposure to SO3 is significantly higher than that obtained with the SO2 exposure. Note 

that the SO2 exposure experiment was conducted in the absence of O2. Including O2 in 

the SO2 containing feed could also increase the sulfate formation yield.  

 

Figure 6.2 Deconvoluted peaks (dashed line) and experimental profile (solid line) for the 

total sulfur release from SO3-saturated Pt/γ-Al2O3 as a function of temperature 
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Due to the presence of water in the exhaust gas, sulfur poisoning was also studied 

using SO3 and water in the feed, where SO3 was almost completely converted to H2SO4. 

Such an extreme case can happen under high exhaust gas temperatures (350-400°C with 

the present catalyst) where extensive SO2 oxidation occurs on the DOC with subsequent 

formation of H2SO4 in the presence of water. It should be noted that the noncatalytic 

thermal decomposition of H2SO4 to gaseous SO3 and water starts at temperatures higher 

than 400°C [99]. The Pt/γ-Al2O3 sample was exposed to 50 ppm sulfuric acid, 2% water 

and 10% O2 over multiple acid excursions at 150°C and the TPD was performed to 

evaluate species decomposition and desorption. Figure 6.3 shows the TPD profile from 

the H2SO4 saturated sample as a function of temperature.  

 

Figure 6.3 TPD profile for Pt/γ-Al2O3 after H2SO4 adsorption as a function of 

temperature; total flow rate during TPD: 17.63 L/min; adsorption 

conditions: 50 ppm H2SO4 at 200°C  
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the catalyst with decomposition temperatures higher than 520°C. At such high 

temperatures, sulfate decomposition occurs mainly in the form of SO2, accompanied with 

small concentrations of SO3. 

 

Figure 6.4 Deconvoluted peaks (dashed line) and experimental profile (solid line) for the 

total sulfur release from H2SO4-saturated Pt/γ-Al2O3 as a function of 

temperature 
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from SO2 to SO3 and then to H2SO4, with the latter leading to the highest degree of sulfur 

storage.  

 

Figure 6.5 The amount of sulfur released from Pt/γ-Al2O3 after exposure to SO2, SO3 and 

H2SO4; BET surface area = 94.7 m
2
/g 
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As observed in Figure 6.6, the SO3 treatment inhibited the SO2 oxidation activity 

compared to that of the SO2 treated catalyst, shifting the activity curve to higher 

temperatures by ~20°C. The H2SO4 treatment led to substantial deactivation, when 

compared to the SO3 treated catalyst. These results are in good agreement with the sulfur 

loading analysis after different sulfur treatments (Figure 6.5) where the highest degree of 

sulfation occurred with the H2SO4 treated sample, followed by the SO3 and SO2 saturated 

catalysts.  

As mentioned earlier, sulfur uptake in the form of well dispersed species are limited 

by the surface area of alumina such that concentration of surface sulfite and sulfate 

species on different alumina surfaces does not exceed 1-3×10
14

 molecules/cm
2
 (i.e., 1.7-

5.0 μmol/m
2
) [100-102]. The sulfur loading obtained for the SO2 treated sample was 

within this range indicating that the surface species are dominant. The higher sulfur 

loading on the SO3 treated sample (i.e., 32.3 μmol/m
2
) suggests the formation of bulk-

like sulfate species upon saturation of the surface sites. In the case of the H2SO4 treated 

sample, this effect is even more pronounced due to the higher sulfur loading on the 

catalyst. Formation of bulk sulfate species can lead to pore blockage and substantial loss 

of active sites, associated with a dramatic decrease in the oxidation activity as observed 

for the acid treated catalyst in Figure 6.6. This is also consistent with the previous H2SO4 

decomposition studies on Pt/Al2O3 where a loss of the BET surface area and a reduction 

in the porosity of alumina due to the support sulfation and phase transformation was 

reported upon long time exposures to H2SO4-containing mixtures [96, 98].  

The apparent activation energies were measured for the SO3 treated and H2SO4 

treated catalysts, restricting data points to conversion below 20%, and the values were 
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100 kJ/mol and 92 kJ/mol, for SO2 oxidation on the SO3 treated and acid treated samples, 

respectively. As a reminder, the activation energy calculated for SO2 oxidation, after SO2 

saturation, was 98 kJ/mol. Although admittedly this was calculated in the presence of 

SO3 to maintain differential conditions, leading to a very similar experiment as that for 

the SO3 treated case. These results suggest there is no change in the reaction mechanism 

due to the sulfur effects. 

 

Figure 6.6 Steady state SO2 oxidation activity as a function of temperature for the SO2 

treated, SO3 treated and H2SO4 treated Pt/γ-Al2O3 catalysts along with the 

activity in the presence of 5% water  
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each of these sulfur species on the Pt/γ-Al2O3 oxidation performance, steady state SO2 

oxidation tests were performed on the samples subject to different sulfur treatments. The 

SO3-treated catalyst showed significant deactivation compared to that exposed to SO2. 

The H2SO4 inhibition impact on the oxidation performance was even more dramatic than 

SO3, suggesting that the degree of catalyst sulfation upon its saturation with different 

forms of sulfur could represent the extent of deactivation. 
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Chapter 7 Conclusions and recommendations for future work 

The focus of this dissertation was to study sulfur interactions with a Pt/γ-Al2O3 

diesel oxidation catalyst (DOC). This work is an effort toward understanding the SO2 and 

SO3 impacts on Pt/γ-Al2O3 through the application of TPD and DRIFTS experimental 

techniques as well as kinetic modeling. The results of this work show that the sulfur 

impact is a transient process with a strong temperature dependence, mainly due to 

possible SO2 oxidation over Pt/γ-Al2O3 within the operating temperatures of DOCs as 

well as SO2 and SO3 storage and release on/from the catalyst. The significant role of 

alumina as a catalyst support has been decoupled from Pt/γ-Al2O3 in SO2 and SO3 

adsorption-desorption studies. The results of a comparative study of the SO2, SO3 and 

H2SO4 impacts on Pt/γ-Al2O3 reveal that different forms of sulfur, that can be present in 

the exhaust gas, can lead to significantly different degrees of catalyst sulfation, thereby 

different inhibition effects. The following are the main findings of the present study. 

7.1 Conclusions 

7.1.1 Experimental and kinetic study of SO2 oxidation on Pt/γ-Al2O3  

An SO2 oxidation experimental study was performed and a kinetic model was 

developed to describe SO2 oxidation over a Pt/γ-Al2O3 oxidation catalyst. An apparent 

activation energy of 101 kJ·mol
-1

 was measured when SO3 was present in the feed. 

Reaction orders of 0.88 and -0.24 were obtained for SO2 and O2, respectively, and the 

SO3 reaction order was found to be -0.42, indicating SO3 inhibition of the reaction. A 

microkinetic model based on a Langmuir-Hinshelwood mechanism was proposed and a 

one dimensional steady-state model was developed for a single channel of a monolith. A 
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plug flow reactor model was assumed and the set of algebraic differential equations was 

solved at various temperatures to predict the SO2 conversion as a function of temperature. 

The relative importance of each step in the reaction mechanism was studied at different 

temperatures to identify the rate determining step (RDS). According to the model, at 

temperatures below 300°C, O2 adsorption/desorption and the surface reaction between 

the adsorbed SO2 and oxygen control the overall rate, whereas at higher temperatures the 

surface reaction is the RDS. The model predictions imply that, at low temperatures, SO3 

inhibits SO2 oxidation through occupation of the active sites required for oxygen 

adsorption, verifying the higher activation energy observed in the presence of SO3 in the 

feed. The modeling results revealed that the relative importance of the individual rates in 

the mechanism as well as the surface coverages were strongly temperature dependent. 

7.1.2 SO2 adsorption and desorption on γ-Al2O3 and Pt/γ-Al2O3  

In order to understand the transient phenomena that can happen upon SO2 exposure 

to a Pt-based DOC, SO2 storage and release on/from γ-Al2O3 and Pt/γ-Al2O3 were 

studied. Temperature programmed desorption (TPD) and in-situ diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS) experiments were performed to study 

different adsorbed species formed on the γ-Al2O3 and Pt/γ-Al2O3 surfaces. To avoid 

combined effects of SO2 and SO3, rather than only the SO2 impact, the experiments were 

conducted in the absence of O2 in the reactor inlet. The experimental results verified the 

significant effect of γ-Al2O3, as a catalyst support, on the SO2 storage and release of a 

Pt/γ-Al2O3 catalyst. Multiple sulfur species formed during SO2 adsorption on γ-Al2O3 and 

Pt/γ-Al2O3. SO2 adsorbed as molecular SO2 on Al sites, as surface sulfites/bi-sulfites and 

surface sulfates on electron deficient oxygen sites, as well as bulk aluminum sulfate were 
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identified. The results show that Pt has a promoting effect on surface sulfate formation as 

well as on spillover of surface sulfates into the bulk alumina support.  

Based on the DRIFTS and TPD studies, multi-step reaction mechanisms were 

proposed for SO2 adsorption and desorption on/from both γ-Al2O3 and Pt/γ-Al2O3. The 

kinetic parameters were optimized to describe the TPD experimental data. The kinetic 

models were able to accurately predict the experimental behavior of both catalysts. The 

progress of the SO2 poisoning front along the monolith channel as well as steady state 

coverage profiles were predicted by the model. Modeling results show that similar steady 

state coverages are obtained irrespective of inlet concentrations for long exposure times, 

suggesting that low SO2 concentrations typically seen in diesel exhaust can be simulated 

with higher concentrations to accelerate the sulfur effects. According to the modeling 

results, with 1 ppm SO2, which is more realistic in terms of exhaust gas concentrations, 

the entire monolith channel is impacted by sulfur after approximately 16 h.  

7.1.3 SO3 adsorption and desorption on γ-Al2O3 and Pt/γ-Al2O3  

SO3 adsorption and desorption on/from γ-Al2O3 and Pt/γ-Al2O3 were experimentally 

studied using TPD and DRIFTS techniques. Similar to the SO2 adsorption study, the 

support effect was decoupled by using γ-Al2O3 samples in the experiments and the 

significant support effect on the SO3 storage and release behavior on Pt/γ-Al2O3 was 

verified. According to the TPD and DRIFTS results, similar species form on γ-Al2O3 and 

Pt/γ-Al2O3 during SO3 adsorption, however due to the relative ease of SO3 decomposition 

to SO2 on the Pt-containing sample, desorption profiles from the two samples were 

different. With the γ-Al2O3 sample, adsorbed species were released mainly in the form of 

SO3 with increased contributions from SO2 only above 650°C, whereas with Pt/γ-Al2O3, 
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a shift from SO3 to SO2 in the desorption profile was observed at temperatures higher 

than 400°C. DRIFTS results were used to identify the surface species formed on the two 

samples at different temperatures. Surface sulfites, surface sulfates and bulk like 

aluminum sulfates (i.e., Al2(SO4)3) were identified as the main adsorbed species formed 

during SO3 adsorption on γ-Al2O3 and Pt/γ-Al2O3. Molecularly adsorbed SO2 and bi-

sulfite species were also observed on the Pt-containing sample exposed to SO3 at low 

temperatures (i.e., 150°C), which is an indication of SO3 dissociation on the Pt surface. 

7.1.4 Comparative study of the SO2, SO3 and H2SO4 impacts on Pt/γ-Al2O3  

The effect of SO2, SO3 and H2SO4 on a model Pt/γ-Al2O3 DOC was studied. TPD 

experiments were performed on three Pt/γ-Al2O3 samples exposed to different forms of 

sulfur and sulfur storage and release on/from the catalyst were quantified. Sulfur loadings 

of 2.5, 32.3 and 139.9 μmol/m
2
 were obtained for the SO2, SO3 and H2SO4 saturated 

samples, respectively, indicating significant sulfate formation in the alumina bulk upon 

H2SO4 exposure. In order to compare the inhibition effects of SO2, SO3 and H2SO4 on the 

oxidation performance of the catalyst, steady state SO2 oxidation activity tests were 

performed on the samples exposed to different sulfur treatments. The results showed that 

H2SO4 had the highest inhibition effect on the catalyst activity, followed by SO3 and SO2, 

suggesting that the degree of catalyst sulfation could represent the extent of catalyst 

deactivation. 

7.2 Recommendations for future work 

Based on the findings from the present study, the following recommendations are 

proposed for future work:  
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i. The DRIFTS results obtained for SO3 adsorption and desorption on/from γ-

Al2O3 and Pt/γ-Al2O3 can be used to propose a reaction mechanism for SO3 

storage and release on both catalysts and kinetic models can be developed to 

predict the SO3 transient impact on the catalysts, similar to the model 

developed for SO2 adsorption on γ-Al2O3 and Pt/γ-Al2O3 (chapter 4). The 

modeling results can be used to compare the adsorption and desorption 

dynamics along the monolith channel upon SO2 and SO3 exposure.  

ii. The progress of the sulfur poisoning front along the monolith channel can be 

experimentally studied by monitoring the gas-phase concentration profiles in 

different positions inside the channel using the spatially resolved capillary-

inlet FT-IR spectroscopy (i.e., Spaci-FTIR) technique. Using a probe 

reaction, such as NO or CO oxidation, is suggested in order to monitor the 

changes in the catalyst activity along with the progress of the sulfur impacted 

region. Transient poisoning effects of SO2 and SO3 can be individually 

studied under different exposure conditions and temperature ranges relevant 

to DOC applications.  

iii. Due to the presence of water in the exhaust gas, any SO3 formation on the 

catalyst will be accompanied by H2SO4, therefore a better understanding of 

the sulfuric acid impact on the DOC is very important. The sulfuric acid 

effect on DOCs is suggested to be studied using appropriate surface science 

and catalyst characterization techniques.  

iv. According to the present study, catalyst deactivation upon exposure to 

different forms of sulfur could be substantially different (chapter 6). The 
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individual deactivation effects of SO2, SO3 and H2SO4 on CO, NO and 

hydrocarbon oxidation, as key oxidation reactions over DOCs, could be 

experimentally investigated and compared. 

v. Considering the high sulfur loadings reported in the present study upon SO3 

and H2SO4 exposure to the Pt/γ-Al2O3 catalyst, the mass transfer limitations 

may become significant, thereby affecting the reaction, adsorption and 

desorption dynamics. With such high loadings, pore diffusion limitations are 

expected to appear even at low temperatures. Therefore, mass transfer effects 

could be investigated in detail, especially in the case of SO3 or H2SO4 as 

poisoning agents.  

vi. Since Pd is a common active metal compound in the DOC formulations, 

future sulfur impact studies should also include Pd. Different sulfur 

resistances of Pt and Pd has been reported in the literature [103]. Considering 

the application of Pt-Pd bimetallic DOCs as common catalysts in automotive 

aftertreatment systems, understanding the sulfur poisoning of Pt-Pd catalysts 

is very important. Hence, SO2, SO3 and H2SO4 impacts on Pd-based as well 

as bi-metallic catalysts can be investigated, targeted at the development of 

the “best” catalyst formulations in terms of high activity and acceptable 

sulfur resistance. 
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Appendix A: Kinetic model using a four site SO2 adsorption 

mechanism on γ-Al2O3 

A four site reaction scheme was proposed for the SO2 adsorption and desorption 

on/from γ-Al2O3 as shown in Table A.1. In the reaction mechanism, S1 corresponds to Al 

sites on which SO2 molecularly adsorbs, S2 corresponds to under coordinated oxygen 

atoms on the alumina matrix where surface sulfite forms, S3 corresponds to under 

coordinated oxygen atoms on the alumina matrix where surface sulfate forms and S4 

represents the sites on which bulk aluminum sulfate forms. The kinetic model was solved 

using the four site reaction scheme and the kinetic parameters were fitted to describe the 

experimental data.  

The results of the kinetic model fitting are compared with the experimental TPD 

profile in Figure A.1 with the values of the kinetic parameters listed in Table A.2. The 

total site density is 23 mol site/m
3
 monolith and the contribution of different adsorption 

sites are: S1= 0.39, S2 = 0.52, S3 = 0.04, S4 = 0.05. The small contribution of the S3 

sites indicates insignificant amount of surface sulfate species on alumina or their quick 

decomposition during the TPD to form bulk sulfates. Since decoupling the effect of 

surface sulfates from that of surface sulfites in the TPD profile is difficult, the reaction 

scheme can be simplified by neglecting the third step in the mechanism while considering 

its effect in the SO2 adsorption step on the S2 site. The modeling results using a three site 

reaction scheme for alumina are presented in the paper. 
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Table A.1 Four site reaction scheme for SO2 adsorption on γ-Al2O3 

Reactions Reaction rate expression 

SO + S 
   
↔ SO  S  

        ( 𝐸  𝑇⁄ )[   ]    

        ( 𝐸 (  𝛼        )  𝑇⁄ )        

SO + S 
   
↔ SO  S  

        ( 𝐸  𝑇⁄ )[   ]   
  

        ( 𝐸 (  𝛼        )  𝑇⁄ )       
  

SO + S3
   
↔ SO  S3 

        ( 𝐸  𝑇⁄ )[   ]   
  

        ( 𝐸  𝑇⁄ )       
  

SO  S3 + S4
   
↔ SO  S4 + S3 

        ( 𝐸  𝑇⁄ )       
     

        ( 𝐸  𝑇⁄ )   
         

 

Table A.2 The value of the kinetic parameters employed in the kinetic model for γ-Al2O3 

Reaction step Ai Ei(kJ/mol) 

r1 24
 
m

3
mol

-1
s

-1
 0 

r2 8×10
9 
s

-1
 114(1-0.15θSO2-S1) 

r3 1.6×10
2 
m

3
mol

-1
s

-1
 20 

r4 7×10
10

 s
-1

 172(1-0.27θSO2-S2) 

r5 6×10
3
m

3
mol

-1
s

-1
 25 

r6 7.2×10
13

 s
-1

 257 

r7 8 s
-1

 30 

r8 2.45×10
13

 s
-1

 347 

 

 

Figure A.1 Comparison of kinetic model fitting and experimental data for SO2 TPD on γ-

Al2O3. Saturation conditions: 98 ppm SO2, 157°C. Model parameters: Total 

site density: aj=23 mol site/m
3
 monolith; Contribution of each site: 

aj,S1=0.39aj, aj,S2=0.52aj, aj,S3=0.04aj, aj,S4=0.05aj  
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Appendix B: Entropic constraint for pre-exponential factors  

Thermodynamic consistency of the pre-exponential factors was considered using an 

entropic constraint where two limiting cases are considered for the entropy of adsorbed 

species on the surface. According to the literature [83], there are two limiting cases for 

adsorbed species on the surface: an adsorbate acting like a two dimensional gas or a 

completely localized adsorbate. From a statistical thermodynamics point of view, in the 

2D gas model, the adsorbate only loses its translational and rotational entropy mode 

perpendicular to the surface upon adsorption from the gas phase while maintaining its 2D 

translational and rotational degrees of freedom. The vibrational entropy is usually 

negligible compared to the other modes and does not change significantly upon 

adsorption. Therefore, the minimum entropy change during adsorption can be estimated 

from the difference between the entropies of a gas phase molecule and a 2D gas 

adsorbate. The maximum limit for the entropy change during adsorption can be 

calculated assuming the adsorbate behaves as a completely localized species having only 

vibrational degrees of freedom. A reference temperature of 500°C, which is within the 

TPD temperature range, was used in the entropy calculations. Choosing a different 

reference temperature did not affect the entropy calculation results significantly. The 

following expression was applied to calculate the entropy change from the pre-

exponential factors for each adsorption step in the kinetic network 

 S          (
    

    
),     (B-1) 

where R is the universal gas constant and Aads and Ades are the pre-exponential factors for 

the adsorption and desorption steps, respectively. 



 

 
 

 


