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Abstract 
Solid oxide materials are used as catalysts on their own or as support materials for metal cata-

lysts in order to maximize the available metal surface area. Oxides are widely used in catalysis 
due to their large specific surface area, thermal resistance, and reasonable cost. In this thesis 
the investigated materials were zeolite H-ZSM-5 and monoclinic zirconium oxide (ZrO2, zirco-
nia). 

Zeolites are microporous solid acid catalysts and their acidity can be probed, for example, 
with temperature-programmed desorption (TPD) of ammonia. Ammonia TPD data measured 
in vacuum were modeled using a transient kinetic methodology, including the diffusion limita-
tions due to the pore structure of zeolite H-ZSM-5 in addition to the ammonia sorption kinet-
ics. The determined adsorption enthalpy and diffusion coefficient are in agreement with litera-
ture values obtained using other methods. The model developed for ammonia TPD was further 
developed in describing toluene TPD data collected in parallel with vacuum and atmospheric 
TPD setups. The modeling results in terms of both adsorption-desorption interaction and mass 
transfer were similar to each other despite the radically different experimental systems, imply-
ing the soundness of the model used. 

Monoclinic zirconia is amphoteric: it has both acidic and basic surface sites. These surface 
sites were probed using carbon oxides (CO, CO2) on a set of differently pretreated zirconias. 
Pretreatments following calcination (hydrogen reduction, water vapor treatment and a combi-
nation thereof) modify especially the surface hydroxyl groups and they can significantly reduce 
the number of cationic Zrn+ sites (n = 3, 4). The zirconia surface was investigated with a combi-
nation of temperature-programmed surface reaction (TPSR) and infrared spectroscopy (IR) in 
an extensive temperature range (100-550 oC) in addition to density functional theory (DFT). 
This combination of methods provides a significantly different view on the surface sites and 
their interaction with carbon oxides than any of the methods alone. 
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Tiivistelmä 
Kiinteitä oksidimateriaaleja käytetään joko sellaisenaan katalyyttinä tai kantajamateriaalina 

metallikatalyyteissä, jotta niiden metallipinta-ala saadaan mahdollisimman suureksi. Oksidit 
ovat laajasti käytettyjä katalyysissä suuren ominaispinta-alansa, hyvän lämmönkestonsa sekä 
edullisuutensa vuoksi. Tässä työssä käytettiin tutkimusmateriaaleina H-ZSM-5-zeoliittia sekä 
monokliinista zirkoniumoksidia (ZrO2, zirkonia). 

Zeoliitit ovat mikrohuokoisia kiinteitä happokatalyyttejä, ja niiden happamuutta voidaan tut-
kia esimerkiksi ammoniakin lämpötilaohjelmoidulla desorptiolla (temperature-programmed 
desorption, TPD). Tässä työssä alipaineessa mitatut ammoniakki-TPD-tulokset mallinnettiin 
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1. Introduction

Most industrial chemical processes rely on the use of catalysis [1]. In

practice, this means lower temperatures and pressures than with strictly

thermal processes. Milder experimental conditions translate into an in-

herently safer industrial environment, reduction in process introduction

and operating costs, and larger process capacities. Also the selectivity to-

wards desired products can be improved with catalysis. Thus, catalysis

is an economically and environmentally interesting field of research. De-

sign of new catalytic processes necessitates fundamental understanding

of potential catalyst materials and their interactions with the chemicals

related to the process.

The idea of catalysis has been used since the early 19th century [2], and

the term itself was first coined by the Swedish scientist Berzelius in the

1830s [3]. The idea of catalysis is to decrease the activation energy of

the reaction, making the process easier and faster, yet without consuming

the catalytic agent [3]. The overall thermodynamics remain unchanged,

thus, the product composition cannot overcome the limitations set by the

thermodynamic equilibrium [3]; however, the decreased activation energy

might lead to significant savings as the necessary process conditions are

milder than those for non-catalytic reactions.

Catalytic agents are called catalysts, and they are diverse in form: solid

catalysts, liquid-phase catalysts, light-activated catalysts (photocatalysts),

biological catalysts (enzymes), etc. The main division is whether the reac-

tants and the catalyst are in the same phase or not, namely, homogeneous

(Greek homogenēs, from homos, ‘same’ and genes ‘race, kind’ [4]) and het-

erogeneous catalysis (Greek heterogenēs, heteros ‘other’ [4]). The range of

homogeneous and heterogeneous catalysts extends from mineral acids to

single-site polymerization catalysts, and from natural zeolites to shaped

and structured multifunctional catalysts, such as in automotive catalytic

13



Introduction

units.

The focus of this work is in heterogeneous catalyst materials. The typ-

ical structure of a solid catalyst consists of a porous bulk material (sup-

port), an active metal dispersed on the support, and possibly also pro-

moters [1], which enhance the catalyst activity, selectivity or stability [5].

The support material must be suitable in numerous ways: it should phys-

ically tolerate the applied operational conditions (temperature, attrition),

it should not cause coke formation, and it should resist poisoning and still

have sufficient interactions with the active phase [5]. In addition, the sup-

port material should be reasonably inexpensive so as not to increase the

cost of the catalyst unnecessarily.

As the fossil fuel-dominated era is slowly transferring towards biofuels

and bio-based chemicals, the importance of catalyst development for the

new or modified processes is increasing. The bio-based raw materials set

limitations to the achievable conditions and also to the catalyst: oxygen is

widely abundant in biomass and hydrogen treatments produce water from

the removed oxygen. Additionally, many potential raw materials exist in

aqueous solutions. Thus the catalysts must tolerate water without taking

a toll on their activity.

If converting biomass is one end of the process, cleaning the exhaust

gases is the other. The ever-tightening demands for better fuel efficiency

and utilization of bio-based fuels increase the clean-up demands as the

composition of the fuel might also vary with time. In addition to vehicle

and chemical process exhausts, a thorough gas clean-up is sometimes nec-

essary in the middle of a process: in gasification it is necessary prior to

further utilization to avoid problems caused by the impurities present in

the gas [6].

The environmental impact of heterogeneous catalysis is global: The

most imminent is the effect on air quality — exhaust gas clean-up is nec-

essary to keep air clean from, for example, nitrogen oxides. More efficient

use of raw materials via catalysis contributes to more economical and en-

vironmentally friendly processes.

1.1 Catalytic oxide materials

In this work, the focus is on catalytic oxide materials, namely zeolite H-

ZSM-5 and monoclinic zirconium oxide (ZrO2, zirconia). In general, solid

oxide materials are used both as catalyst supports for metal-loaded cat-

14



Introduction

alysts or for other, less stable or more expensive oxides, and as catalysts

themselves. The oxide materials can be classified based on, for exam-

ple, their crystalline structure, acidity/basicity, the nature of the cation,

and their reducibility. Structurally, the materials can range from zeolites

with a well-defined complex, three-dimensional pore structure to poly-

crystalline mixed bulk oxides and to binary oxides of a single crystalline

phase with a simple unit cell. Acidity/basicity characteristics depend at

least on the elemental composition and the crystalline phase of the ma-

terial, and they can significantly affect the activity of the catalyst made

with the oxide as the support. The origin of the cation in the oxide can

vary from non-metals to half metals, and different kinds of metals: al-

kali metals, transition metals, rare earth elements, etc. The nature of the

cation can also affect the reducibility as some metals have several stable

oxidation states, enabling oxygen storage capacity (OSC) and other redox

phenomena related to catalytic activity. When comparing to metals, ox-

ides are significantly more complex in terms of surfaces and crystalline

structures. Because of this complexity, especially computational methods

routinely used to describe metals are currently not as widely applicable

on oxides.

1.1.1 Binary oxides

Binary oxides consist of two elements, oxygen and typically either a metal

or silicon (Si). The most traditional binary oxides used in catalytic pro-

cesses are aluminum oxide (Al2O3, alumina) and silicon oxide (SiO2, sil-

ica) due to their price and availability combined with a large specific sur-

face area desirable for catalysis as well as sufficient thermal stability.

They have been widely used in heterogeneous catalysis as supports in,

for example, hydrogenation and butene and pentene isomerization hydro-

genation processes [1, 7] and Phillips polyethylene process [1], respec-

tively. The advantages of alumina are its inert nature and its acidity in

acid-catalyzed reactions [2], but the acidity can also lead to side reactions

such as coking [8]. The advantage of silica is its inertness [2], its phase

stability in high temperatures, up to 700◦C, but disadvantages include its

volatilization in steam at high pressures [1] and its tendency to form sili-

cates with alkali or alkaline earth metals [2]. Both alumina and silica are

considered to be irreducible oxides [9].

Yamaguchi [10] has mentioned titanium oxide (TiO2, titania) as the

second generation catalyst support after alumina and silica, and several

15



Introduction

other metal oxides have been applied in heterogeneous catalysis. Titania

with its different phases (e.g., anatase, rutile) is a reducible oxide [9, 11]

and an interesting catalyst support due to its high thermal stability, re-

ducibility and ability to migrate on supported metal particles [5]. Titania

is used in selective catalytic reduction (SCR) as a support for vanadium

oxide [2]. Also oxides with rare earth (RE) metals, such as zirconium ox-

ide (ZrO2, zirconia) and cerium oxide (CeO2, ceria) as well as alkali and

transition metal oxides with iron (Fe), zinc (Zn), and numerous other met-

als have been investigated. Rare earth metal oxides differ from silica and

alumina in their acid–base nature and some also in their reducibility; for

example, CeO2 is a reducible oxide [9, 11]. They usually have a smaller

specific surface area than the typical alumina or silica, but their thermal

stability is better.

Most oxides have OH species (hydroxyls) and carbonates on their sur-

face as they absorb water and CO2 from the atmosphere, the latter is more

easily completely removed of these two. Tsyganenko and Filimonov have

included 13 different oxides in their study, from oxides of alkali metals

to those of transition metals and silicon, and they all have 1–4 different

types of free hydroxyl species on the surface [12]. Hydroxyl types corre-

spond to different coordinations, from OH species bound to one cation to

those bound to three or even more adjacent cations [12].

The reducibility of the oxide has a major effect on the catalytic activity in

some reactions, for example, Panagiotopoulou and Kondarides show that

on reducible oxides (including TiO2, CeO2, La2O3 and yttria-stabilized

ZrO2, YSZ) the catalytic activity (turnover frequency, TOF) for water-

gas shift reaction with platinum and ruthenium catalysts is 1–2 orders

of magnitude higher than on irreducible oxides (Al2O3, SiO2, MgO) [9].

1.1.2 Multielement oxide materials

By including three or more elements in an oxide material, their properties

can be tailored more precisely by applying the knowledge of binary oxides

and their activities in catalysis. Multicomponent oxide materials can con-

sist of a single phase, when all elements are placed in a lattice structure,

or of several phases if the cations are not evenly distributed within the

oxide either purposefully or coincidentally. An example of such a single

phase is perovskite with a general formula of ABO3 [13]. An example

of the oxide-on-oxide phenomenon is vanadia on titania used in ammo-

nia SCR [2], where the combination of oxides has a significantly higher
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activity than either of its constituents alone. Another way of creating a

multicomponent oxide is doping, where some of the lattice cations or an-

ions are replaced with another one; for example, Zr atoms replaced with

Y or Ce or some of the oxygen replaced with sulfur atoms. Dopant atoms

usually stretch the crystal lattice due to their size or charge difference

compared to the original atom. Dopant-induced behavior can be classi-

fied into low-valence dopants and high-valence dopants according to the

valence of the dopant compared to the host oxide [11]. In the case of low-

valence dopants, oxygen atoms near the substituted cation become more

reactive, whereas in the case of high-valence dopants the behavior is less

predictable, depending at least on the reducibility of the host oxide and

the size of the dopant cation [11].

Aluminosilicates (zeolites)

Zeolites are microporous, aluminosilicate minerals which occur in nature,

like mordenite, or have a synthetic crystal structure, as zeolite A [14]. Ze-

olites consist of mainly silicon (Si) and oxygen (O) atoms, with some of the

Si4+ cations typically replaced with aluminum cations, Al3+, leading to a

negative charge in the zeolite structure [15]. Also gallium, germanium

and phosphorus cations have been successfully used in the zeolite frame-

work [16], yet definitions vary, whether other than aluminosilicates are

called zeolites or not [17]. The negative charge is balanced with positive

counterions, such as Na+ [16], and they can be exchanged to other metal

cations or H+ ions [18].

Zeolites are an interesting type of oxide material as they have a regular,

three-dimensional porous structure (framework) depending on the type

of zeolite. The framework only defines the topology of the material, not

the precise dimensions or properties; for example, the detailed pore shape

and dimensions depend on the post-synthesis conditions, the nature and

concentration of cations, etc. [16]. The framework classification is desig-

nated with a three-letter acronym describing the topology, such as MFI

and FAU stemming from zeolite names ‘Mobil five’ (referring to ZSM-5,

Zeolite Socony Mobil – 5) and ‘faujasite’ representing the topologies [16].

Examples of different zeolite structures are shown in Fig. 1.1 for two 10-

ring zeolites with different framework structures, MFI and FER, and a

12-ring structure, FAU.

Zeolites can be classified based on the number of ring-forming atoms

(4–12, [16]) but also their Si/Al ratio is used to describe their properties
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(a) MFI [19]. (b) FER [19]. (c) FAU [19].

Figure 1.1. Zeolite structures.

in addition to the framework classification. The Si/Al ratio also affects

the acidity of the zeolite: Brønsted acid sites within the zeolite consist of

Si–O−(–H+)–Al− sites [20]. Their acid strength is related to the Si–O–

Al bond angle: the greater the angle, the higher the acid strength of the

proton [20]. The acid strength is at its highest when the protonic sites are

most isolated, for MFI zeolites that is a Si/Al ratio of 9.5 or higher [21].

Also Lewis acid sites can be created of extraframework aluminum sites by

mild steaming, adding to the acid strength of the zeolite [20].

The applications of zeolites range from laundry detergents to agricul-

ture and pigments, and to various roles in the petrochemical and oil re-

fining industry [15]. Zeolites are widely used in refinery catalysts; for

example, in fluid catalytic cracking, hydrocracking, and dewaxing [22]. In

catalytic applications, a low aluminum content is favored [15]. Zeolites

can also be used as molecular sieves due to their regular pore structure

and pore dimensions [15]. The microporosity of zeolites can also induce

shape selectivity, where the pore size limits the reactants that can enter

the zeolite selectively, the shape of the intermediates (e.g., in terms of

branching), or the desired product molecules that exit the structure [23].

The production of p-xylene by disproportionating toluene to xylene and

benzene relies on product shape selectivity [3].

1.1.3 Solid acid catalysts

Acid-catalyzed reactions are common among industrial processes. The

alkylation process in oil refining, typically using sulfuric acid or hydroflu-

oric acid, is one of the processes still mostly catalyzed by mineral acids in-

stead of solid acids [1]. The quantities of mineral acids and their handling

are the main reasons to look for solid acid catalysts, yet their activity and

stability have not been sufficient for economic operation [1]. Solid acids
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used in catalysis include zeolites, ordered mesoporous molecular sieves,

mixed metal oxides, sulfated metal oxides, heteropolyacids, ion-exchange

resins, and organic–inorganic composites [24–27].

Ordered mesoporous molecular sieves consist of pores in the range of 2–

50 nm, and they have a structure similar to zeolites made of amorphous

solids not limited to aluminasilicates [28]. They are less acidic than zeo-

lites as the Si–OH–Al structures are absent [28].

Mixed metal oxides, such as zirconium–molybdenum and zirconium–

tungsten oxides, have strong acid sites, and they are active in several

acid-catalyzed hydrocarbon reactions [25]. Sulfated metal oxides, such as

ZrO2, TiO2, SnO2, Fe2O3 and HfO2, have an increased activity for carbe-

nium ion reactions, but their disadvantage is the instability of the sulfate

groups on the surface, leading to catalyst deactivation [27]. Sulfated zir-

conia is highly active in n-butane isomerization [29].

Heteropolyacids are formed by condensation of at least two oxoanions,

resulting in a structure with usually a Si or P atom tetrahedrally con-

nected to oxygen atoms, the oxygens further connected to 2–18 peripheral

atoms with a valence of six, such as Mo or W [26]. A typical catalyst is a

Keggin-structured (XM12O40) 12-tungstophosphoric acid [26]. Heteropoly-

acids are used as catalysts in C3-C4 olefin hydration [25].

Ion-exchange resins, such as Amberlyst and Nafion catalysts, have sul-

fonic acid surface groups or other acidic groups such as phosphonates or

iminodiacetic acid groups as the acidic component [30]. They are used

in the production of methyl-tert-butyl ether (MTBE) and in isobutene

oligomerization, for example [31]. Organic–inorganic composites, such

as polysiloxane materials with sulfonic acid-containing organics, have a

high surface area and they are highly acidic [26]. Unlike organic resins,

the polysiloxanes do not swell in organic liquids and they tolerate temper-

atures up to 200 ◦C [27].

1.1.4 Bifunctional catalysts

Bifunctional catalyst is a supported metal catalyst where both the sup-

port and the metal have a significant effect on the catalyst performance

[32]. Typical bifunctional catalysts include an acidic support loaded with

a noble metal, such as platinum on alumina or on a zeolite [5, 22], uti-

lizing the support for acid-catalyzed reactions and the noble metal for,

for example, dehydrogenation [5]. In bifunctional catalysis the metal and

the support work in parallel, in the case of strong metal-support interac-
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tion (SMSI) they work together. The term was coined by Tauster in 1978

[33] and it means that the metal and its oxidic support material interact

strongly, and the catalytic activity and/or selectivity can either increase

or decrease due to SMSI [34].

1.2 Surface processes related to catalysis

In order to enable a heterogeneously catalyzed reaction, the reactants

must have access to the active catalyst surface, and after reaction, make

room for the next reactant molecules. The overall process is called a het-

erogeneous catalysis cycle, and it consists of diffusion of reactants from

the bulk to the pore and finally to the active surface, adsorption of the

reactant to the surface, the surface reaction itself followed by desorption

of the product to the proximity of the surface and thereafter diffusion

through the pore structure back into the bulk phase [35]. A scheme of

the cycle is shown in Figure 1.2. Surface site regeneration takes place

between desorption and adsorption, if necessary.

Figure 1.2. The heterogeneous catalysis cycle.

Any of the stages in the heterogeneous catalysis cycle can limit the over-

all rate. In the following, the adsorption–desorption steps and mass trans-

fer phenomena related to the catalytic cycle are presented.

1.2.1 Internal and external mass transfer

Internal and external mass transfer describe mass transfer inside and

outside the catalyst particle. Also the terms intraparticle and interpar-
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ticle mass transfer are used, the former taking place within the catalyst

particle and the latter in the space between particles. These phenom-

ena can be probed by varying the ratio between flow rate and sample

amount [36] or the particle size of the catalyst [3]. Operating in the ki-

netic regime is not always possible if the catalyst is microporous, i.e., with

a pore diameter < 20 Å [37], characteristic for zeolite materials. Their

pores are often 4–8 Å in diameter [37]. Thus the mass transfer patterns

for both intraparticle and interparticle mass transfer must be carefully

probed to understand the limitations they set to the interpretation of the

collected data. Probing can be carried out by varying the particle size (in-

traparticle mass transfer), bed length (interparticle mass transfer) and

the flow/sample amount ratio.

Intraparticle mass transfer is typically pore diffusion, where molecules

interact with pore walls. This is significant especially in complicated pore

structures such as zeolites. Varying between small and large adsorbate

molecules (NH3 vs. toluene) can reveal different diffusion characteris-

tics within the same material. Pore diffusion can be either random (also

known as molecular diffusion [38]), assuming that the size of the molecule

is small compared to the pores, diffusive (also known as Knudsen diffu-

sion), if the pore is still large considering the molecular dimensions yet

smaller than the mean free path, or configurational, when the magnitude

of the pore size is similar to the molecular dimensions and molecule–wall

collisions are more common than molecule–molecule collisions [39].

Diffusion coefficients in solids can be temperature or coverage-dependent,

the suggested temperature-dependence models include Arrhenius-type tem-

perature relations [40] and various types of coverage dependence, decreas-

ing or increasing with increasing concentration, or even both, forming a

diffusivity maximum at an intermediate coverage [41]. The activation en-

ergies for diffusion in H-ZSM-5 for, for example, benzene, ethylbenzene

and p-xylene are ca. 30 kJ/mol [42]. In the cases where operation in the

kinetic regime is not feasible, varying the ratio between diffusion and ki-

netically controlled parts of the investigated system might provide enough

information to uncouple the mass transfer from the intrinsic kinetics.

Transient measurements have enabled the modeling of both of these phe-

nomena simultaneously: for temperature-programmed desorption (TPD)

of ammonia in H-ZSM-5, the sorption and diffusion parameters were suc-

cessfully uncoupled due to their different temperature dependencies, and

the estimated adsorption enthalpy and diffusivity are in agreement with
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values reported in literature [I].

In addition to intraparticle diffusion, interparticle diffusion in the cat-

alyst bed plays a significant role. This mass transfer pattern also affects

the type of reactor model to be chosen to describe the system. The selec-

tion of a reactor model is often based on the physical configuration com-

bined with known flow dynamics, using ideal reactor models or differen-

tial conditions to further simplify the mathematical description [5, 35]. A

selection tree for determining a suitable reactor model for temperature-

programmed (TP) experiments is shown in Figure 1.3. The term ‘pseu-

dohomogeneous’ implies that intraparticle mass transfer is not included

in the system description and ‘heterogeneous’ implies that intraparticle

mass transfer is included. Similarly, interparticle mass transfer limita-

tions are insignificant in a differential reactor and significant in an inte-

gral reactor.

Figure 1.3. Reactor model selection tree [II].

Other types of diffusion include surface [43] and lattice diffusion [44];

in the former adsorbates move along the catalyst surface [43], for exam-

ple, toward the active site or active interface, and in the latter, lattice

atoms can be transported via point defects (e.g. vacancies, interstitial

ions) within the oxide [44]. Lattice diffusion is one of the main mecha-
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nisms for oxygen storage and release in, for example, yttrium-doped zir-

conias [45]. The oxygen transfer capability in this case is related to oxy-

gen storage where the oxide can receive and donate oxygen by moving the

vacancies and oxygen atoms within the lattice.

Self-diffusivity measurements are often carried out by microscopic meth-

ods such as pulsed-field gradient nuclear magnetic resonance (PFG NMR),

quasielastic neutron scattering (QENS) or tracer exchange measurements

[46]. With these methods self-diffusivities are obtained directly, allowing

temperature and concentration dependencies to be determined without

the need for isotherm-related correction factors [46]. Also (tracer) zero

length column (ZLC) technique can be used to determine self-diffusivities

in zeolites [47].

1.2.2 Adsorption–desorption interaction

At its simplest, adsorption on a solid surface means forming a relatively

weak link (for physisorption below 20 kJ/mol and for chemisorption 40–

400 kJ/mol [48]) between the adsorbate and adsorbent. Chemisorption is

usually an exothermic process due to the decrease in degrees of freedom

by being bound to the surface, resulting in a decrease in entropy while

the process is spontaneous, i.e., ΔG < 0, thus the adsorption enthalpy

ΔHads = ΔG+ TΔS must be negative [49].

Both ammonia and CO are considered to be basic probe molecules suit-

able for investigation of acidic surface sites [50]. Ammonia is a stronger

base than CO [50]. Pyridine can also be used as an adsorbate for acid site

characterization especially in infrared spectroscopy [51], as its adsorbed

forms show the nature of the acid sites (Lewis or Brønsted) and its se-

lectivity as an indicator is higher due to its weaker basicity compared to

ammonia [51]. CO2 is a widely used probe molecule for basicity [52], on

zirconia it adsorbs as bicarbonates on hydroxylated surfaces and as car-

bonate species on coordinatively unsaturated (c.u.s.) Zr4+–O2− pairs and

c.u.s. O2− centers [53].

Using adsorption (and desorption in temperature-programmed desorp-

tion, TPD) to determine acidic and basic sites is not as straightforward

as often is considered. Adsorption of CO2 can create both bicarbonates

and carbonates on basic surface sites [53], thus the same probe molecule

can have several different binding modes. Analysis methods relying on

evolved gas analysis (e.g. on-line mass spectrometry) do not distinguish

the adsorption sites or adsorbed species, simply the evolving gas molecule.
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Thus the distribution between the different basic sites and the overall ba-

sicity of the surface remains unclear when using CO2-TPD alone.

When considering a simple adsorption–desorption process, the prevail-

ing assumption is that desorption is the reverse process of adsorption; for

example, during ammonia TPD the evolved molecules indeed are ammo-

nia molecules. When no bonds are broken during adsorption, the des-

orbing species is expected to be the same as the adsorbed species. Some

examples of the type of ideal chemisorption include the adsorption of CO

linearly on zirconium oxide surface, or more precisely, on a Zr3+ or a Zr4+

cation. The process is unactivated, resulting in near-instantaneous equi-

librium coverage [54, 55] depending on the adsorption temperature and

the adsorbate pressure [54–57]. The CO on the surface is attached via one

bond only, whereas a bidentate carbonate is attached to the zirconia sur-

face via two oxygen atoms, one originating from the surface and the other

from the gas-phase CO2 [53]. Bidentate carbonates are formed with CO2

adsorption on zirconia in a similar, unactivated manner as the linearly

adsorbed CO, but they have a higher adsorption energy (up to 120 kJ/mol

[53]) than the linearly adsorbed CO (ca. 45–70 kJ/mol [56]).

Adsorption of molecules can also lead to dissociation of the adsorbing

molecule or rearrangement of the surface site. An example of bond rear-

rangement in the adsorbate molecule is the removal of one hydrogen atom

from toluene during the formation of benzyl species (shown in Figure 1.4),

occurring at an elevated temperature in the presence of oxygen [58]. The

benzyl species, observed in infrared spectroscopy, is adsorbed via the re-

maining methylene (-CH2) group to the surface, and it is suggested to be

an intermediate in toluene oxidation [58]. Other examples of dissociation

in the adsorbing molecule are water and hydrogen adsorption on zirconia,

the former resulting in OH and H species creating terminal and multi-

coordinated hydroxyl (OH) species on the zirconia surface, and the latter

dissociating either homolytically or heterolytically on the zirconia surface,

creating Zr–OH and/or Zr–H species in the process. Bicarbonate forma-

tion from gas-phase CO2 on a hydroxyl site leads to rearrangement of the

hydroxyl site, but as bicarbonates desorb reversibly, also the hydroxyl site

is returned to its original state.

1.2.3 Surface reaction

Surface reaction is the ultimate goal of heterogeneous catalysis: reactants

are converted into products. If the products remain adsorbed on the sur-

24



Introduction

Figure 1.4. Benzyl species formation during toluene adsorption.

face, the exchange from adsorbed reactants to products is clear. As an

example, water-gas shift reaction can be thought of as two consecutive

surface reactions, first formate formation (a reversible reaction) and then

formate decomposition into CO2 and H2.

Typical surface reaction mechanisms between two reactants and two

products include the following [2]:

• reaction of two adsorbed species A* and B* (Langmuir–Hinshelwood)

• reaction of adsorbed species A* and gas-phase species B (Eley–Rideal)

• reaction of adsorbed species A* and species B* adsorbed on top of A*

forming vacancy C to be filled with A (Mars–van Krevelen).

Direct observation of a surface reaction as such requires kinetically con-

trolled reaction conditions and in-situ or on-line analysis. The turnover

frequency (TOF) number is a typical measure for catalytic activity, de-

fined as ‘the number of molecules of product produced by each active site

per unit time under standard conditions’ [1]. Reporting TOF numbers

also requires knowledge of both the nature and number of active sites.

Especially on bifunctional catalysts with both an active metal and an ac-

tive support material, there might be several types of active sites and the

reaction rate might not be the same on each type of active site. The de-

termination of active site densities on a support / oxide material is also

more difficult than, for example, measuring the active metal surface area

typically considered to represent the number of active sites on traditional

metal catalysts, as the metal–support interface might be required for the

active site.

In addition to complete catalytic surface reactions where the adsorbed

reactants (or even surface sites) transform and desorb as products, there

are also partial examples where the surface atoms are titrated; for ex-
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ample, CO oxidation with lattice oxygen at the catalyst surface or dehy-

droxylation of the surface and the decomposition of formate species into

CO2 and H2. Thus not all reactants have to enter from the gas phase

right before reaction but they can already be on the surface prior to the

introduction of the other reactants.

1.3 Methods for probing surface interactions

A surface interaction between a gas and a solid can be described from

several viewpoints: what conditions are necessary for it to take place and

to what extent, which surface species and surface sites are involved, and

how and in which conditions the surface species are desorbed or decom-

posed. In addition, the kinetics and thermodynamics might be of interest

if the surface interactions are known or suspected to be a part of a cat-

alytic reaction. To gain a solid understanding of the interaction, both the

surface sites and species as well as the gas-phase phenomena should be

investigated, either separately or simultaneously in an ‘operando’ experi-

ment. In this work, temperature-programmed methods are used to probe

the extent of the interaction and its temperature range and infrared spec-

troscopy is used to investigate surface sites and species. In this work, the

experimental methods were complemented with a theoretical approach,

namely density functional theory (DFT), which was used to elucidate sur-

face configurations and energetics of adsorbed species.

1.3.1 Temperature-programmed methods

Temperature-programmed desorption (TPD) is a classic method to deter-

mine the amount and strength of adsorbed species on a solid sample based

on its desorption temperature. It was first introduced for catalyst mate-

rials in 1963 by Amenomiya and Cvetanović [59], whereas for metals it

is known as flash desorption, introduced by Redhead in 1961 [60]. In a

TPD experiment, adsorbate gas or vapor is adsorbed on the catalyst ma-

terial, adsorbent, the sample is vacuumed or flushed to remove excess

adsorbate and only the adsorbed species remain on the sample. Then

the sample is heated linearly in an inert gas flow or in a vacuum to re-

move the adsorbed species and the outlet gas is monitored on-line with

a temperature conductivity detector (TCD) or with a mass spectrometer

(MS), the former suitable for strictly binary mixtures and the latter for
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multicomponent mixtures. Also other exit gas analysis methods, such as

Fourier-transform infrared (FTIR) analyzers, can be used.

Other TP methods include temperature-programmed reduction (TPR)

where the linear heating is carried out in a reductive atmosphere, for

example, H2 or CO. Temperature-programmed oxidation (TPO) is typi-

cally carried out in an oxygen-containing atmosphere, and temperature-

programmed surface reaction (TPSR) in a reactive atmosphere in gen-

eral. There is also temperature-programmed isotopic exchange (TPIE)

[61]. Both commercial and in-house built setups are used.

Temperature-programmed methods belong to thermal analysis meth-

ods including also thermogravimetry, differential thermal analysis and

differential scanning calorimetry. Temperature-programming is a tran-

sient method alongside with temporal analysis of products (TAP) and

steady-state isotopic transient kinetic analysis (SSITKA) [62]. Transient

kinetic modeling methods have been applied successfully to temperature

programmed data [63, 64].

1.3.2 Infrared spectroscopy

In infrared spectroscopy, infrared radiation is applied to a sample, and

the molecules in the sample absorb infrared wavelengths characteristic

of their structure. The absorbed or transmitted radiation is measured as

a function of the wavelength, usually expressed as a function of wavenum-

ber, the reciprocal of wavelength. The absorbed wavelengths (or wavenum-

bers) correspond to vibrational or rotational modes such as stretching (νs
for symmetric and νas for antisymmetric stretching) or in-plane bending

(δ) modes [65]. By analyzing the absorbed wavelengths and the shape of

the spectra, the chemical structure can be compared to a known structure

for identification. This theory can be applied to gases, liquids and solids.

The most commonly used setups for solid samples include transmission

setup for pressed wafers or KBr pellets with the sample pressed inside

the pellet, diffuse reflectance setup for powder-form materials, and atten-

uated total reflectance (ATR) setup especially for solid–liquid interfaces

and aqueous systems [66].
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1.4 Scope of the research

The aim of this work was to improve the interpretation of temperature

programmed data with transient kinetic modeling [I, II] and a combi-

nation of experimental and theoretical methods [III, IV] to better eluci-

date surface interactions on catalytic oxide materials, even at a molecular

level. The aim of the articles utilizing temperature-programmed desorp-

tion [I, II] was to extract intrinsic kinetic data from a system with sig-

nificant mass transfer limitations by taking advantage of the different

temperature dependence of diffusion and sorption phenomena. The cata-

lyst in both TPD studies [I, II] was H-ZSM-5, a zeolite used in catalysis

both as such and with active metals. Modeling methodology for vacuum

TPD including mass transfer phenomena was developed for ammonia on

H-ZSM-5 [I]. Toluene was used as a probe molecule in both vacuum and

atmospheric flow-through TPD with the aim to extract and compare sorp-

tion and diffusion parameters of both systems [II].

The other two articles [III, IV] focus on the surface of monoclinic zirco-

nia and its interaction with carbon oxides. The original primary method

in the zirconia study was TPD; however, it was not the best method for

studying the interaction of CO with zirconia, and hence temperature-

programmed surface reaction (TPSR) was developed for the system. The

existing literature about the surface sites of monoclinic zirconia, their ma-

nipulation and their interaction with CO was collected and reviewed to

gain more thorough understanding of the surface and its behavior in dif-

ferent environments [III]. Carbon oxides (CO, CO2) were used as probe

molecules to investigate the effects of surface site manipulation by hydro-

gen and water [IV]. The applied wide temperature range together with a

multi-technique approach (temperature-programmed surface reaction, in-

frared spectroscopy and density functional theory) provided information

on the surface species and their dynamics on the surface. By applying

TPSR instead of the more conventional TPD, also activatedly formed sur-

face species and weak interactions were probed.

The idea behind the structure of this summary is to move from sim-

ple to more complex in terms of chemical interaction. In the ammonia

TPD paper [I], sorption phenomena were studied in vacuum, whereas

with toluene [II] the phenomena were studied both in vacuum and at-

mospheric pressure. In the zirconia papers the chemical interactions on

surfaces are more complex: in the review [III], the surface site modifica-
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tions using water and hydrogen and their probing with CO were included,

and in the final paper [IV], CO2 was also used for probing the surface in

addition to CO, water and hydrogen.
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2. Materials and methods

The experimental work in this thesis was carried out applying two cat-

alytic oxide materials, an MFI-structured zeolite, H-ZSM-5 [I, II], and a

transition metal oxide, monoclinic zirconium oxide (ZrO2) [IV]. The main

experimental tools included temperature-programmed methods in both

vacuum [I, II] and atmospheric setups [II, IV] and the observation of sur-

face species with infrared spectroscopy (IR) [IV].

2.1 Catalytic oxide materials

2.1.1 H-ZSM-5

The zeolite H-ZSM-5 used in this work [I, II] had a Si/Al ratio of 45, deter-

mined by atomic absorption spectrometry (AAS). The raw material crystal

size was 122 nm, with a distribution ranging from 80 nm to 200 nm and

the used particle size fractions were dp = 0.28–0.50 mm and dp = 0.71–

1.0 mm [I] and dp = 0.212–0.5 mm and dp = 0.71–1.12 mm [II]. The BET

surface area of the unpelletized crystals was 435 m2/g and the pore vol-

ume 0.32 cm3/g, of which micropore volume 0.12 cm3/g, mesopore volume

0.03 cm3/g and macropore volume 0.17 cm3/g.

2.1.2 Zirconium oxide

Zirconium oxide (ZrO2, zirconia) used in this work [IV] has been prepared

from zirconium hydroxide (from MEL Chemicals Ltd., England) by calcin-

ing it in flowing air for 16 h at 450 ◦C. After the calcination, zirconia was

pressed into pellets (diameter ca. 4 cm), crushed and sieved into fractions

(particle diameter dp = 0.044–0.062 mm and dp = 0.25–0.42 mm). The

crushed and sieved zirconia was further calcined in flowing air or O2/He
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mixture at 600 ◦C for 2 h prior to measurements.

The surface area and porosity of the obtained zirconia were analyzed

using N2 physisorption at –196 ◦C (Coulter Omnisorp 100-CX). Zirconium

oxide phase was analyzed using Raman spectroscopy (Renishaw Micro-

Raman System-1000 equipped with an Ar+ laser at 514 nm) and X-ray

diffraction (XRD, PanAnalytical X’Pert Pro) at room temperature. X-ray

fluorescence (XRF, Philips Model PW 1480, Rh tube) and inductively cou-

pled plasma orbital emission spectrometry (ICP-OES) were used to ana-

lyze the elemental composition of the sample. X-ray photoelectron spec-

troscopy (XPS, AXIS Ultra electron spectrometer by Kratos Analytical,

UK, and CasaXPS software) was used to analyze the surface composition.

2.2 Temperature-programmed methods

The vacuum TPD setup used for ammonia TPD [I] consisted of six parallel

vacuum TPD reactors shown in Fig. 2.1a. The response from the parallel-

operated reactors was analyzed with a mass spectrometer (Pfeiffer QMS

200). The typical sample size was 50 mg after mass transfer patterns

were confirmed with samples of 25–150 mg.

The vacuum TPD setup used for toluene TPD [II] was a thermogravi-

metric apparatus operating in dynamic vacuum (Setaram TG-DSC 111)

and connected to a mass spectrometer (Pfeiffer QMS 200). The setup is

shown in Fig. 2.1b and the sample cell is ca. 0.17 cm in diameter and ca.

1 cm in height, leading to sample sizes of ca. 6 mg or 13 mg for half and

full bed lengths, respectively.

Atmospheric flow-through TP experiments [II, IV] were carried out us-

ing AMI-200R (Altamira Instruments) setup equipped with a Hiden QIC-

20 mass spectrometer. The reactor is a u-shaped quartz tube (shown in

Fig. 2.1c) enabling flow-through experiments. Typical sample size in ex-

periments with ZrO2 was 50 mg and with H-ZSM-5 both 25 mg and 50 mg

were used.

2.2.1 Ammonia TPD experiments

In the ammonia TPD experiments [I], zeolite activation was done at 450 ◦C

for one hour in vacuum (10−3 mbar). After cooldown to adsorption tem-

perature (Tads =100/200 ◦C), ammonia was fed to the system at 1 mbar for

one hour. After four-hour evacuation, the reactor was heated up to 770 ◦C
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(a) Vacuum setup. (b) Microbalance setup.

(c) Flow-through setup.

Figure 2.1. TPD setups used in this work.
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at a rate of 7/12/17◦C/min. Quantification of the reactor response is based

on ammonia adsorption at the used adsorption temperature in a separate

microbalance.

2.2.2 Toluene TPD experiments

Toluene TPD experiments [II] in the vacuum system were initiated with

zeolite activation at 350 ◦C for one hour in vacuum. After cooldown to

adsorption temperature (Tads = 40 ◦C), toluene was fed to the system at

0.276 mbar for one hour. After 90-minute evacuation, the reactor was

heated up to 325 ◦C at a rate of 7/12/17◦C/min. Quantification of the re-

sponse is based on the mass loss observed with the thermogravimeter.

Toluene TPD experiments in the atmospheric flow-through setup were

carried out mimicking the experimental plan of the vacuum experiments,

but replacing vacuum with an inert helium flow (50 sccm, 99.9996% He by

Aga Oy Ab). Toluene adsorption was done in a 50 sccm flow of toluene/He

mixture (743 ppm toluene in 99.9996% He by Aga Oy Ab) for two hours

followed by 1.5 hours flushing with inert. The MS response quantification

is based on the known concentration in the feed during adsorption.

2.2.3 COx-TPSR experiments

Experiments using reactive gas (CO, CO2) during the temperature pro-

gram [IV] were carried out at the AMI-200R system. The total flow to

the sample was kept at 20 sccm and the purities of the gases used were

99.996% or higher. The experiments began with catalyst (zirconia, dp =

0.25–0.42 mm) calcination at 600 ◦C for two hours in 5% O2/He (Aga Oy

Ab). After calcination, three different pretreatment combinations were

applied:

• reduction at 600 ◦C (30 min, 5% H2/He) followed by

– cooldown to 100 ◦C in 0.1% H2O/He, denoted R+H (reduced and hy-

drated), or

– cooldown to 100 ◦C in He, denoted R (reduced),

• cooldown to 100 ◦C in 0.1% H2O/He, denoted H (hydrated).
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Following cooldown (ca. 55 minutes), the sample was flushed with He

for one hour at 100 ◦C. After flushing with helium, 2% COx/He mixture

was introduced and the sample was stabilized in the flow for two hours

and then heated in the COx mixture up to 550 ◦C at the rate of 15 ◦C/min

and kept there for 15 minutes. The sample was flushed with helium and

pulsed with 5% O2/He to probe for coke formation. After the experiment,

calibration pulses of the detected components were analyzed with the MS

to obtain the basis for quantification. Water and the fed COx component

were calibrated from flow based on their known concentration. Blank

experiments were carried out without COx introduction and without cat-

alyst to exclude artifacts from the data.

2.3 IR spectroscopy

IR spectroscopy [IV] was performed in a diffuse reflectance Fourier trans-

form infrared spectroscopy (DRIFTS) setup (Nicolet Nexus FTIR spec-

trometer with a Spectra-Tech high temperature / high pressure reaction

chamber) using ca. 26 mg of the finer fraction (dp = 0.044–0.062 mm) of

zirconia. A schematic of the reaction chamber is shown in Fig. 2.2. The

experiments were designed to resemble the TPSR experiments as closely

as possible, the major differences in the choice of inert (nitrogen instead

of helium) and calcination and reduction were carried out using 10% mix-

tures instead of 5%, and the total flow to the chamber was 50 ml/min.

Pretreatments were run as in TPSR but with 0.05% H2O/He/N2 in the

hydration stage. After pretreatments, the sample was in nitrogen flow

for one hour at 100 ◦C and then COx (5% CO or 4% CO2 in nitrogen) was

introduced for 30 minutes. Spectra were measured for the initial 5 min-

utes in contact with COx every minute (30 scans) and thereafter every 5

minutes (100 scans). After the 30-minute initial contact, the sample was

flushed with N2 for 5 minutes followed by a 100-scan spectrum. COx was

reintroduced and the sample was heated in 25 ◦C increments up to 550 ◦C.

Spectra under COx were recorded every 25 ◦C and spectra after 5-minute

flush in N2 every 50 ◦C (at 100 ◦C, at 150 ◦C, etc.).
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Figure 2.2. DRIFTS reaction chamber.
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3. Diffusion-limited
adsorption–desorption phenomena
and their modeling

Extraction of intrinsic adsorption–desorption kinetics from mass trans-

fer limited processes is generally considered unwise; however, in the case

of zeolites, that is rather unavoidable even with small molecules, such

as ammonia and methane. In an attempt to overcome this limitation

by including both phenomena, the adsorption–desorption interaction and

the mass transfer process, in transient kinetic modeling, temperature-

programmed desorption was carried out for ammonia and toluene on H-

ZSM-5, a 10-ring zeolite.

3.1 Strong adsorption: NH3 on H-ZSM-5

Ammonia TPD experiments were carried out in a vacuum TPD system at

Technische Universität München, and the results are shown in Fig. 3.1.

The temperature for maximum desorption, Tmax, is above 300 ◦C, demon-

strating a strong adsorption. The desorption curve shows significant tail-

ing but overall it seems to be a single desorption process as there are

no visible shoulders in the curve. With increasing particle diameter, the

desorption process is spread over a wider temperature range, causing a

decrease in the maximum desorption rate and an increase in the Tmax.

A set of preliminary experiments designed to probe the mass transfer ef-

fects in the TPD reactor showed that (1) the results exhibit intraparticle

mass transfer limitations, shown in Fig. 3.1 with particle size variation,

as well as (2) negligible bed-depth effects with sufficient evacuation prior

to heating. Based on these observations, a differential reactor model was

deemed suitable to describe the zeolite bed (see the reactor model selec-

tion tree in Fig. 1.3). The overall model includes intrinsic sorption kinet-

ics of ammonia (an example shown in Eq. 3.1), mass transfer within the

particles (Eq. 3.2) and scaling the modeled quantities to be comparable

37



Diffusion-limited adsorption–desorption phenomena and their modeling

Figure 3.1. Ammonia TPD curves at adsorption temperatures of 100 ◦C (left) and 200 ◦C
(right) with two particle sizes (small: solid line, large: dashed line) and three
different heating rates (from bottom to top: 7, 12 and 17 ◦C/min) [I].

with the measured ones, i.e., the concentration of ammonia at the reactor

outlet using the mass balance of the differential reactor (Eq. 3.3).

∂θA
∂t

= kacA(1− θA)− kd(T )θA (3.1)

∂cA(z, t)

∂t
=

De

R2
pεp

(
∂2cA
∂z2

+
2

z

∂cA
∂z

)
+

ρpNA

εp

(
− ∂θA

∂t

)
(3.2)

W =
3De

ρpR2
p

∂cA
∂z

∣∣∣∣
z=1

(3.3)

A more thorough presentation of the model equations is included in the

Supplementary Data section [I]. The first modeling attempts were carried

out with a constant diffusivity value (De) as one estimated parameter and

the intrinsic kinetics including nonactivated first-order adsorption and

activated first-order desorption, as shown in Eq. 3.1. After finding the ini-

tial form of intrinsic kinetics insufficient to describe the data, the kinetic

model was revised in several ways. These included allowing the activation

energy to vary with surface coverage in both Freundlich and Temkin form,

limiting the data set to only those experiments where adsorption was car-

ried out at 100 ◦C, incorporating different reaction orders and multiple

adsorption sites. However, the steep rising edge and the slow tailing end

of the TPD curve remained unsatisfactory in the simulated data when

compared to the experimental data.

As the intrinsic kinetics seemed unable to describe the data, several
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options for diffusion coefficient De were tried in terms of temperature

and coverage dependence. The best agreement between simulated and

experimental data (shown in Fig. 3.2) was obtained with models where

the De was coverage-dependent so that it showed a clear maximum at

an intermediate coverage as well as temperature-dependent similar to an

Arrhenius-type dependence. These dependencies can be expressed as

De =
(
D0 +D1θ

4 +D2θ
)
· Tcoef , (3.4)

where Tcoef is the temperature dependence (in K),

Tcoef =
exp(−Ef/RT )

exp(−Ef/R · 400 K)
. (3.5)

However, the coverage dependence was rather slight and it might also

serve to compensate for some other flaw in the functional form.

Figure 3.2. Experimental (solid line) and simulated (dashed line) ammonia TPD curves
at adsorption temperatures of 100 ◦C (left) and 200 ◦C (right) with three heat-
ing rates and two particle sizes [I].

The estimated activation energy for desorption is 156 kJ/mol, the acti-

vation energy fixed for diffusion is 6 kJ/mol, and the diffusivity coefficient

De is in the range of 1·10−7–2.3·10−6 cm2s−1, with a maximum forming at

fractional coverage θ of ca. 0.7. The obtained value for activation energy

of desorption is in line with microcalorimetrically determined adsorption

enthalpies [67, 68] (for unactivated adsorption Edes = −ΔHads [69, 70])

as well as other TPD modeling studies [71–73], whereas the range of dif-

fusivities is in agreement with available ammonia self-diffusivities on H-

ZSM-5 and silicalite [74, 75].
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3.2 Weak adsorption: Toluene on H-ZSM-5

Toluene TPD on H-ZSM-5 was studied side by side with two different sys-

tems: a vacuum TPD setup at Technische Universität München and an

atmospheric TPD setup at Aalto University. The data presented in Fig-

ure 3.3 show one desorption process in the vacuum setup and two pro-

cesses in the atmospheric flow-through setup. The Tmax values are ca.

115–165 ◦C and ca. 115–150 ◦C in the vacuum and flow-through setups,

respectively, yet there is a shoulder due to a second desorption process

closer to 200 ◦C in the experiments in the flow-through setup. Consider-

ing the reactor model, the experiments according to reactor model selec-

tion tree (Fig. 1.3) show heterogeneous integral reactor behavior in both

setups, which was somewhat unexpected for the vacuum setup.

Figure 3.3. Toluene TPD curves obtained with vacuum and flow-through TPD setups us-
ing the same heating rate (7 ◦C/min) and particle size (small) [II].

The simulation of the experiment is constructed from three parts: the

primary particle level, the secondary particle level (i.e. pellet level), and

the reactor level. The primary particle and the pellet level are built

around the same assumptions for both reactor types. The primary par-

ticle level is constructed assuming that (1) both adsorption–desorption
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and movement into and out from the particle are in quasiequilibrium,

(2) there are two different sorption site types in the zeolite as evident in

the flow-through data, and (3) concentration gradients within the primary

particles are non-existent. The pellet-level assumptions include that mass

transport takes place by diffusion in mesopores and the primary parti-

cles and the mesopore volume are dynamically coupled. The reactor level

for the vacuum TPD setup assumes mass transfer by Knudsen diffusion,

whereas in the flow-through setup the mass transfer is assumed to take

place via convection with the carrier gas through the sample bed, and

similarly to the pellet level, the pellets and the cell void volume are dy-

namically coupled. The main components of the mathematical description

include the following equations for the sorption sites in the primary par-

ticle (Eq. 3.6), the mass balances of the pellet (Eq. 3.7) and of the vacuum

(Eq. 3.8) and flow-through (Eq. 3.9) reactors.

θA,i(x, z, t) =
KicA(x, z, t)

1 +KicA(x, z, t)
, i ∈ 1, 2 (3.6)
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A more thorough presentation of the model equations is included in the

Supplementary Data section [II].

Non-linear regression analysis resulted in adsorption enthalpies of ca.

80 kJ/mol and 95 kJ/mol for both systems, and pre-exponentials of ca.

5·10−13 in the vacuum system and 1.3–1.9·10−11 in the flow-through setup

for both adsorption site types. Effective diffusion coefficients De were de-

termined to be 5.3·10−5 cm2/s in the vacuum system and 3.4·10−5 cm2/s in

the flow-through system. The vacuum data was sufficient for determining

also the interpellet diffusion coefficient, Dm, at 0.027 cm2/s. The modeling

results are presented in Figures 3.4 and 3.5. The overall characteristics of

the models seem to fit rather well, especially when considering the extent
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of the data: two pellet sizes, several heating rates and two sample sizes

(half bed and full bed).

Figure 3.4. Experimental (dashed line) and simulated (solid line) toluene TPD curves
obtained in the vacuum setup [II]. Top row: smaller pellets, bottom row:
larger pellets. Heating rates, from left to right: 17 ◦C/min, 12 ◦C/min and
7 ◦C/min.

Figure 3.5. Experimental (red) and simulated (blue) toluene responses during flushing
and TPD stage obtained in the flow-through setup [II]. Left-hand side:
17 ◦C/min, smaller pellets, right-hand side: 7 ◦C/min, larger pellets.

3.3 Remarks

As can be seen from the preliminary experiment results for both ammonia

and toluene TPD on the same catalyst in a similar type of vacuum TPD

reactor, the applicable reactor model might still be different with different

probe molecules. Hence the reactor model must be always probed for and

not assumed based on previous experiments, when it comes to zeolites or
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other microporous materials. Varying the particle size of the zeolite shows

the significance of pellet-level mass transfer limitations, even though the

pellet is assumed to have a mesoporous structure in between the primary

crystals, increasing the mesopore volume of the sample [76].

The coverage-dependence of ammonia diffusivity coefficient falls into

type IV by Kärger and Pfeifer [41], which corresponds to a diffusivity

maximum at an intermediate coverage, whereas for toluene, no coverage

dependence was deemed necessary to describe the system behavior.

Adsorption characteristics of a reactant or probe molecule vary strongly

between the catalytic material and the selected molecule. Based on the

high desorption temperature (Tmax ≈ 300–360 ◦C), ammonia adsorption

on acidic zeolite is strong whereas toluene adsorption on the same zeolite

is rather weak (Tmax ≈ 115–160 ◦C).
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4. Reversible adsorption, reactive
adsorption and titrating surface
reactions

In reversible adsorption both the adsorbate and the adsorbing surface

sites return to their original state after desorption. During reactive ad-

sorption bonds are rearranged from the adsorbate and/or the adsorbing

surface. In the simple TPD cases [I, II] the same molecule goes in and

out and does not react in between. An example of reactive adsorption

could be methanol adsorption on metal oxides: gas-phase methanol un-

dergoes dissociative adsorption to form methoxy (–OCH3) and hydroxyl

(–OH) surface groups [77] and the desorbing oxidized species during TPD

are either CO2, dimethyl ether or formaldehyde from the methoxy species

and water from the OH groups [77]. Formaldehyde is the redox product,

dimethyl ether the acid-catalyzed product, and CO2 the base-catalyzed

product [77].

In this work reversible and reactive adsorption were investigated with

carbon oxides on monoclinic zirconia [III, IV]. Temperature-programmed

surface reaction (TPSR) and diffuse reflectance infrared Fourier trans-

form spectroscopy (DRIFTS) experiments were carried out at 100–550 ◦C

after three different pretreatments (reduction, hydration, reduction and

hydration) to include the effect of the surface hydroxyl groups partici-

pating in the adsorption processes. A theoretical approach was obtained

using density functional theory (DFT). The interactions of CO and CO2

on three different surface sites (terrace, edge and corner) of monoclinic

zirconia were studied using both clean and hydroxylated surfaces.

4.1 Interaction of CO2 with ZrO2: Bicarbonates and carbonates

Based on the DRIFTS experiments with CO2, two types of adsorbed species

are formed: carbonate species (either monodentate or bidentate carbon-

ate) and bicarbonate species in either monodentate or bidentate form. The
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measured spectra are shown in Figure 4.1. The bands at ca. 3615 cm−1

(not shown), 1626–1620 cm−1, 1435–1428 cm−1 and 1223–1220 cm−1 are

assigned to bicarbonate species [53, 78–80]. The bands at 1570–1560 cm−1

and 1332–1328 cm−1 are assigned to bidentate carbonates [53, 78–80],

and the bands at 1524 cm−1, 1495 cm−1 and 1397 cm−1 are considered as

monodentate carbonates [81]. Based on the spectra, the intensities of both

bicarbonate and carbonate species are at their highest at 100 ◦C, decreas-

ing with increasing temperature. Bicarbonate species disappear from the

spectra at 350–375 ◦C after all pretreatments, whereas some carbonate

species are still detected at 550 ◦C. Figure 4.2 demonstrates the structure

of both the bidentate carbonate and the bidentate bicarbonate species.

The pretreatments seem to affect the formed species so that bicarbonate

formation is intensified at high degrees of hydration.

Figure 4.1. DRIFTS spectra at 100–400 ◦C in the presence of CO2, starting from left:
reduced (R), hydrated (H) and reduced and hydrated zirconia (R+H) [IV].

(a) Bidentate carbonate. (b) Bidentate bicarbonate.

Figure 4.2. Surface structures of bidentate carbonate and bidentate bicarbonate species.

CO2-TPSR experiments give an idea of the extent and dynamics of the
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interaction between carbon dioxide and monoclinic zirconia as a function

of temperature. The information is shown in Figure 4.3, where the ‘0’

level corresponds to the gas concentration at the inlet of the TP reactor,

any value below ‘0’ means consumption and any level above ‘0’ means re-

lease from the surface. This applies to the feed component (CO2) as well

as the other observed components in the gas phase. The overall trend in

the TPSR seems to be a release of CO2 until 550 ◦C, the maximum temper-

ature of the experiment. On reduced (R) and hydrated (H) samples there

are low-temperature (<300 ◦C) and high-temperature (>300 ◦C) processes

whereas for the reduced and hydrated (R+H) sample there seem to be

several desorption processes of the same magnitude, the one with a maxi-

mum at ca. 150 ◦C likely the same as the low-temperature process on the

two other samples. The low-temperature process corresponds to bicarbon-

ates and the high-temperature one to carbonate species based on the IR

results. The decrease in the carbonate process compared to the bicarbon-

ate process on R+H is in agreement with the highly hydroxylated surface

affecting the carbonate adsorption sites. In addition to CO2, also water

and CO are released, both at the same temperature range, on samples R

and H above 300 ◦C and on sample R+H already below 200 ◦C. The overall

amount of the released CO2 and CO sums up to 6–21μmol/m2.

DFT calculations involving CO2 on the terrace (111), edge (212) and cor-

ner (212) sites resulted in carbonate species on clean (non-hydroxylated)

sites and bicarbonate species on hydroxylated sites. The adsorption ener-

gies for the most stable carbonate species vary from –109 kJ/mol on the

edge site to –73 kJ/mol on the corner site, while on the terrace site the

adsorption is weak at only –15 kJ/mol. The surface configuration of the

adsorbed species is bridging monodentate on the edge site and bridging

bidentate on the other two. Bicarbonate species are formed with a bridg-

ing bidentate structure on terminal hydroxyl sites and their adsorption

energies are of similar magnitude for all three site types, varying from

–47 kJ/mol up to –56 kJ/mol, and the strongest adsorption takes place on

the corner site.

4.2 Interaction of CO with ZrO2: Linearly adsorbed CO and
formates

CO adsorption leads to the formation of linearly adsorbed CO species

on the ZrO2 surface as well as surface formates with the surface hy-
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(a) Reduced ZrO2 (R). (b) Hydrated ZrO2 (H).

(c) Reduced and hydrated ZrO2 (R+H).

Figure 4.3. CO2-TPSR as a function of temperature with different pretreatments. ’0’
refers to feed level, CO2 at 2.97·10−6 mol s−1g−1, others at 0 mol s−1 g−1

[IV].

droxyl species. The IR bands of linearly adsorbed CO species appear at

2192 cm−1 and 2184 cm−1 [56] and the formate bands at 2965–2961 cm−1,

2876–2873 cm−1, 2757–2749 cm−1 , 2738–2729 cm−1, 1568–1567 cm−1,

1386–1385 cm−1, 1378 cm−1, 1367 cm−1 and 1356–1354 cm−1 [80, 82–

84]. For brevity, only the bands at 1650–1300 cm−1 are shown for all

pretreatments. In the case of reduced zirconia (R), linear CO intensity

was observed to decrease from its initial value at 100 ◦C during the initial

CO adsorption of 28 minutes, and simultaneously formate species inten-

sity slowly increased, the spectra at 100 ◦C are shown for reduced ZrO2

in Figure 4.4. At temperatures above 250 ◦C, linearly adsorbed CO is no

longer observed. On hydrated samples (H and R+H), no formation of lin-

early adsorbed CO species is observed and formate formation takes place

at 175 ◦C and above. The formate bands with increasing temperature for

all three samples are shown in the spectra of Figure 4.5. The maximum

formate intensity is observed at ca. 325–350 ◦C, at slightly higher tem-

peratures with the hydrated samples (H and R+H) than with the reduced

sample. Formates reside on the surface even at 550 ◦C on all three pre-

treated samples in the presence of CO. The structures of linearly adsorbed

CO and bidentate formate species are shown in Figure 4.6.
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Figure 4.4. DRIFTS spectra as a function of time at 100 ◦C in the presence of CO on
reduced (R) zirconia. Linear CO bands are on the left-hand side and formate
bands are at the middle and on the right-hand side [IV].

CO-TPSR experiments are shown in Figure 4.7 similarly as the CO2-

TPSR results. As can be seen from the CO signal dipping below ‘0’ level,

there is significant CO uptake on both reduced (R) and hydrated (H) zirco-

nia sample below 300 ◦C. This coincides with the formate band intensifi-

cation seen in Fig. 4.5. On the reduced and hydrated (R+H) sample, there

is a CO release process starting already at ca. 150 ◦C and continuing until

300 ◦C. Above 300 ◦C, there is CO release as well as formation of CO2 and

H2 on all the samples, corresponding to formate decomposition. The max-

imum CO release is at ca. 370 ◦C, and CO2 and H2 behave similarly with

a maximum at ca. 500 ◦C. Water release is observed on all the samples,

above 300 ◦C on reduced (R) and hydrated (H) samples, and above 150 ◦C

on the reduced and hydrated (R+H) sample. The overall extent of the in-

teraction between CO and ZrO2 is slightly less than with CO2, the overall

amount of carbon oxides released from the surface being ca. 3–6μmol/m2.

DFT calculations with CO resulted in strongly adsorbed formate species

on hydroxylated surface sites, adsorption is the strongest on the terrace

site with an adsorption energy of –170 kJ/mol, while the other two sites

have formate species with adsorption energies of ca. –140 kJ/mol. All the

formate species favor a bridging bidentate configuration. Formate forma-

tion is activated, the lowest calculated activation energy is at 154 kJ/mol.

In addition to formate species, linearly adsorbed CO species formed on

an undercoordinated zirconium atom in the non-hydroxylated corner site

with an adsorption energy of –45 kJ/mol.
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Figure 4.5. DRIFTS spectra at 100–550 ◦C in the presence of CO on reduced (R), hy-
drated (H) and reduced and hydrated (R+H) zirconia [IV].

(a) Linearly adsorbed CO. (b) Bidentate formate.

Figure 4.6. Surface structures of linearly adsorbed CO and bidentate formate species.

4.3 Nature of COx-based surface species

The ideal type of adsorption (chemisorption) is an interaction between

the adsorbate and adsorbent, where neither the adsorbing species nor the

surface undergo changes in bonds. A less demanding option is reversible

adsorption, where the initial states of both the adsorbate and the adsorb-

ing surface sites are restored after desorption. During reactive adsorption

bonds are reorganized from the adsorbate and/or the adsorbing surface. In

the TPD cases [I, II] the same molecule goes in and out and is assumed to

not react in between. During CO2 adsorption on monoclinic zirconia, CO2

is adsorbed on the c.u.s. cations or on c.u.s. anion–cation pairs [85] as car-

bonate species or on terminal hydroxyl groups as bicarbonate species [86].

The formation of bidentate bicarbonate species is depicted in Figure 4.8.

Carbonate formation does not break any bonds, but for bicarbonate forma-

tion (as shown in Fig. 4.8) either the OH group or just the hydrogen atom

must be detached from the terminal hydroxyl species Zr–OH in order to
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(a) Reduced ZrO2 (R). (b) Hydrated ZrO2 (H).

(c) Reduced and hydrated ZrO2

(R+H).

Figure 4.7. CO-TPSR as a function of temperature with different pretreatments. ’0’
refers to feed level, CO at 2.97·10−6 mol s−1 g−1, others at 0 mol s−1 g−1

[IV].

create the bicarbonate species.

Figure 4.8. Formation of bidentate bicarbonate species with changed bonds highlighted.

CO adsorption leads to the formation of linear CO species on a reduced

ZrO2 surface as well as the formation of surface formates with the ter-

minal hydroxyl species. The formation of the linear CO species takes

place with the traditional, ideal reversible adsorption mechanism while

formate formation requires reorganizing bonds in the terminal hydroxyls,

as shown in Figure 4.9. The breaking bonds are either the O–H bond or

the Zr–OH bond, as with bicarbonate formation.

Formate formation and CO adsorption on monoclinic zirconia show the

versatility of the adsorption sites and the adsorption process with the

same probe molecule and oxide surface: formate formation is highly exother-
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Figure 4.9. Formation of bidentate formate species with changed bonds highlighted.

mic at –100. . .–170 kJ/mol and highly activated at 154 kJ/mol according

to DFT results [IV], whereas linearly adsorbed CO is inactivated and the

adsorption enthalpy is only moderate at ca. –50 kJ/mol [56].

As formate formation is activated [81, 87], its formation rate is signifi-

cantly temperature-dependent: at room temperature the formation is ex-

tremely slow and at 300 ◦C it proceeds at an observable rate, yet reach-

ing a constant coverage at 250 ◦C can take more than 9 hours [88]. This

makes investigating the formate formation mechanism somewhat easier,

as the process is slow and it is possible to observe the intermediate stages

at the time scale of minutes. In the case of reduced zirconia, linear CO

intensity was observed to decrease from its initial value at 100 ◦C dur-

ing the initial CO adsorption of 28 minutes, and simultaneously formate

species intensity slowly increased [IV]. This was not observed on either of

the other two pretreated zirconias, namely hydrated (H) and reduced and

hydrated (R+H) samples as the linear CO species are not observed at all

on the hydrated surfaces, as expected based on the results of Bolis et al.

[56]. As the decrease in linear CO and increase in the formate species are

simultaneous, it is suggested that the formate formation can take place

with a linear CO species as an intermediate, proposed as an alternative

to the formation from gas-phase CO by Bianchi et al. [54].

When it comes to decomposing the surface species created by breaking

bonds, for example, the bicarbonate or the formate species, breaking the

bonds does not necessarily mean that the decomposition of the surface

species would proceed in an irreversible way. Bicarbonates decompose re-

versibly to gas-phase CO2 and terminal hydroxyl species, but in the pres-

ence of a suitable gas phase, they can also react further on the zirconia

surface, for example, when in contact with hydrogen, the bicarbonates can

be reduced to formate species [83]. Formate decomposition can also take

place reversibly, restoring the surface hydroxyls and CO in the gas phase,

but also irreversibly as a surface reaction leading to formation of gas-

phase CO2 and hydrogen. Both of these decomposition routes take place

also in an inert atmosphere [80, 87, 89]. On monoclinic zirconia, only a

52



Reversible adsorption, reactive adsorption and titrating surface reactions

minority of the formate species decompose via the irreversible route [54],

which seems reasonable considering the reaction energies of the formate

decomposition routes according to DFT, favoring reversible decomposition

to CO2 and H2 formation. Evolution of water is also observed during the

temperature-programming both in inert and with CO present, the water

is assumed to originate mostly from the dehydroxylation of zirconia as it

originally contains hydroxyl (OH) groups on the surface. It is suggested

that the terminal and multicoordinated hydroxyls react so that the OH

of the terminal OH group and the H atom of the multicoordinated hy-

droxyl form a water molecule desorbing from the surface, leaving behind

a multicoordinated c.u.s. oxygen atom and an oxygen vacancy, as shown

in Fig. 4.10.

Figure 4.10. (De)hydroxylation mechanism.

As formate formation is activated, a conventional TPD experiment start-

ing from room temperature is not the most effective procedure to extract

meaningful information about it. As formates form on hydroxyl species,

the initial state of the sample plays a significant role during adsorption.

To understand the kinetics and thermodynamics of the process, one option

for an experimental procedure is temperature-programmed surface reac-

tion, where the CO is first adsorbed at a constant temperature for long

enough (e.g. two hours) and thereafter the sample is heated in the CO

atmosphere. This means the dynamics of the system can be investigated

and used either qualitatively or even for transient kinetic modeling. The

same approach at lower temperatures can also be used for studying the

dynamics of linear CO, as the adsorption is quite weak and the amounts

obtained with conventional TPD tend to be small due to partial removal

of the adsorbed species during flushing.

To sum up, all surface species and reactions related to COx, H2O and

monoclinic zirconia are collected in Figure 4.11. Multicoordinated hydrox-

yls are shown as bibridged OH groups to simplify the scheme. Linearly

adsorbed CO is not present at high degrees of hydroxylation, as stated

previously, yet at low OH coverages it seems to be an intermediate for

formate formation.
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Figure 4.11. COx, H2O and their surface reactions on monoclinic zirconia.
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5. Conclusions

In this work, temperature-programmed methods were used with tran-

sient kinetic modeling and with other experimental and theoretical meth-

ods to improve the understanding of surface interactions on oxide materi-

als. The selected materials, zeolite H-ZSM-5 and monoclinic zirconium

oxide, have a simple chemical composition; however, they are surpris-

ingly complex. H-ZSM-5 has a hierarchical pore structure inducing mass

transfer limitations whereas monoclinic zirconia, as other binary oxides,

has surface defects which can be manipulated using water and hydrogen.

Both materials have several types of surface sites, and they are often stud-

ied indirectly with probe molecules as direct observations of single surface

sites are not representative of the oxide.

Temperature-programmed desorption (TPD) is an established experi-

mental method but using the data for transient kinetic modeling remains

scarce. Intensive method development was necessary for successful mod-

eling of ammonia sorption and diffusion kinetics within H-ZSM-5 in vac-

uum. The applied methodology was taken even further with the toluene

TPD data, as the two setups for the same adsorbate–adsorbent system re-

quire that the description should differ only at the reactor level and per-

haps also due to the pressure gap. This exercise shows that vacuum TPD

is a versatile investigation tool for adsorbate–adsorbent interactions and

due to the transient nature of the TP methods, the number of necessary

experiments is quite limited.

Temperature-programmed surface reaction (TPSR) can be applied to

study the adsorbate–adsorbent interaction as a dynamic process, includ-

ing weak and activated adsorption, whereas TPD is limited to the sur-

face species that are formed at the adsorption temperature and remain

on the surface during flushing or evacuation prior to heating. TPSR is

also closer to reaction conditions than TPD, giving more relevant infor-
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mation of the surface during the temperature ramp. When combined with

IR spectroscopy, the processes revealed by TPSR can be linked to surface

species. The interaction of zirconia and carbon oxides shows the signifi-

cance of hydroxyl groups on the zirconia surface, allowing even mechanis-

tic observations of formate formation due to its activated and thus slow

adsorption at ca. 100 ◦C while the linearly adsorbed CO is still present on

the surface.

Temperature-programming as a transient method enables simultane-

ous kinetic modeling of mass transfer and intrinsic kinetics by uncoupling

the processes with different temperature dependencies. This is advanta-

geous especially when operation in mass transfer limited conditions is

unavoidable. The combination of in situ spectroscopy and temperature-

programmed methods has proven useful, as spectroscopy is used to iden-

tify surface species whereas temperature-programmed methods reveal the

dynamics of the interaction. When these two methods are supplemented

with a theoretical approach, revealing the energetics and surface config-

urations, the interpretation may differ largely from the interpretation of

results based on any of the methods alone.
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[51] Kijeński, J., Baiker, A., Acidic sites on catalyst surfaces and their determi-
nation, Catal. Today 5 (1989) 1–119.

[52] Tanabe, K., Misono, M., Ono, Y., Hattori, H., Determination of acidic and
basic properties on solid surfaces, in Studies in Surface Science and Catal-
ysis, volume 51, Elsevier (1989) pp. 5–25.

[53] Bachiller-Baeza, B., Rodriguez-Ramos, I., Guerrero-Ruiz, A., Interaction of
carbon dioxide with the surface of zirconia polymorphs, Langmuir 14 (1998)
3556–3564.

[54] Bianchi, D., Chafik, T., Khalfallah, M., Teichner, S. J., Intermediate species
on zirconia supported methanol aerogel catalysts. II. Adsorption of carbon
monoxide on pure zirconia and on zirconia containing zinc oxide, Appl.
Catal., A 105 (1993) 223–249.

[55] Mugniery, X., Chafik, T., Primet, M., Bianchi, D., Characterization of the
sites involved in the adsorption of CO on ZrO2 and ZnO/ZrO2 methanol syn-
thesis aerogel catalysts, Catal. Today 52 (1999) 15–22.

[56] Bolis, V., Morterra, C., Volante, M., Orio, L., Fubini, B., Development and
suppression of surface acidity on investigation on monoclinic zirconia: A
spectroscopic and calorimetric investigation, Langmuir 6 (1990) 695–701.

[57] Bolis, V., Cerrato, G., Magnacca, G., Morterra, C., Surface acidity of metal
oxides. Combined microcalorimetric and IR-spectroscopic studies of vari-
ously dehydrated systems, Thermochim. Acta 312 (1998) 63–77.

[58] Viinikainen, T., Kauppi, I., Korhonen, S., Lefferts, L., Kanervo, J., Lehto-
nen, J., Molecular level insights to the interaction of toluene with ZrO2-
based biomass gasification gas clean-up catalysts, Appl. Catal., B 142–143
(2013) 769–779.
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