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Catalytic Methane Oxidation for Emission Control and Fuel Liquefaction

XUETING WANG

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Abstract

This thesis conceptualises fundamental structural understanding of alumina supported

Pd-Pt catalysts during complete oxidation of methane and active sites in copper ex-

changed zeolites for direct conversion of methane to methanol. Model catalysts were

prepared by wet-chemical methods and studied during transient conditions using chem-

ical flow reactors and in situ/operando spectroscopic (FTIRS and XAS) techniques.

Preparation of Pd-Pt/alumina catalysts requires high calcination temperatures (800 ◦C)

for alloyed nanoparticles to form when in presence of air. Although alloying is made

primarily for increased durability, alloyed Pd-Pt shows slightly higher activity for com-

plete methane oxidation. Reversible changes in the structure and chemical state of the

nanoparticles occur upon switching between net-oxidizing and net-reducing feed com-

positions. Under oxidizing conditions Pd segregates to the particle surface and oxidizes

forming PdO leaving Pt in a reduced state underneath, while under reducing conditions

regions with metallic Pd and Pd-Pt alloys were observed at the surface.

Stoichiometric amounts of methanol can be produced by partial oxidation of methane

over isolated Cu ions but likely not over Cu particles employing a sequence where the

catalyst is first activated by oxidation at high temperature then exposed to methane at

lower temperature followed by addition of water vapour to extract the methanol prod-

uct from the catalyst. The dynamic interaction between methanol and Cu-ZSM-5 was

studied by temperature programmed desorption of methanol using in situ DRFITS. Iso-

lated Cu ions at the ion exchange positions in ZSM-5 interact with methanol and its

derivatives within a broader temperature range compared to H-ZSM-5, and are respon-

sible for unwanted furthure oxidation of methanol at elevated temperature. Further-

more, methoxy groups seems to interact strongly with ZSM-5, which explains the need

for a proton extraction procedure for zeolite-based systems.

Keywords: methane activation; methanol desorption; Pd-Pt nanoparticles; Cu-ZSM-5;

temperature programmed desorption; operando IR and X-ray absorption spectroscopy.
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CHAPTER 1

INTRODUCTION

Methane consists of one carbon and four hydrogen atoms, i.e., CH4, and is the simplest

molecule among the saturated hydrocarbons (the alkanes). It is the main component in

natural gas, which presently attracts much attention as an abundant source of energy

[1]. Thanks to the low carbon to hydrogen ratio, more useful energy per formed carbon

dioxide is delivered upon combustion as compared to, for example, other hydrocarbon-

based fuels [2]. As a vehicle fuel it has many advantages although it is not free from

problems. Methane is a strong green house gas and slipped methane from the engine

combustion must be carefully controlled [3]. With the rapid growth of produced nat-

ural gas powered engines, suitable measures need to be adopted as to abate methane

emissions. Despite the many efforts that have been devoted to gas engine design and

operation strategies for minimal engine out methane emissions, exhaust aftertreatment

systems with oxidation catalysts are needed for complete oxidation of unburnt methane

[4]. Furthermore, natural gas engines that operate in oxygen excess (lean conditions)

have rather low exhaust gas temperature (below 500 ◦C) [5]. This brings an extra chal-

lenge into the catalyst design as catalyst that are active at low temperatures are needed.

For this purpose materials such as supported Pd and/or Pt catalysts have been used so

far [6].

Another way to utilize the energy in methane is by converting it to another chemi-

cal, preferably a liquid. Methanol is one choice that presently attracts many researchers

interests [7,8]. This approach benefits both energy transportation and storage as well as

eliminates methane emissions. Industrially, converting methane to methanol is a two-

1



step reaction process where methane is first partially oxidized to syngas (CO and H2) at

high temperature and subsequently converted to methanol over a Cu/ZnO/Al2O3 cata-

lyst at high pressure. The overall process, however, is energy intensive and thus costly.

In some cases it may also be atomically uneconomic due to parasitic total CH4 oxida-

tion to CO2 and H2O. Therefore, direct conversion of methane to methanol (DCMM)

at low temperature and ambient pressure is a desired atom economic alternative with

potential low energy consumption.

This work treats on the one hand the complete oxidation of methane for emission

control in natural gas powdered vehicles and on the other hand the direct conversion of

methane to methanol as an energy carrier and chemical feedstock. Both topics have in

common that methane should be activated for further oxidation at relatively low tem-

peratures and ambient pressure. As methane has low reactivity due to its four symmet-

ric non-polar C-H bonds and low sticking probability even on the most active catalytic

surfaces, activation of the first C-H bond is a key-step for further reactions. Despite

the similarity of the two topics, DCMM faces more challenges as controlled oxidation is

required for methanol production.

1.1 Objectives

The present thesis have two main aims. The first is to understand how the calcination

conditions and oxidative/reductive treatments determine the surface composition and

alloy formation of alumina supported Pd-Pt model catalysts, and how transient condi-

tions influence the activity for complete methane oxidation. The second is to understand

the site requirement for partial oxidation of methane to methanol over Cu-exchanged

zeolites and the interactions between the methanol product and the Cu-ZSM-5 catalyst,

which is one important aspect for the targeted selectivity.
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CHAPTER 2

BACKGROUND

2.1 Complete oxidation of methane for emission control

2.1.1 Catalytic materials

Supported noble metal catalysts

Among the catalysts used for complete methane oxidation, alumina supported Pd cata-

lysts have shown highest activity for low-temperature methane oxidation [9]. The active

phase in Pd/Al2O3 under lean (oxidizing) conditions has been identified as oxidised Pd

particles. Although a precise structure have not yet been reported, if at all it exists, it

is likely so that under-coordinated Pd atoms in the oxide constitute highly active sites

for methane dissociation. For example, a recent study on model surfaces shows that

the PdO(101) facet of bulk palladium oxide has a particularly high activity for methane

oxidation thanks to under-coordinated surface atoms [10]. Despite the high activity of

Pd/Al2O3 catalysts further improvements are needed to meet the present and upcoming

needs. For example Pd catalysts can be strongly deactivated by sulfur poisoning [11]

and are sensitive to water. The latter is an inevitable exhaust component especially in

nature gas fuelled vehicles. On the contrary, alumina supported Pt catalysts are less

sensitive to sulfur, in fact the methane oxidation activity can be promoted by addition

of SO2 [12], but unfortunately those exhibit suppressed activity in lean environments

when surface PtO is present [13,14]. Increased activity, however, can be achieved over

Pt/Al2O3 by employing transient conditions, i.e., deliberate switching between lean and
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rich (reducing) conditions [14–16].

Supported Pd-Pt catalysts

Compared with monometallic catalysts, the supported bimetallic Pd-Pt catalysts exhibit

improved activity for complete methane oxidation at low temperatures [17–20]. More-

over, higher resistance towards sintering [20,21], water poisoning [22] and sulfur poi-

soning during rich conditions [23] have been observed over alumina supported Pd-Pt

catalysts. The Pt/Pd ratio, however, is an important factor for the catalyst performance.

Only small amount of Pt addition is needed for enhancing the activity, while high Pt/Pd

ratio can suppress the reaction [24, 25]. Additionally, redistribution and interaction of

Pd and Pt have been observed after certain treatment conditions [18,19,21,22], which

may be the reason for higher catalytic activity over time.

2.1.2 Conditions for automotive catalysts

As automobile catalysts always experience dynamic reaction conditions, i.e. alternations

between lean and rich compositions, changes may occur to the catalyst structure and

chemical state. Such changes may introduce considerable effects on catalytic activity.

For example, the promoting effect of Pt in supported Pd-Pt catalysts for lean conditions

may be different when alternating conditions is used. It is thus important to understand

on the fundamental level how alloyed Pd-Pt nanoparticles respond to gas composition

changes and how these changes in turn impact the catalytic activity for methane oxi-

dation. To bring such knowledge the changes taking place in the catalyst need to be

tracked under reaction conditions and correlated to the catalytic activity.

2.2 Partial oxidation of methane to methanol for methane

liquefaction

Although DCMM is a preferable route for methane partial oxidation to methanol thanks

to high atom economy and potentially low energy consumption, the dilemma, never-

theless, is that activation of methane over heterogeneous catalysts requires high tem-

perature such that formed reaction intermediates easily may undergo further unwanted

oxidation reactions. Therefore, the main challenge for DCMM concerns how to achieve
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Figure 2.1: Models of structures for catalyzing DCMM; a comparison between enzymes

and heterogeneous catalyst. (a) Crystal structure of soluble MMO from Methylococcus

capsulatus adapted from [26]; the di-iron centres are shown as spheres. (b) Crystal

structure of particulate MMO from Methylocystis adapted from [28]; the copper centres

are highlighted in blue. (c) Structure model for Cu-ZSM-5 recreated from [29]; the

copper centres are highlighted in blue.

reasonable activity at low temperatures as to obtain the desired selectivity. Conceptu-

ally, one may glance at nature and get inspired by the functions in natural enzymes.

Methane monooxygenase (MMO) is a group of enzymes that can selectively oxi-

dize methane to methanol under mild conditions. The active site is a di-iron centre in

soluble MMO [26] and a copper centre in particulate MMO [27] in both cases with a

ligand environment formed by surrounding peptides, as shown in Figure 2.1a and b.

By designing catalysts with active sites that mimic the metal centre as well as the sur-

rounding structure of the metal centre in MMO, high selectivity for methanol may be

achieved at low temperature and ambient pressure. Inspired by the structure of MMO,

researchers have synthesized and tested various metal-exchanged zeolites. An example

is shown in Figure 2.1c schematically presenting the dicopper active sites surrounded

by porous zeolite framework.

Depending on the type of oxidant, DCMM over metal-exchanged zeolites can be

carried out in either liquid phase or gas phase. For liquid phase DCMM, H2O2 is used

as oxidant with the reaction temperature kept at 50 °C [30, 31]. For gas phase DCMM,

oxidants such as N2O, NO or O2 are commonly employed. The usual approach of gas

phase DCMM relies on three sequential steps namely i) catalyst activation: creation of

active sites by treatment with oxidants at elevated temperature; ii) reaction: the cata-

lyst is cooled down to the reaction temperature and brought into contact with methane;
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iii) methanol extraction: by use of water, ethanol or some other protic solvent methanol

is extracted as a product [32–47]. Recent studies, however, are more focused on car-

rying out DCMM isothermally [48–50] or with constant gas feed composition [49] for

realising a true catalytic cycle.

Alternatively, to conventional heterogeneous catalysis, research on DCMM have

also been carried out using photocatalysis [51–53], Fe-O embedded graphene [54] and

by using dielectric barrier discharge [55–57]. This work, however, will be focused on

Cu-exchanged zeolites.

2.2.1 Catalytic materials for gas phase DCMM

Copper-exchanged zeolites

Since the observation of DCMM over copper-exchanged zeolites, intensive work has

been devoted to, on the one hand, identifying the catalytically active site and, on the

other hand, completing the catalytic cycle. For DCMM over Cu-ZSM-5, an absorption

band at 22700 cm-1 in the UV-visible spectral region has been reported to correlate

with the DCMM activity [32–34]. A following study combining Raman spectroscopy,

density functional theory (DFT) and normal coordinate analysis calculations identified

the origin of the absorption band at 22700 cm-1 as a bent mono-(µ-oxo)dicupric site

(illustrated in Figure 2.2a), which therefore has been suggested to be the active site

for DCMM [58]. Although the assignment is strong, the initial correlation is not free

from debate and thus further studies need to be carried out to test the hypothesis.

Figure 2.2: Illustration of proposed active sites for DCMM. (a) Cu dimer in Cu-ZSM-5,

adapted from [58]. (b) Cu trimer in Cu-MOR, adapted from [38]. (c) Cu monomer in

Cu-exchanged small pore zeolites, adapted from [59].
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Nevertheless, it is still a challenge to complete the catalytic cycle with an acceptable

degree of methane conversion [48,49].

Unlike Cu-ZSM-5, the identification of active site for Cu-MOR seems to be more

difficult. Studies have shown different reactivity towards DCMM on Cu-MOR depend-

ing on the reaction temperature [33] and activation conditions (with or without water

vapour) [37]. These results indicate the existence of more than one type of active

site. The structures of the active sites, however, have not yet been identified. Com-

bined studies of X-ray adsorption spectroscopy (XAS) and DFT have been carried out

to investigate the nature of the dicopper and tricopper cores (shown in Figure 2.2b) in

mordenite, which are the proposed possible active sites for DCMM [38, 60]. Moreover,

DCMM reactivity on small copper clusters in mordenite was observed under an isother-

mal condition [50], suggesting a possibly higher flexibility in catalyst design than first

suggested based on early studies on Cu-ZSM-5 catalysts.

Small-pore zeolites and zeotypes have also been tested for DCMM. Materials such

as Cu-chabazite and Cu-SAPO (silico-alumino-phosphate) have shown higher produc-

tion of methanol compared to Cu-ZSM-5 [39]. However, further studies are needed to

understand the reason behind the reported higher activity. The dominant Cu monomer

sites in small pore zeolites suggests the possibility of yet another active site: [Cu-OH]+,

as shown in Figure 2.2c [59].

Other metal-containing zeolites

Fe-zeolites, as the earliest model for MMOs [40, 41], have received much attention.

The active sites for methane dissociation was recognized as a surface oxygen species

called α-oxygen. Early studies have explored topics such as modelling of the active

sites [42, 61], using molecular oxygen for catalyst activation [62] and exploring the

mechanisms [43, 44, 63–65]. However, no consensus prevail regarding the structure of

the α-sites. It is still unclear whether it is a mononuclear or binuclear site [42, 44, 61–

63].

Studies on DCMM over Co-ZSM-5 has been started less than ten years ago and

have not drawn much attention yet. Mainly molecular oxygen was used as oxidant

during DCMM. Selectivity towards methanol was reported to be related to larger cobalt

oxide domains; while selectivity towards formaldehyde, as the other main product, is

associated with Co ions at the ion-exchange positions [45,66]. Understanding of topics
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such as reaction mechanisms [46] and the influence of zeolites pore structures [47] are

progressing slowly.

2.2.2 Challenges in gas phase DCMM over metal-exchanged zeo-

lites

The challenges in DCMM can be summarized in two aspects: activation of methane and

controlled oxidation to methanol. Activation of methane is difficult due to its strong

and localized C-H bond (413 kJ/mol) [67]. Therefore, high energy input or a strong

oxidation catalyst is required for initiating this reaction. However, this requirement is

rather contradictory to the needs for a controlled partial oxidation to methanol, as the

reaction intermediate can easily undergo further oxidation. While high energy input

would not be desirable, the mission lies on finding a suitable catalyst for DCMM.

The ion-exchanged zeolite catalysts designed today could resolve both challenges

to some extent. These materials, however, have their own limits, which in turn bring

other challenges. The approach for gas phase DCMM nowadays mainly relies on the

activation-oxidation-extraction sequence, which, strictly speaking, is a stoichiometric

reaction rather than a catalytic cycle. Although catalytic production of methanol is

possible in some specific cases, the methanol production rate is extremely low (below

55 µmol g-1 h-1) [49, 68]. Therefore, it is essential to identify and understand these

challenges thoroughly for the purpose of designing a realistic catalyst for DCMM.

Catalyst activation

In order to obtain and restore the active sites in functionalized zeolites that could tackle

both methane activation and controlled oxidation to methanol, activation of the mate-

rials with oxidants (O2, N2O or NO) under elevated temperature is often needed. This

results in non-isothermal reaction sequence. It is, however, possible to observe low tem-

perature (150 - 200 °C) isothermal reaction using a specific oxidant (NO) [48], under

elevated methane partial pressure [50] or with compromised reaction rate [49]. Gen-

erally, to obtain the active sites for DCMM, the catalyst needs to be treated under fairly

specific conditions. The characteristics of the active sites and the changes they may go

through during the reaction are yet to be explored.
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Active sites

Once the active sites are formed, the functionalized zeolites are able to convert methane

to methanol stoichiometrically with fairly low methanol production [32–35, 48, 49].

Even though continuous production of methanol is possible in specific cases, the reac-

tion rate is extremely low [49]. Both concentration of the active sites and the regener-

ation of them are limiting factors to DCMM. For Cu-ZSM-5, only approximately 5 % of

the Cu in the material contributes to methanol production [32,33]. While the turn over

number (TON) for Fe-ZSM-5 is only around 2 to 6.9, indicating blocking of the active

sites [44, 65]. Since the structure of the active sites are still unclear, it is challenging

to design a catalyst with higher concentration of active sites. Meanwhile, active sites

regeneration is closely related to product removal and catalyst activation.

Methanol extraction

As product related species are formed at the active sites, chemical extraction is necessary

for methanol removal. The species formed after oxidation step is commonly believed to

be methoxy groups [46, 64, 65]. Therefore, addition of proton to the methoxy groups

as well as replacement on the methoxy bonded catalytic sites are essential for methanol

production. In such case, the stability of the adsorbed methoxy groups become a bar-

rier for methanol forming. Consequently covering of active sites with extractor species

terminates the reaction.

9
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CHAPTER 3

METHODS

3.1 Catalyst preparation

3.1.1 Incipient wetness impregnation

For incipient wetness impregnation, a dry powder (often the support material) is mixed

with a solution containing the precursor of the active phase. The solution is added

drop-wise. The volume of the solution needs to be equivalent to the pore volume of

the powder to be mixed with, in order to achieve a homogeneous impregnation of

the support and thus even distribution and dispersion of the active phase. Finally, the

powder is dried and calcined. A desired metal loading can be managed using this

method. The alumina supported Pd-Pt and silica supported Cu samples discussed in

this work were prepared using incipient wetness impregnation. Details of the metal

loading and calcination conditions are described in chapter 4.

3.1.2 Aqua ion-exchange

For introducing Cu to the zeolite as charge-compensating cations, aqua ion-exchange

(AIE) is often used. A parent zeolite is mixed with Cu salt solution and stirred for

certain time to facilitate ion-exchange. An elevated temperature can be applied during

ion-exchange. The pH value of the solution needs to be kept at certain value. Finally, the

liquid is filtered and dried. All Cu-ZSM-5 samples were prepared using AIE as described

in paper III.
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3.2 Ex situ characterization

3.2.1 X-ray diffraction

X-ray diffraction (XRD) is commonly used to determine crystal structure and particle

size. In this technique, X-ray radiation incident on the spinning sample surface from

a range of angles. Reflection of the elastically scattered X-rays are then detected by

a rotating detector positioned on the other side of the sample. Reflection occurs only

when the scattered X-rays interferes constructively, which is described by the Bragg’s

Law [69]:

n λ = 2 d sinθ (3.1)

where n is any integer, λ is the wavelength of the incident X-rays, d is the spacing

between the crystal planes, and θ is angle between the incident X-rays and the crystal

planes. In powder samples, different crystal planes are randomly oriented. By scanning

a range of incident angles, reflection occurs from planes that are oriented at the correct

angle and fulfill the Bragg’s Law. From the powder diffraction patterns obtained, the d

spacing of each reflection can be calculated. Furthermore, an estimation of the crystal

size can be obtained using the Scherrer equation [70].

In this work, XRD is used for confirming the crystal structure of the Cu-ZSM-5

samples after AIE (paper III), as well as determine the crystal structure and particle size

of the Pd-Pt alloy in alumina supported Pd-Pt samples (paper I).

3.2.2 Nitrogen physisorption

Nitrogen physisorption is often used for determining surface area and pore volume of

porous materials. The measurement is performed at a constant temperature where

the volume of nitrogen adsorbed or desorbed are measured at a range of pressures to

form adsorption and desorption isotherms. The Brunauer–Emmett–Teller (BET) theory

[71] is commonly used for analyzing specific surface area. The theory is based on the

assumption that a monolayer of the adsorbate is formed on the measured material (ad-

sorbent), followed by the successive layers adsorbed with the adsorption energy equals

to the energy of liquefaction. It has to be noted that BET analysis is not strictly appli-

cable for microporous materials, such as zeolites, where a pore filling process accom-

panies monolayer formation at low pressure, which violates the monolayer formation

12



assumption. The values of BET surface area, however, can still be used for empirical

comparisons for the same type of microporous material.

3.3 In situ and operando catalyst characterization

3.3.1 Fourier transformed infrared spectroscopy

Fourier transformed infrared (FTIR) spectroscopy is commonly used for identifying

functional groups or surface species. This technique is based on the interaction between

molecules and infrared (IR) radiation. Transition between vibrational levels of certain

chemical bonds may occur upon absorption of IR photons with equivalent energy which

can be represented by IR frequency or wavenumber. The transition energy of the vi-

brational levels depends on the mass of the atoms at each end of the chemical bond as

well as the bond strength which can be affected by a range of factors, such as adjacent

bonds or structures, adsorption sites or modes, and temperature. This means that the

IR absorption frequency is unique for the chemical bonds or functional groups and is

sensitive to changes around them. Therefore, IR spectroscopy provides the possibility

of identifying different chemical bonds simultaneously as well as observing changes of

the targeted species.

In FTIR spectroscopy, a broadband light beam shines into a Michelson interferom-

eter, where the beam is split and directed to a fixed mirror and a moving mirror, as

shown in Figure 3.1. The beams are then reflected by the mirrors and recombined with

certain frequencies according to the light interferences caused by the moving mirror.

Figure 3.1: Sketch of an FTIR spectrometer setup
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The recombined beam is directed through the sample to the detector, and raw data is

summed as an interferogram. Afterwards, the interferogram (light absorption for each

mirror position) is Fourier transformed into a desired spectrum (light absorption for

each wavenumber).

In this work, FTIR is used for gas phase species identification during the flow reac-

tor measurements, as well as surface species identification. More specifically, for surface

species measurements, powder samples are measured under diffuse reflectance mode

where the IR beam is reflected on the sample surface carrying surface species informa-

tion. The technique is called diffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS).

3.3.2 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a widely used technique for determining the

local structure of selected elements in matter. Due to its unique sensitivity of local

structure and low requirement for sample environment, it has been well established as

an in situ/operando characterization method for studying catalysts under realistic reac-

tion conditions. XAS measurements are usually performed at a synchrotron radiation

source for obtaining intensive and tunable X-ray. Figure 3.2 shows a type of XAS setup,

where incident X-rays radiate on the sample with a certain range of monochromatic

photon energies. When the incident photon energy is higher than the binding energy of

a core electron, the photon is annihilated, transmitting its energy to a core electron cre-

Figure 3.2: Example of an XAS measuring setup. I0 - incident X-rays intensity; If -

fluorescence X-rays intensity; I1 - transmitted X-rays intensity after sample; I2 - trans-

mitted X-rays intensity after reference. The X-ray intensity is typically measured with

ion chamber/CCD detectors.
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ating a photoelectron and a core hole. The core hole is then filled by an electron from

higher energy state releasing fluorescence X-rays. The relation between the absorption

coefficient µ(E) and the measured X-ray intensity is:

µ(E) ∝ ln
I0

I1
or µ(E) ∝ If

I0
(3.2)

XAS spectra are commonly measured at an absorption edge where the core elec-

trons are excited from their bond states to the continuum, resulting in a sharp increase

in absorption as shown in Figure 3.3 left panel. The region close to the absorption edge

is called X-ray absorption near edge structure (XANES), where the spectrum shape re-

flects the excitation of core electron to its final states. In certain XANES spectra, the

absorption edge appears to be a sharp intensive peak referred as "white line". Typi-

cally, XANES spectra are analyzed by comparing the measured spectrum with spectra of

known structures, as so called "fingerprinting". The X-ray absorption spectrum region

that is higher in energy than the absorption edge is called extended X-ray absorption

fine structure (EXAFS), where the spectrum shape reflects the surrounding structure

of the absorbing atoms. EXAFS can be used for obtaining information of different co-

ordination shells after certain data processing. As shown in Figure 3.3 right panel, the

peaks correspond to the different coordination shells in the Cu face centred cubic crystal

structure.

In this work, XAS is used for studying the oxidation and reduction behaviour of

alumina supported Pd-Pt alloy under methane oxidation conditions. More specifically,

Figure 3.3: Left panel: normalized X-ray absorption spectrum of Cu foil. Right panel:

Fourier transformed EXAFS spectra from Cu foil.
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the chemical state of Pd and Pt is followed by XANES, while the local structure around

Pt is investigated using Fourier transformed EXAFS spectra.

3.4 Catalyst evaluation with chemical flow reactor

A chemical flow reactor system is used for evaluating Cu-ZSM-5 as DCMM catalyst

as well as following the desorbed gas phase species during temperature programmed

desorption. The flow reactor consists of a horizontally mounted quartz tube surrounded

by a heating coil. It is equipped with gas mixing system that consists of several mass

flow controllers (Bronkhorst Hi-tech) and downstream gas phase analyzers. The gas

mixing system and heating are controlled and monitored by use of Labview (National

Instruments) program. The monolith sample is positioned close to gas outlet with two

uncoated monoliths before and after for minimizing temperature gradients. By use of

thermocouples, the reactor and catalyst temperature is measured inside the upstream

uncoated monolith and the sample monolith, respectively. A CEM-system (controlled

evaporator mixer; Bronkhorst Hi-tech) is used for injection of liquid reactants such as

methanol. A separate water reactor that produces ultra-pure water vapor from catalytic

reaction between H2 and O2 is installed to the feed gas system in the flow reactor as to

eliminate possible risks of contamination during product extraction.

Figure 3.4: Sequential reaction conditions for DCMM in chemical flow reactor system.
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3.4.1 Activity-selectivity tests

The activity test for DCMM is carried out through the activation-reaction-extraction

sequential approach as shown in Figure 3.4. The samples are activated at 550 ◦C with

oxidants (20% O2, 300 ppm N2O or 0.1% NO) for one hour before oxidation of 2% CH4

at 150 ◦C. The products are then extracted with 4-8% of water vapor.

3.4.2 Temperature programmed desorption

Temperature programmed desorption (TPD) can be used to probe certain surface sites

as well as to follow interaction between the adsorbates and the surface. The principle

of TPD is described in Figure 3.5. Before measurement, a clean surface is obtained by

calcination (Figure 3.5a), followed by adsorption of certain probing molecules at lower

temperature (Figure 3.5b). After flushing in inert gas without the probe molecule, a

linear heating rate is then applied and the desorbed gas phase species are recorded,

an example shown in Figure 3.5c. This specific example illustrates the TPD profile

of a simplified surface with two types of adsorption sites, weak adsorption site A and

strong adsorption site B. With temperature increase, adsorbates bond with site A starts

to desorb, followed by desorption from sites B at higher temperature. Two peaks are

Figure 3.5: Schematic sketch of TPD: a) a simplified clean surface with two types of

adsorption sites A and B; b) surface after adsorption; c) TPD profile with illustration of

molecule desorption on the surface.
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therefore formed in the TPD profile relating to these two sites. Generally, different des-

orption temperature indicates different types of adsorption sites. The binding energy

of the adsorbates and certain sites can be calculated according to the desorption tem-

perature. Additionally, intensity of the desorbed species on the vertical axis at certain

temperatures indicates the amount of the species adsorbed. Therefore the integrated

intensity of desorbed species in a certain temperature interval is proportional to the

amount of certain adsorption sites.

As the activation of methane over Cu-exchanged zeolites being a great challenge,

it is extremely difficult to obtain surface information during activation and thereby fur-

ther knowledge on the kinetics. Furthermore, extraction of methanol remains a "black

box" and may be a key to avoid the activation-oxidation-extraction sequence. There-

fore, in this study we explored the interaction between methanol and Cu-ZSM-5 using

methanol-TPD. Flow reactor experiments and DRIFTS are used for probing desorbed

gas phase species and surface species, respectively, during desorption. For this method,

samples are pretreated in O2 at 550 ◦C for 1 h before methanol adsorption at lower

temperature. For flow reactor experiments, the samples are exposed to methanol at

about 76 ◦C until saturation. The desorbed gas phase species are then recorded using

FTIR. For the DRIFTS measurements, the samples are exposed to methanol at 30 ◦C fol-

lowed by stepwise methanol desorption and IR measurements at certain temperatures

as described in Paper III.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Complete methane oxidation over Pd-Pt/Al2O3

In this work model catalysts, i.e., Pd-Pt nanoparticles supported on alumina that has

been calcined at different conditions, were studied for complete methane oxidation.

The main findings are presented in paper I and II. In paper I, the formation/consump-

tion of surface species and changes in chemical state and structural properties of the

Pd-Pt nanoparticles are correlated to catalytic activity for methane oxidation under tran-

sient methane oxidation conditions. In paper II, a more detailed characterization of the

chemical state and morphology of the nanoparticles and their responses to oxidative

and reductive treatments were studied. The results published in paper I and II are

summarized in this section.

From Figure 4.1 the changes in the presence of surface carbonyl species (top pan-

els) and oxidation state of Pd (middle panels) in the Pd-Pt/Al2O3 model catalysts can

be correlated to the measured effluent gas composition (bottom panels) under transient

reaction conditions, i.e., pulsed oxygen concentration. The Pd-Pt/Al2O3 catalysts were

calcined in air at 500 and 800, and 800 ◦C in air with presence of 10% water, here

denoted with F500 (left panles), F800 (middle panels) and L800 (right panels), respec-

tively. As an indicator of the Pd oxidation state the white line intensity at Pd K-edge

has been used as described in a previous study [72]. The observations during transient

methane oxidation over the samples can be summarized as follows: i) the F800 sample

has the highest activity under lean conditions, followed by the L800 and F500 samples;

19



Figure 4.1: Transient methane oxidation over Pd-Pt/Al2O3 catalysts pretreated in air

under 500 ◦C (left panels, Pd-Pt F500), 800 ◦C (middle panels, Pd-Pt F800), and 800
◦C with 10% water presence (right panels, Pd-Pt L800). Top panels: color coded (blue

corresponds to low intensity, red to high intensity) IR spectra. Middle panels: evolution

of white line intensity at Pd absorption edge. Bottom panels: concentration of main gas

phase species measured by mass spectrometry.

ii) the white line intensities of F800 and L800 increases gradually and continuously

upon introducing O2, which is different from F500; iii) the white line intensities drop

sharply upon switching to rich conditions, indicating a reduction of PdO to Pd, which

results in decreased activity; iv) PdO reduction also leads to carbonyl formation on the

noble metals resulting in blocking of noble metal sites, and therefore complete lose of

activity; v) carbonyl formation, PdO reduction and activity decrease upon switching to

rich condition occurs the fastest for the F800 sample followed by the F500 and L800

samples.

It has been observed that the carbonyl spectra under rich condition for F500 exhibit

two distinct absorption bands, while for F800 and L800 one band is more prominent, as

shown in Figure 4.1 upper panels. Therefore, additional CO adsorption was performed

for obtaining detailed surface information. Evolution of IR spectra for the F500, L800

and L800 samples upon CO adsorption for 10 min are shown in Figure 4.2. The band

at 2051 cm-1 is assigned to linear CO adsorbed on mostly Pt [73], while the band at
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Figure 4.2: IR spectra for the F500 (black), F800 (red) and L800 (blue) samples ex-

posed to 0.05% CO for 10 min after methane oxidation at 360 ◦C.

1922 cm-1 can be associated with bridged CO adsorbed on Pd [74, 75]. Both bands

are prominent for the F500 sample, indicating availability of both Pd and Pt sites on

the metal particle surface. While only the band of CO on Pd sites is pronounced for

the F800 and L800 sample, suggesting the exposure of mainly Pd on the metal particle

surface. These speculations are supported by the TEM and LEIS results shown in Paper

II.

Characterization of the Pd-Pt/Al2O3 catalysts (paper II) suggest Pd-Pt alloy for-

mation in the samples with higher calcination temperature (F800 and L800), while

monometallic Pd and Pt particles are present in the sample calcined at lower temper-

ature (F500). Moreover, an enrichment of Pt at the surface of the alloyed samples is

observed under reducing conditions, while PdO phase dominates the particle surface

under oxidizing conditions. Under rich methane oxidation conditions, both Pd and Pt

remain reduced. Partial oxidation of methane dominates forming carbonyl on the cat-

alyst surface. While under lean methane oxidation, Pd is oxidized to PdO and Pt tends

to form metallic Pt in the alloy samples, which agrees with the results from a previ-

ous study [25]. Reversible changes of alloyed Pd-Pt nanoparticles are observed under

transient methane oxidation conditions.
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4.2 DCMM over Cu-zeolites

4.2.1 Ex situ characterization and activity tests

Figure 4.3a shows the XRD patterns of the Cu/SiO2, Cu-SSZ-13 and Cu-ZSM-5 samples,

and the parent H-ZSM-5. Characteristic reflections of crystalline CuO are present in the

XRD patterns of Cu/SiO2, indicating the existence of CuO particles in the Cu/SiO2 sam-

ple. The XRD patterns of Cu-SSZ-13 and Cu-ZSM-5, however, exhibit the characteristic

peaks of the ZSM-5 and SSZ-13 crystal structure respectively [76]. No reflections of

crystalline Cu species are visible in these patterns suggesting high dispersion of the Cu

species in Cu-SSZ-13 and Cu-ZSM-5 samples. The XANES spectra for the Cu-SSZ-13

and Cu-ZSM-5 samples overlap with each other, as shown in Figure 4.3b. Both spec-

tra present a sharp absorption at about 8995-8998 eV, which is due to the 1s to 4p

electronic transition of Cu(II) species [77]. No obvious pre-edge peak for Cu(I) (well

defined peak at 8982-8984 eV [77,78]) can be observed, indicating the oxidation state

of Cu species is dominantly Cu(II) in both samples. The featureless pre-edge, however,

eliminates the existence of CuO like structure (weak absorption at about 8976-8979 eV

and shoulder at about 8985-8988 eV [78]), indicating that the Cu-SSZ-13 and the Cu-

ZSM-5 samples do not contain detectable amount of large Cu domains. The XAS results

agree with the results from the XRD analysis for Cu-SSZ-13 and Cu-ZSM-5, suggesting

that isolated Cu ions are dominant in both samples.

Activity test for DCMM was carried out in the chemical flow reactor system through

the activation-reaction-extraction sequence described in Chapter 3.4. Methanol as the

main product, is present in Figure 4.3c, where the methanol production is acquired by

applying peak area integration to the original methanol FTIR signal (shown in appendix

Figure A1) during water extraction, followed by subtraction of the amount of methanol

produced over H-ZSM-5 with corresponding oxidants. Materials containing different Cu

species, i.e. Cu ions or CuO particles, have been tested for DCMM with various oxidants.

All samples show low amounts of methanol during water extraction. The methanol

production over the Cu-ZSM-5 (regardless of oxidant) and Cu-SSZ-13 (oxidized by O2 or

N2O) samples, however, is clearly higher than that over Cu/SiO2 or H-ZSM-5. The same

results are clearly noticeable from the FTIR signal (appendix Figure A1). The Cu-ZSM-5

and Cu-SSZ-13 samples consist mainly of isolated Cu ions, ZSM-5 framework sites as
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Figure 4.3: (a) XRD patterns for the Cu/SiO2, Cu-SSZ-13 and Cu-ZSM-5 samples and

the parent H-ZSM-5; the characteristic reflections of the CuO crystalline structure are

denoted with asterisks. (b) XANES spectra of the Cu-SSZ-13 and Cu-ZSM-5 samples;

spectrum of Cu foil is included as reference. (c) Methanol production over Cu-ZSM-5,

Cu-SSZ-13, Cu/SiO2 and H-ZSM-5 using O2, N2O or NO as oxidants
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well as zeolitic defects, while the Cu/SiO2 sample dominantly contains of Cu particle

sties and silica sites. Therefore, the higher methanol production from Cu-ZSM-5 and Cu-

SSZ-13 compared with Cu/SiO2 and H-ZSM-5 can be attributed to the isolated Cu ions,

which is in consistency with previous studies [33,58,59,79–82]. It should be mentioned

that due to the low methanol concentrations, one should be careful with quantitative

analysis and instead interpret the experimental activity results in a qualitative manner.

4.2.2 Methanol desorption

DCMM over heterogeneous catalysis, as a great challenge in modern chemistry, can not

be simply studied only using conventional trial and error based methods. For a thorough

solution to the activation-oxidation-extraction approach, it is necessary to obtain deeper

understandings on each step of the reaction cycle. Therefore, in this work we explored

the interaction between Cu containing materials and methanol using methanol-TPD.

TPD profiles

As the main species desorbed during methanol-TPD at lower temperatures, the desorp-

tion spectra of methanol and DME from Cu-ZSM-5 samples with different ion-exchange

time are presented in Figure 4.4. The results from the parent H-ZSM-5 sample and

Cu/SiO2 are included as reference. The desorption spectra of CO and CO2 are shown in

the appendix Figure A2.

The desorption profile of methanol for all Cu-ZSM-5 samples (Figure 4.4 left panel)

exhibits desorption peaks with higher intensity and broader width at higher temper-

atures compared with H-ZSM-5 and Cu/SiO2. The higher intensity of the methanol

desorption peaks for the Cu-ZSM-5 samples compared with their parent zeolite H-ZSM-

5 suggests that the Cu species in ZSM-5 are responsible for the additional methanol

adsorption, while the methanol desorption at higher temperature for the Cu-ZSM-5

samples indicates that some of the Cu species in ZSM-5 bind stronger with methanol

compared to other sites in the parent H-ZSM-5. Similar conclusions can be drawn com-

paring the methanol desorption spectra of the Cu-ZSM-5 samples and Cu/SiO2: the

isolated Cu ions in ZSM-5 interact stronger with methanol than CuO particles in SiO2.

During methanol-TPD, DME is formed due to methanol dehydration on the acidic

sites of the samples [83, 84]. Compare to H-ZSM-5 and Cu/SiO2, the DME desorption

profiles for the Cu-ZSM-5 samples exhibit the main desorption peak of DME at higher
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Figure 4.4: Desorbed gas phase species during methanol-TPD from Cu-ZSM-5 with

different ion-exchange time (marked as x h in red), H-ZSM-5 (black) and Cu/SiO2 (yel-

low). Left panel: methanol; right panel: DME.

temperatures. On the one hand, the lower amount of DME desorption at lower tem-

peratures (below 200 ◦C) for the Cu-ZSM-5 samples compared to the H-ZSM-5 sample

may be due to covering of Cu ions on Brønsted acid sites and framework defects in the

Cu-ZSM-5 samples during the ion-exchange. On the other hand, dehydration of the

strongly bond methanol forming DME occurs at higher temperatures for the Cu-ZSM-

5 samples, suggesting that methanol and its derivative species interact more strongly

with some isolated Cu species in Cu-ZSM-5. Moreover, the comparison between the

DME desorption profile for Cu/SiO2 and the Cu-ZSM-5 samples reinforces that isolated

Cu species take responsibility of the strong interaction with methanol and its derivative

species rather than CuO particles.

Although the desorption of methanol and DME from the Cu-ZSM-5 samples with

different ion-exchange time exhibits similarity in the shape of the desorption profiles,

there are still considerable differences in intensities of the desorption spectra. These

varieties may due to different composition of Cu species in the samples. However, no

obvious trend can be observed along ion-exchange time, indicating that more parame-

ters are involved during the ion-exchange process. Unfortunately, identification of the

Cu species in the Cu-ZSM-5 samples are not feasible due to lack of experimental refer-

ences. Experiments on controllable Cu containing samples as well as theory studies of

this system maybe necessary for seeking solutions.
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Evolution of surface species

As methanol-TPD measurements in the flow reactor system reveal the interaction of

methanol with Cu-ZSM-5 by analysing desorbed gas phase species, information of the

sample surface remains unknown. Therefore, we explored the dynamic interaction

of methane and its derivatives with our Cu containing samples and H-ZSM-5 during

methanol desorption using in situ DRIFTS. Paper III includes characterization and the

DRIFTS measurements for the Cu-ZSM-5 samples and its parent H-ZSM-5. In this sec-

tion the results in Paper III are summarized.

Paper III contains assignments for all important surface species during methanol

desorption. The main objectives of Paper III are to establish a steppingstone as reference

for future studies on similar systems as well as to seek reasons for necessity of methanol

extraction during DCMM. Figure 4.5 presents an example of one set of DRIFT spectra

taken during methanol-TPD from Cu-ZSM-5.

The entire methanol desorption process from Cu-ZSM-5 and its parent H-ZSM-5

can be summarized as follows. Upon introduction of methanol, weak interactions be-

tween the zeolite framework and methanol are formed, resulting in methanol related

Figure 4.5: Series of selected DRIFT spectra collected during methanol-TPD from 30 to

450 ◦C in Ar from Cu-ZSM-5 with 24 hours ion-exchange time.
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C-H stretching bands and perturbed zeolitic O-H vibrations in the DRIFT spectra of

both the Cu-ZSM-5 and the H-ZSM-5 sample. Some negative peaks in the O-H stretch-

ing region are related to methanol adsorption on the defects in the zeolite framework

structure and acidic sites in H-ZSM-5. These peaks are absent in the spectra for the

Cu-ZSM-5 sample, indicating replacement of the protons in hydroxyl groups at zeolitic

defects and the Brønsted acid sites with Cu ions due to the ion-exchange. Additionally,

dehydration of methanol takes place directly after methanol adsorption forming water

on Cu-ZSM-5, generating the water deformation band. The absence of this band in the

H-ZSM-5 sample spectra suggests that low-temperature dehydration of methanol takes

place at the Cu sites. With increasing temperature, the liquid-like methanol desorbs and

stronger interactions begin to form on both samples. For the H-ZSM-5 sample spectra,

methoxy groups become observable on extra framework Al sites in H-ZSM-5 at 150 ◦C

followed by DME formation over the Brønsted acid sites at 200 ◦C. Whereas for the

Cu-ZSM-5 sample, due to the Cu ions on the ion-exchange sites, these bands are less

evident. Formation of formate and CO, however, is evident for Cu-ZSM-5 only, suggest-

ing further oxidation of methanol and methoxy groups on the Cu sites. At temperature

above 300 ◦C, methoxy groups bound at with Brønsted acid sites and silanol groups

become prominent for both samples. These bands remain with compromised intensity

at 450 ◦C indicating that methoxy groups bind strongly on the ZSM-5 framework.

The conclusions for Paper III can be summarized as follows: i) the Brønsted acid

sites and defects in the framework structure of the zeolite, i.e. extra framework Al

and silanol groups, constitute ion-exchange sites for Cu ions; ii) the Cu species in Cu-

ZSM-5 are responsible for interaction with methanol that is additional to the methanol

adsorbed on the ZSM-5 framework sites, in consistency with the methanol desorption

profile shown in Figure 4.4; iii) the Cu species in Cu-ZSM-5 are responsible for further

oxidation of methanol and methoxy groups to formate and CO, resulting in higher CO

and CO2 desorption at higher temperatures (Appendix Figure A2); iv) strong interac-

tions are observed between methoxy groups and some zeolitic framework sites, i.e. the

Brønsted acid sites and silanol groups, suggesting the necessity of the proton extraction

step during direct partial oxidation of methane to methanol over Cu-ZSM-5.
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CHAPTER 5

CONCLUSIONS AND OUTLOOK

5.1 Conclusions

This thesis includes studies on complete methane oxidation over alumina supported

alloy Pd-Pt nanoparticles and partial methane oxidation over Cu-functionalized zeolites.

For complete methane oxidation, the activity of Pd-Pt/Al2O3 samples with different

calcination conditions was investigated under transient methane oxidation conditions.

Reversible changes in nanoparticle structure and chemical state were observed under

switching between lean and rich conditions. The conclusions are as follows: i) high

calcination temperature (800 ◦C) results in Pd-Pt alloy formation, while low calcination

temperature (500 ◦C) leads to isolated monometallic nanoparticles; ii) higher activity

for methane oxidation was observed over the alloy Pd-Pt samples compared with the

non-alloy sample under lean conditions; iii) the activity for methane oxidation follows

the the formation of PdO, indicating PdO being the most active phase in Pd-Pt/Al2O3; iv)

Pt enrichment occurs under reducing conditions while PdO dominates at the surface of

alloyed nanoparticles under oxidizing conditions; v) both Pd and Pt are reduced under

rich methane oxidation condition while oxidized Pd and reduced Pt are present under

lean methane oxidation condition; vi) all changes in structure and chemical state of the

Pd-Pt/Al2O3 samples during transient conditions are reversible.

For partial methane oxidation to methanol, Cu-exchanged zeolites were tested for

DCMM activity. Moreover, dynamic interactions between methanol and Cu-exchanged

zeolites were investigated for further understanding of the reaction cycle. The conclu-
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sions of this part can be summarized as follows: i) isolated Cu ions on ion-exchange

sites in the zeolite framework structure are responsible for the DCMM activity, while

Cu particles are not active; ii) isolated Cu ions on ion-exchange sites in the zeolite

framework structure take most of the responsibilities for the stronger interactions with

methanol and its derivatives during methanol-TPD; iii) the Brønsted acid sites and de-

fects in the framework structure of the zeolite provide possible ion-exchange sites for Cu

ions; iv) the Cu species in Cu-ZSM-5 are responsible for further oxidation of methanol

and methoxy groups to formate and CO, resulting in higher CO and CO2 desorption

at higher temperature; v) strong interactions are formed between methoxy groups and

some zeolitic framework sites, suggesting the necessity of the proton extraction step

during direct partial oxidation of methane to methanol over Cu-ZSM-5.

5.2 Outlook

As Pd based catalysts are overwhelmingly active for complete methane oxidation, more

efforts can be put on engineering Pd containing catalysts that expose higher amount of

active sites and are more resistant to sintering and poisoning. Using porous supports

such as zeolites or mesoporous silica may serve some of these purposes.

For partial oxidation of methane to methanol, methane dissociation and selectivity

towards methanol favours contradictory properties of the catalytic material. Based on

our current knowledge, both active sites and support materials play important roles in

this reaction. Controlled manufacturing of zeolites with certain Al distributions may

provide possible ion-exchange sites that leads to increased amount of active Cu cen-

tres. As zeolite structures stabilize the methoxy groups and prevent them from further

oxidation, it is also difficult to obtain the final product methanol. Proton extraction is

necessary according to our work, and the proton sources we are using now are water

or other organic compounds with easily dissociated protons. This extraction process in

turn brings in unwanted hydroxyl groups, blocking the Cu centres, and therefore ter-

minates the reaction. To avoid blockage of active sites, it may be reasonable to find a

proton source that does not introduce other unwanted species. Another strategy may

be to introduce elements that are more active for methane activation such as Pd or Pt

into the zeolite structures.
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Appendix

Figure A1: FTIR signal of methanol during DCMM reaction cycles. The sharp increase

of methanol signal occurs while water extraction starts. Oxidants used during catalyst

activation are marked as O2, N2O and NO.
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Figure A2: Desorbed gas phase species during methanol-TPD on Cu-ZSM-5, H-ZSM-5

and Cu/SiO2. Left panel: CO; right panel: CO2.

40




