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Abstract This chapter presents the fundamentals, the experimental setups and the
applications of temperature-programmed desorption (TPD), method used to inves-
tigate the events that take place at the surface of solid material while its tempera-
ture is changed in a controlled manner. At the beginning, fundamental principles of
adsorption and desorption phenomena, as well as the data concerning first exper-
imental setups are given. Further, important information related to the construc-
tion of nowadays used equipment and the organization of common experiments are
underlined. The significance of data directly obtained from temperature-programmed
experiment—TPD profile, which are the area under it and the position of peak
maximum, are highlighted. Particular attention is given to the results that can be
derived from these data—characterization of active sites that can be found on the
surface of solid material and determination of kinetic and thermodynamic parame-
ters of desorption process. In this regard, the influence of important experimental
parameters on derived values is explained. Besides, the distinctions between TPD
experiments performed in ultra-high vacuum and in the flow systems (differences
in experimental setups and in the derivation of kinetic and thermodynamic parame-
ters) are explained. Also, the modification of temperature-programmed techniques,
known as temperature-programmed oxidation and temperature-programmed reduc-
tion are shortly explained and compared with temperature-programmed desorption
method. In the end, a brief comparison of the TPD and adsorption calorimetry, two
most widely used techniques for the study of acid/base properties of catalysts, is
given.
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University of Belgrade, Nemanjina 6, 11080 Zemun, Serbia
e-mail: vesna.rakic@ffh.bg.ac.rs

L. Damjanović
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4.1 Introduction

Temperature-programmed desorption (TPD) belongs to the group of techniques
in which an event that takes place at the surface of solid substance is moni-
tored, while the temperature of investigated sample is changed with a temperature
program β(t) = dT/dt. When the technique is applied to a system in which the
adsorption process is (at least in part) irreversible and surface reaction takes place,
this technique is often known as temperature-programmed reaction spectroscopy
(TPRS). Although most often investigated surface process is desorption, reactions
such as reduction, oxidation or sulfidation can be monitored using the techniques
named temperature-programmed reduction (TPR), temperature-programmed oxi-
dation (TPO) or temperature-programmed sulfidation (TPS), respectively. Usually,
temperature T is a linear function of the time t; in that case the heating rate β is
constant value.

In general, temperature-programmed methods are applicable for the investiga-
tion of both porous materials (such as real catalysts) and well-defined surfaces of
single-crystalline samples. In addition, their application is experimentally simple and
inexpensive, what explains their wide application in several scientific domains.

Temperature-programmed desorption originates from so-called flash desorption,
which was originally developed in early fifties of twentieth century to quantitatively
investigate the kinetics of molecular desorption from well-defined single crystal
surfaces in high vacuum [1]. Flash desorption involved the adsorption of a known gas
on the sample (in the form of a ribbon or wire, rigorously cleaned previously) while
kept in vacuum. Subsequently, desorption was provoked by heating while the pressure
in the system was recorded: as the temperature increased, certain previously absorbed
species had enough energy to desorb from the surface and would be detected as a
rise in pressure. The resulting pressure-time curve was referred to as a “desorption
spectrum” [1, 2]. In flash desorption, temperature was raised very quickly (from
1 to 1000 Ks−1). Two heating schedules were applied: a linear variation of sample
temperature with time: T = T0 + βt and its reciprocal variation 1/T = 1/T0 − αt (T0
is starting temperature, α and β are constants) [1]. From the beginning, the possibility
to extract the heat of adsorption from the obtained results was demonstrated.

Flash desorption was mainly applied for the investigations of low-surface area
substances such as metals. The method was later adapted for the investigations of
high-surface area materials, under carrier gas and ambient pressure. In the domain
of catalysis, the pioneering work in this direction was done by Amnenomiya and
Cvetanović [3], who studied the catalysts’ active sites, and needed the methodology
that enabled conditions similar to those ordinarily used in catalytic reaction. Their
apparatus allowed the pre-treatment of solid material by heating and evacuation, its
exposure to molecular species of interest (at low temperature) and subsequent pro-
grammed desorption performed by heating in a controlled manner with the possibility
to detect the desorbed gas in the carrier. This equipment consisted of two important
parts: a temperature programming controller and a thermistor type thermal conduc-
tivity cell for measuring the rate of desorption of pre-adsorbed molecules from the
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surface. In this way, it was enabled to increase the temperature in a controlled manner,
slowly (about 1 to tenth degrees K per minute), in a manner similar to those applied in
real catalytic reactions.1 An additional important feature of their modified technique
was that it permitted simultaneous study of a chemisorption process and the surface
reaction which accompanied it. Applying the “temperature-programmed desorption”
(the name they used for this modification of flash desorption), Amnenomiya and Cve-
tanović discovered the existence of two different active sites for the adsorption of
ethylene on alumina [4]. Importantly, they employed the method to calculate the
values of energies for ethylene desorption.

Since that time, the method is widely developed; experimental setups are improved
and adjusted to many different purposes (e.g. for the investigations of oxidation and
reduction reactions). Today, two main types of equipment are available: those oper-
ating under ultrahigh vacuum and so-called “flow” systems. Well-defined surfaces
of single-crystalline samples are investigated in a continuously pumped ultra-high
vacuum (UHV) chamber (this technique is often referred to as thermal desorption
spectroscopy—TDS [5]). The equipment that is constructed to allow adsorption–
desorption in the gas flow are most often used for the investigation of porous materi-
als (catalysts, for example). Vacuum setups are customarily used for surface science
studies, but they can be also useful for the characterization of porous materials.

Generally, TPD can be described as the measurement of the rate of desorption
of adsorbed molecules, as a function of temperature. Therefore, this method can be
useful in the extraction of very important information. It can be used in the identifi-
cation and characterization of sites active in adsorption and catalytic reactions, in the
study of adsorption states, binding energies, surface concentration and desorption
kinetics. To summarize, this method is nowadays very important and often applied
for the characterization of materials used as catalysts. In this domain, two main areas
of applications are: the characterisation of acid/base properties of solid materials,
what is essential for understanding their reactivity2; and the determination of kinetic
and thermodynamic parameters of desorption processes or decomposition reactions.

In the following sections, the basic concepts of temperature-programmed methods
(primarily temperature-programmed desorption, but also temperature-programmed
reactions) are outlined. At the beginning, fundamental principles of adsorption and
desorption—their thermodynamic and kinetic aspects, are presented. Furthermore,
the descriptions of experimental setups, the data that can be obtained from the exper-
iments and their interpretation are given. The possibilities to extract the adsorption
energies and kinetic parameters from experimental results are discussed. Finally, the
examples of possible applications and the comparison of results obtained by TPD
with those obtained from adsorption calorimetry, are presented.

1 Significant difference in heating rates makes main distinction between “flash desorption”, where
the heating rate is very high (the desired temperature is reached in seconds) and temperature-
programmed desorption (where the sample is heated in minutes or even hours).
2 TPD is perhaps the most often used for estimation of acid/base properties of solid catalysts.
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4.2 Adsorption–Desorption; Fundamental Principles

Adsorption is defined as the enrichment of gas or liquid (adsorbate) at the surface
of a solid material (adsorbent); or as the increase in the density of the fluid in the
vicinity of an interface. Adsorption takes place at the active sites—specific points
on the solids’ surface that possess affinity toward the particles coming from the gas
or liquid phase; it happens when an attractive interaction between a particle from
adsorbate phase and a surface is strong enough to overcome the disordering effect
of thermal motion [6, 7].

In discussing the fundamentals of adsorption it is usual to distinguish between
physisorption, which takes place when the attractive interactions are essentially the
result of weak intermolecular forces; and chemisorption, which involves the over-
lapping between the molecular orbitals of the adsorbed particle and the surface
atoms (i.e. electron transfer which leads to the formation of chemical—covalent
bond between adsorbate molecule and the active site at the surface). Although this
distinction is very useful, it has to be pointed out that there are many intermediate
cases, and that it is not always possible to categorize a particular event at the surface
as physi- or chemisorption. However, there are some general characteristics which
distinguish these two possible types of adsorption. Chemisorption is highly specific,
while quite contrary, physisorption is non-specific; chemisorption may involve dis-
sociation, it is possible over a wide range of temperature and a monolayer is formed;
while physisorption takes place only at relatively low temperatures, multilayer can
be formed, dissociation of adsorbed species does not happen. However, the most
important distinction is the amount of heat that is associated to either one of these
two general types of adsorption: physisorption is characterized by low heat of adsorp-
tion (below approximately 50 kJ mol−1); while chemisorption is characterized by
high heat of adsorption, typically exceeding 50 kJ mol−1. Hence, as a result of mole-
cular chemisorption, the weakening of intramolecular bonds inside the adsorbed
molecule can happen, which may lead to its dissociation [6–8]. The differences in
potential energies curves that present processes of physisorption and chemisorption
(dissociative and non-dissociative) are presented in Fig. 4.1.3

In addition, chemisorption is often an activated process, which means that the for-
mation of a chemisorptive bond requires overcoming the activation barrier (Fig. 4.1b);
it may be slow and irreversible. By contrast, physisorption is rapid, non-activated
and reversible process.

3 Dissociative chemisorption of a diatomic molecule can also happen through the dissociation in a
gas phase and a creation of two gas phase atoms; these two atomic species can be then adsorbed on
the surface (this way is almost always non-activated). If the curves describing molecular and atomic
adsorption intersect at or below the zero potential energy line, then the precursor physisorbed mole-
cule can experience non-activated dissociation, followed by chemisorption (Fig. 4.1a). In contrast,
if the energetic for these two pathways are such that the intersection occurs above the zero energy
plane, then chemisorption will be activated with activation energy, Ead , as indicated in Fig. 4.1b.
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Fig. 4.1 Potential energy curves for (1) physical and (2) chemical adsorption: (a) non-activated
(b) activated. Epot - potential energy, Qc - heats of chemisorption, Qp - heats of physisorption, Ead -
energy of activation for desorption, Ediss - dissociation energy for the diatomic molecule. The sum:
�Edes = Ead + Qc is the the heat of hemisorption, in the activated processes [8]

4.2.1 Thermodynamic View

Both physisorption and chemisorption are exothermic processes, what can be con-
cluded from a simple thermodynamic consideration. The adsorbed molecule has
at most two degrees of translational freedom on the surface; in addition, its rota-
tional freedom must always be less than that of the gas phase molecule. In total the
adsorbed molecule possesses less degree of freedom than the same molecule in the
gas phase. Consequently, the entropy change of adsorption �Sads = Sads − Sgas is
obligatory negative. However, the adsorption is spontaneous process, which means
that the free energy change (�G = �H −T�S) must be negative. Negative value
of entropy change �Sads means that the second term in previous relation is positive
(−T�Sads), what requires the value of �H necessarily negative. Hence, adsorption
is always exothermic process [6].

The heats of adsorption provide a direct measure of the strength of the bonding
between adsorbate and the active site at the surface of solid substance. Therefore,
it is of importance to estimate these values, particularly in the domain of catalysis
where the strength of active sites determines the mechanism and the yield of certain
process. One possible way to determine the heat of adsorption is to apply calorimetry,
experimental technique which provides the heats of adsorption as a function of the
adsorbed amount (−�H = f(na), where na is the adsorbed amount and −�H is, in
that case, so-called differential heat) [9]. The heats of adsorption can be derived also
from the variation of adsorption with temperature. In that case, Clausius-Clapeyron
equation and the data from isosteric measurements are used (in that way, so-called
isosteric enthalpy of adsorption can be obtained).
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The extent of surface coverage (or simply surface coverage), reached as a result
of adsorption, is usually denoted as θ . It is a ratio between adsorbed particles number
(Nads) and the number of adsorption sites available at a surface (usually denoted as
active sites −Nsur f ): θ = Nads / Nsur f . The chemical equilibrium between adsorbed
species and gas phase particles is reached when chemical potentials of adsorbate
particles in both phases are equal (the rates of adsorption and desorption are equal);
and it is characterized by constant value of surface coverage θ . The temperature
dependence of the gas pressure p required for equilibrium between the adsorption and
desorption can be calculated from the Clausius-Clapeyron equation [6]. Neglecting
the volume of the condensed surface phase, this relation becomes:

(
∂lnp

∂T

)
θ

= qisost

RT 2 (4.1)

where qisost denotes so-called isosteric heats of adsorption. Evidently, these values
can be calculated from the temperature dependence of the adsorption isotherms, i.e.
from the isosteres, for each average temperature:

qisost =
(

∂ H

∂θ

)
T

= −RT 2
(

∂(ln P)

∂T

)
nr

(4.2)

where T is the absolute temperature, R the gas constant and nr the number of
reversibly adsorbed molecules.4

Third possibility to obtain the adsorption heats is to extract them from the data
acquired from temperature-programmed desorption experiments. This possibility
will be exposed in detail later, in the Sect. 4.5.2. However, for that purpose, it is
obligatory to know some basic postulates about the kinetics of adsorption and des-
orption; what is given in the following section.

4.2.2 Kinetics of Adsorption and Desorption

In the case of gas-phase adsorbate, the surface coverage θ is dependent on the gas
pressure. Adsorption isotherms relay the surface coverage and the gas pressure (at
constant temperature); the most known equation of this type is Langmuir adsorption
isotherm. It is based on the following assumptions [6]:

– one adsorbed particle interacts with one active site at the surface (once adsorbed,
it is immobile on the surface);

4 Instead to define equilibrium by constant surface coverage, it is possible to keep constant pressure
at the surface; in that case the equilibrium heat of adsorption qeq is incorporated in Clausius-
Clapeyron equation.
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– the surface of adsorbent is saturated when all adsorption sites are covered with
the particles of adsorbate, i.e. the adsorption goes on until monolayer of adsorbate
particles is spread over the solid (then, θ equals 1);

– there are no interactions between the adsorbed particles.

The rates of adsorption (rads) and desorption (rdes) are proportional to the numbers
of empty or occupied active sites, θ or (1 – θ ), respectively:

rads(θ) = An p (1 − θ)x

rdes (θ) = Bnθ
x (4.3)

where rads and rdes are the rates of adsorption and desorption, respectively, An and
Bn are constants, while x is the kinetic order of surface event (x can be 1 or 2,
although adsorption and desorption are usually considered as the first order events).
In the equilibrium, the rates of adsorption and desorption are equal: |rads | = |rdes |,
therefore, surface coverage θ can be expressed as:

θn = (bn p)1/x

1 + (bn p)1/x (4.4)

(where bn(T ) = An/Bn = const, x = 1, 2).
If adsorption is a reversible process (i.e. backward process—desorption, passes

through exactly the same states), the rates of both processes can be described using
the same equation:

r = −dθ

dt
= k · θx (4.5)

However, in contrast to adsorption which may or may not be activated process, des-
orption is always activated, with a minimum activation energy denoted as activation
energy for desorption (�Ea

des). The rate constant for desorption can be expressed by
Arrhenius equation:

kdes = ν (θ) · exp

(
−�Ea

des

RT

)
(4.6)

where ν (θ ) is pre-exponential factor, which is in general dependent on surface
coverage θ . Now, the rate of desorption becomes:

rdes = −dθ

dt
= ν(θ) · exp

(
−�Ea

des

RT

)
· θ x (4.7)

The relation (4.7) is customarily used to describe the rate of desorption, and is
known as Polanyi-Wigner equation.

Desorption is often explained assuming the existence of transition state:

(A)ads → (A)#
ads → Agas + ()ads (4.8)
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where (A)ads is molecule of specific adsorbate adsorbed on the active site at the
surface ()ads , Agas is the gas-phase molecule and (A)#

ads is the transition complex.
The equilibrium between the adsorbate and transition state is defined as:

K # = (A)ads

(A)#
ads

(4.9)

Equilibrium constant for overall desorption process (A)ads → Agas + ()ads ,
(K) can be considered as equal to K #. The reaction rate constant is related with the
equilibrium constant K# (hence, with equilibrium constant K), as:

kdes = kT

h
K # = kT

h
K (4.10)

From the other side, thermodynamic functions are related with the equilibrium
constant through the known relation:

�G = �H − T �S = −RT ln K (4.11)

The rate of desorption is customarily extracted from the experiments of
temperature-programmed desorption. Since the rate of desorption is related to the
equilibrium constant through the relations (4.5) and (4.10); it is evident that the rate
constant for desorption can be expressed as:

kdes = kT

h
K = kT

h
exp

(
−�Gdes

RT

)
= kT

h
· exp

(
�Sdes

R

)
·
(

−�Hdes

RT

)
(4.12)

Obviously, thermodynamic quantities (�Hdes , �Sdes and �Gdes) for the acti-
vated process such as desorption can be extracted from the data obtained from des-
orption experiments. Importantly, since the adsorption is spontaneous process (it
does not need the energy of activation), the heat of adsorption equals, in general,
the activation energy for desorption. Hence, desorption experiments provide also
thermodynamic parameters of adsorption.

4.3 Experimental Setups

The experimental setups for temperature-programmed desorption have evolved with
time. As it has been already stated, there are numerous experimental designs that
allow the application of this method under the conditions that are the same or very
similar to those applied in real catalytic reaction (or any other surface event). Nev-
ertheless, the various equipment used for these experiments, although different, is
all constructed to allow two main steps that are common for all thermal desorption
methods:
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Fig. 4.2 (a) Experimental setup for temperature-programmed desorption performed in vacuum.
The sample (monocrystal or a thin layer of powder) is exposed at the sample holder, which is
connected to the system for temperature control. The pumping speed has to be high enough to allow
the monitoring of desorbed species by mass spectrometer. Inset presents the output of one TPD
experiment—the TPD profile [5]. (b) In the flow systems, sample is placed in the sample holder,
inside the furnace [10]

1. The admission of desired gas to the sample.
2. The heating of the sample in a programmed way.

In TPD experiment, gaseous molecules (atoms) of interest are adsorbed at the
surface, at constant temperature. The adsorption is very often performed at ambient
temperature, but can be sometimes done at sub-ambient or at elevated temperature.
In the modifications of technique such as TPO or TPR, gaseous species are con-
sumed while temperature is increased in a programmed manner. In the case of TPD
procedure, desorption of adsorbate is monitored while increasing the solid sample
temperature in a controlled fashion; while in the case of TPR/TPO, the consumption
of active gas is monitored during temperature increase, as explained later in more
details (see Sect. 4.4).

From previously stated, it follows that temperature-programmed experiments can
be performed under ultrahigh vacuum or in the flow of gas. Still, whatever is the
experimental design, three main parts of equipment are always necessary to perform
this kind of investigations:

• The system for the controlled admission of (different) gases. The adsorption
is commonly performed as isothermal process. Nowadays, it is possible to con-
struct the equipment which enables the adsorption of desired and precisely known
amount of adsorbate. In the past, small polar molecules (NH3, CO, CO2, SO2,
H2O) have been usual adsorbates in the TPD studies. More recently, larger mole-
cules (such as hydrocarbons) and non-polar molecules (such as Ar2 or N2) have
been applied as adsorbates. Usually, adsorbates are denoted as “probes” or “probe
species”. Most often used are the probes customarily applied to titrate acidic or
basic surface sites (NH3, pyridine, CO, CO2, and SO2).
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• “Reactor” or sample holder, placed in a heated area (or furnace) where tem-
perature can be controlled. In the case of experimental setup constructed to allow
TPD in ultra-high vacuum (schematic presentation shown in Fig. 4.2a) sample is
deposited on a sample holder as a single crystal or monolayer, and connected with
a system for temperature control. In the systems that are designed to work in the
flow of gas, sample is placed in a reactor, which is usually a quartz tube placed in
furnace (Fig. 4.2b). By far, the most common approach is to increase the sample
temperature linearly with time at constant rates (β = dT/dt = const) that have
values between 0.5 K s−1 and 25 K s−1.

• A system for detection of evolved gases. Heating of the sample provokes the
evolution of species from the surface back into the gas phase, which has to be
monitored. The detectors used for detection and possible quantification of evolved
gases are: thermal conductivity detector (catharometer), flame ionization detector,
conductometric titration and mass spectrometer.

– Catharometer serves for measuring the difference in thermal conductivity between
reference gas and the gas that flows through the sample (it is used only in flow
systems). This kind of detectors is often used in the variations of temperature-
programmed (TP) methods, known as TPO or TPR.

– Flame ionization detector is in specific use for the detection of organic effluents:
effluent enters in a flame obtained by combustion of hydrogen and air, then, the
ions that are formed are trapped by two electrodes (with a potential difference
between them). As a result, electric current appears and can be detected.

– Conductometric titration is applied if it is possible to entrap the evolved gas in an
aqueous solution; then, the change in conductivity can be detected.

– In modern implementations of temperature-programmed techniques the detector
of choice is a small, quadrupole mass spectrometer (QMS). The application of
mass spectrometer enables simultaneous acquisition of single or multiple masses
desorbed during heating. In fact, the application of this kind of detector enabled the
distinction between different species desorbed in the same time from the surface.

Nowadays, two main techniques that are most often used for detection of effluents
are mass spectrometry and thermal conductivity; the whole process is most often
controlled by computer.

4.4 The Design of Temperature-Programmed Experiment;
Obtained Data

The equipment used for TPD experiments have to be designed in a way which
allows the performance of certain steps that may be necessary in particular experi-
ment. Firstly, sample is placed in the sample holder (reactor) and pre-treated in the
appropriate way (in vacuum or in the flow of desired gas, at desired temperature); the
pre-treatment procedure depends on the characteristics of investigated material and
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Fig. 4.3 Experimental setups for temperature-programmed desorption, reduction and oxidation.
(a) The reactor is placed inside the furnace which is connected with temperature programmer.
Detection of evolved gas(es) is performed by monitoring the variations in thermal conductivity of
gas mixture. (b) The TPD apparatus equipped with mass spectrometer as a detector [5]

Fig. 4.4 (a) Time dependence of adsorbate concentration upon exposing the solid sample. (b) An
example of TPD profile, drown as a signal of detector versus temperature. Common TPD profile
is a complex shaped curve. Figure presents the interaction (adsorption and desorption) of CO with
CoY zeolite [11]

the purpose of TPD experiment. Afterwards, the sample is exposed to the adsorbate.
Usually, the adsorption is performed isothermally, at appropriate temperature (fre-
quently at 300 K, but also at temperatures higher then this one, or even at sub-ambient
temperatures). Subsequently, physisorbed part of adsorbed gas is removed from the
surface, either by the evacuation, or by inert gas flow. The residual chemisorbed
adsorbate is desorbed by heating the sample in a controlled manner, preferably in
a way to give a linear temperature ramp; the analysis of the evolved gas (gases) is
performed to establish its identity and the amount, using the appropriate detection
system. The whole procedure is performed in situ.

Schematic presentation of one experimental setup that enables realisation of all
mentioned steps in vacuum is shown in Fig. 4.2, while Fig. 4.3 shows two typical
constructions designed for the experiments in the flow of appropriate gases.

The data obtained from one temperature-programmed experiment are presented
as the variation of a detector signal intensity (presented at y axis) as a function of time
(or temperature, presented at x axis). Consequently, as detector signal is proportional
to the concentration of the species desorbed from the surface, y axis values are
proportional to the rate of desorption (rdes).
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It is important to point out that in the case of flow systems, temperature-
programmed techniques can be used for quantitative measurements. For that purpose,
the gas flow has to be controlled and constant in time. If this condition is achieved, the
detector signal can be properly calibrated by using dilute gas streams of known con-
centrations: the signal of such a known mixture is passed through the empty reactor
(or bypass reactor) and the signal intensity is monitored. Furthermore, the intensity
of signal obtained as a result of the same gaseous species evolved from the sample
can be considered as proportional to the value obtained for the known mixture. Once
calibrated in that way, the intensity of detector signal can be given in concentration
units (Fig. 4.4), and the measurement of evolved gas concentration becomes possi-
ble. The calibration of a detector signal enables the precise determination of both
adsorbed and desorbed amounts.

The precise amount of adsorbed gas can be obtained by passing it through “bypass”
reactor, and subsequently, through the sample (Fig. 4.4a). If the detector signal has
been previously properly calibrated, the monitoring of two signals (bypass and
through the sample) provides the true adsorption amount of respective gas at a given
temperature, which can be derived from the surface in between these two signals.
Precise amount of desorbed gas can be obtained from the surface under the TPD
profile (Fig. 4.4b).

It is very important to keep in mind that many different chemical species can
evaporate from the sample in the same temperature region (particularly in the case of
real catalytic systems). In the old versions of TPD setups, the overall desorbed amount
would be recorded as a rise in the pressure. It is especially important to point out
that the incorporation of mass spectrometer as a detector enabled the discrimination
of different products, desorbed in the same time (in the same temperature region).

Figure 4.5 shows one example: evidently, the evolution of ammonia and hydrocar-
bons happens in the same temperature region (from ∼370 ◦C up to ∼440 ◦C), during
the thermal decomposition of 1,2-diaminopropane entrapped inside a zincophosphate
structure.

The insight in the typical TPD profiles presented in Figs. 4.4 and 4.5 reveals what
information can be obtained from one TPD experiment. There are two main classes
of data that we can “read” from the desorption profile:

1. The area under the TPD profile, which is proportional to the amount of adsorbate
originally adsorbed, in other words, to the surface coverage θ . Under particular
circumstances, id est, if the limitations such are diffusion and/or readsorption can
be neglected (see later, in the Sect. 4.5.2.2), temperature-programmed technique
can be employed as an excellent tool for determination of surface coverage.

2. The position of the peak maximum (along the temperature scale, Tmax ), which
is related to the activation energy for desorption. Generally, the higher the value
of temperature of peak maximum (Tmax ) is, desorption is more difficult, which
is an indication of stronger interaction between the adsorbate species and the
active site on the surface. As it has been explained previously, the adsorption
is spontaneous process, therefore, the heat of adsorption equals, in general,
the activation energy for desorption. Hence, the value of Tmax is related to the
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Fig. 4.5 Top TPD profiles of ammonia (m/z = 17) and hydrocarbons (Cx Hy , m/z = 26) obtained as
a result of thermal degradation of 1,2-diaminopropane entrapped inside a zincophosphate structure-
ZnPO-HDAP. Bottom Thermogravimetric and differential thermogravimetric signal of this decom-
position [12]

heat (enthalpy) of adsorption; in other words, to the strength of adsorbate binding
to the surface. The methods for deriving the activation energy for desorption from
the position of Tmax will be discussed latter. However, it is very important to note
here that a simple TPD profile that possesses only one peak (and one Tmax , like a
desorption profile of mass 17, presented in Fig. 4.5) is not a common case that can
be found for the majority of investigated systems. In fact, very often there is more
than one binding state for the adsorbate molecules on a surface, which express
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significantly different adsorption enthalpies (consequently, significantly different
activation energies for desorption); therefore, this will give rise to multiple peaks
in the TPD spectrum (one example is desorption profile presented in Fig. 4.4b).
In that case, the determination of Tmax positions demands particular attention.

4.4.1 The Design of TPR/TPO Experiments; Obtained Data

In the modification of temperature-programmed methods known as temperature-
programmed reduction (TPR), a reductive gas (usually H2 mixed with an inert gas) is
consumed by the sample, while the temperature is increased with a constant heating
rate β. In the case of temperature-programmed oxidation, the gas or gas mixture
which can perform oxidation (O2 mixed with an inert gas, air, N2O, etc.) is passed
through the sample. The reductive or oxidant gas consumption is monitored either
by mass spectrometer or by catharometer. If reduction is done by hydrogen, the
analysis is usually performed using a catharometer as a detector; the same stands
for TPO performed with oxygen as oxidative gas.5 The experiments of temperature-
programmed reactions (reduction, oxidation, or any other reaction, such is sulfidation,
for example) have to be performed in the systems that allow the calibrations of
detector signals [14]. Therefore, these experiments can be performed only using the
equipment that allows flow of different gases (as those setups presented in Fig. 4.3).

TPR and TPO profiles give information concerning the reduction or oxidation
(red-ox) state of the solid which is analyzed. These features are very important data
for commercial catalysts; what explains the vast application of TPR and/or TPO in the
characterization of solid materials for industrial applications. For example, reduction
is an inevitable step in the preparation of metallic catalysts [5, 15]. In addition, it is
often a critical step—if it is not performed correctly the catalyst may sinter or may
not reach its optimum state of reduction.

Similarly to the case of TPD, the data obtained from TPR or TPO experiments
are presented as the variation of detector signal intensity as a function of time (or
temperature). Generally, the data that can be obtained from temperature-programmed
reduction or oxidation are:

1. The difference in reduction (oxidation) temperature between different materials;
these differences are recognized from different positions of Tmax ;

2. The profile of TPR (TPO) pattern, which indicates the presence of one (or more)
species that can be reduced (oxidized);

3. The area under a TPR or TPO curve represents the total hydrogen (oxygen)
consumption, and is commonly expressed in moles of reductive (oxidative) gas
consumed per mole of metal atoms. Hence, the calculation of exact amounts of
those species which were reduced (oxidized) at the surface is possible.

5 In those cases, the consumption of either reductive or oxidative gas by the catalyst is derived
from the change in thermal conductivity of the gas mixture.
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Table 4.1 The organization of temperature-programmed techniques

Temperature-programmed desorption Temperature-programmed reduction or
oxidation

Sample is pre-treated if necessary (by
heating, or by flushing isothermally, in the
desired atmosphere).

Sample is pre-treated if necessary (by
heating, or by flushing isothermally, in the
desired atmosphere)

The sample is exposed to the adsorbate,
isothermally.

The sample is purged by inactive gas,
isothermally

Desorption of physisorbed part of a gas by
inert gas flow (isothermally, at the
appropriate temperature).

The exposure of a sample to the reductive or
oxidative gas, in the linear heating regime.
The detector monitors the consumption of
this active gas. Subsequently, the sample is
cooled and purged in the inert atmosphere,
in order to remove the traces of active gas

Heating of a sample in the appropriate
atmosphere, with the analysis of the
evolved gases.

If necessary, the sample is exposed to
oxidative (if the sample was previously
reduced) or reductive gas (if the sample
was previously oxidized). The detector
monitors the consumption of this active gas

4. The activation energy of the reduction can be estimated from the temperature
Tmax at which the reduction rate is maximal by using appropriate equations.

The organization of one TPR or TPO experiment is somehow different in com-
parison with that one applied for temperature-programmed desorption. For example,
the sample has to be purged with inactive gas, before exposure to active (reductive
or oxidative) gas.6 These differences can be seen in Table 4.1, which presents the
organisation of both TPD and TPR/TPO experiments.

4.5 The Interpretation of Results Obtained from
Temperature-Programmed Desorption Experiments

Temperature-programmed desorption technique offers very useful and important
methodology which can be applied for the characterization of materials used as
catalysts. There are two main fields of applications:

1. The characterisation of active sites of solid materials. It is of outmost impor-
tance to determine and understand the acid/base character of solid catalysts,
because these features are essential for their reactivity [16–20]. There are sev-
eral groups of techniques developed and particularly adapted for the investiga-
tion of acidity/basicity of solid catalysts; most of these methods are based on

6 If catharometer is used as detector, it is very important to remove traces of water or any other
impurities from the gas flows, because they would affect the thermal conductivity measurements.
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the adsorption of gas-phase probe molecules, which are chosen on the basis of
their reactivity, molecular shape and size [21–26, 13]. Among the other tech-
niques, TPD is of particular importance because its experimental conditions can
be organized in the same (or very similar) way as the conditions of real catalytic
reaction. The investigation of acid/base character of solids is perhaps the most
common application of TPD. For that purpose, many different chemical species
can be used as adsorbates (probes). In addition, the strength and the population of
specific active sites can be estimated, using the appropriate probes and applying
appropriate experimental conditions.

2. The determination of kinetic and thermodynamic parameters of desorption
processes, decomposition or other reactions. The interpretation of experimen-
tally obtained data and derivation of kinetic and thermodynamic parameters from
TPD results depends on the type of TP experiment: specific experimental con-
ditions have influence on the overall TP profile and on the position of Tmax

obtained either in ultra-high vacuum or in the flow system.

The details that explain more closely how the data obtained from TPD experiment
can be used to get the information concerning the characterization of active sites,
kinetic and thermodynamic parameters, are given in the following sections.

4.5.1 The Application of Temperature-Programmed
Desorption in Active Sites Characterisation

The characterization of active sites of solid catalysts includes the determination
of active sites nature, the estimation of their density (or population, i.e. the num-
ber of active sites per unit of mass or per unit of surface area), their strength and
strength distribution. Active sites can be acidic, basic and, in certain cases, ampho-
teric. All mentioned characteristics are very important for catalysts functionality;
therefore, many experimental techniques are invented and adapted for their investi-
gation. Among others, mainly spectroscopic methods (like NMR, IR, XPS, XRF…),
temperature-programmed desorption is particularly important because it can be use-
ful in the characterization of all mentioned features.

The strategy which is employed in order to get the above mentioned features of
catalysts’ active sites is the adsorption of appropriate gas phase probe, under the spe-
cific experimental conditions (that are chosen in a way to be similar to those applied
in the particular catalytic reaction), followed by subsequent desorption, monitored
with appropriate detector. One experiment, in which the characterisation of acid/base
properties of solid material is performed, is designed as follows:

– The sample is pre-treated in situ, in desired atmosphere (or in vacuum), at appro-
priate temperature, and during the appropriate time. Usually, the purpose of pre-
treatment is to remove water (eventually, some impurities) and/or to perform
degasification;
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– The probe gas is admitted and adsorbed on the solid surface up to some specific
surface coverage or up to the saturation;

– Desorption process is performed.

According to the Lowry-Brönsted theory, a Brönsted acid is a proton donor, while
a Brönsted base is a proton acceptor. In Lewis’ concept, acid acts as electron-pair
acceptor, while base is electron donor (such as molecules possessing electron lone
pairs). Hence, a Lewis base is in practice equivalent to a Brønsted base. However,
the concepts of acidity are markedly different [27].

In the case of solid catalysts, any atomic (ionic) group at the surface that can
donate a proton is a Brönsted acid; while any place where one empty electron orbital
exists is Lewis acid. For example, in the case of zeolites, Brönsted acid site is a part
of microporous aluminosilicate framework—a bridging [≡ Si · · ·(OH) · ·· Al ≡]
configuration which is able to donate a proton to an acceptor; while Lewis acid site
is either tri-coordinated Al atom or charge-balancing cation Mez+ which are able to
accept the electron pair. Accordingly to the same theories, any place at the solid sur-
face which can accept proton is a Brönsted base; while any place which can donate
electron(s) is a Lewis basic site. For example, in the case of MeOx (metallic oxides),
the oxygen ions (Oz−) behave as Brønsted bases (because they are proton accep-
tors); while cations at the surface possess Lewis acidity (they are electron acceptors)
[27, 28].

The probe molecules that are used to investigate surface acidity should be chosen
accordingly to their ability to accept proton from the surface active site, or to donate
electron pair to the solid surface. The molecules that fulfil these demands are, for
example, ammonia, pyridine, or hydrocarbons. Similarly, the probe molecules that
can be used to “trace” the basic site of solid catalysts must be able either to donate a
proton or to accept electron(s). Importantly, many species (that even do not contain
hydrogen in their formula, which is a demand according to Lowry-Brönsted theory)
can function as Lewis acid, accepting electron pair. Hence, the molecules that could be
chosen to investigate surface basicity are, for example, dioxides of carbon or sulphur.

However, acidity or basicity of a gas-phase adsorbate is not a sole criterion for its
choice as a probe molecule. Firstly, the strength of an acidic or basic probe should
be distinguished accordingly to its acid- or base-dissociation constant (Ka or Kb). In
addition, very important feature of probe molecule is its radius. If there is a need to
locate all active sites in the structure of microporous solid material, the radius of probe
molecule has to be smaller then the diameter of pore(s) opening(s). In other words,
probe molecules have to be of appropriate size, so the entrance in the micropores
of the solid and the access of adsorbate to each active site become possible. For
example, ammonia, which is frequently used to reveal the acidic property of solids,
is selected as a probe due to its basicity and due to the size of the molecule. Its
molecule is smaller than the diameter of the pores in the zeolites’ structures, and also
in many other solids. The other probe often used for investigation of solids’ acidity
is pyridine; however, the application of other chemical species is also possible.

As it has been already stated, the value of Tmax is the indication of the strength of
the interaction adsorbate—active site. The stronger the active site is, the stronger the
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Fig. 4.6 TPD profiles of ammonia obtained from H-mordenite (SiO2/Al2O3 = 15.0) and
H-ZSM-5 (SiO2/Al2O3 = 23.8) [54]

interaction with probe molecule is, which causes more difficult desorption: higher
Tmax indicates that desorption is more difficult. The energy that have to be consumed
for desorption is related with the bond energy between surface active site and adsor-
bate; hence, the position of peak maximum provides information on the strength of
this bond. Solid materials possess active sites of different strength, i.e. they express
energetic heterogeneity. The origin of active sites strengths heterogeneity is usually
the consequence of the solids’ structure, or it can be result of different topologies
and chemical environments of active sites.

In the case of energetically heterogeneous surface, TPD curves are generally
complex-shaped profiles. Figure 4.6 presents two typical cases. Sometimes, desorp-
tion profile is composed of well resolved peaks, like upper TPD curve in the Fig. 4.6,
where two desorption peaks are denoted as low (l) and high (h), accordingly to the
temperature region of appearance. More often, desorption of probe molecules takes
place simultaneously from different sites, what gives more or less pronounced over-
lapping of the peaks (bottom TPD profile in Fig. 4.6, TPD profiles already presented
in the Figs. 4.4 and 4.5).

It is important to notice the influence of adsorption temperature (Tads) on the
shape of TPD profile. Desorption takes part consequently to adsorption as a result of
thermal motion which kinetic energy is high enough to break the bond between the
adsorbate and weak active sites. If adsorption is performed at high temperature, TPD
profiles are either single-peak shaped, or overlapping of peaks is less pronounced. By
contrast, low temperature of adsorption allows the bonding of adsorbate with all active
sites present in the investigated structure. In that case, complex-shaped TPD profile
is obviously obtained, in the case of heterogeneous solid surface. The adsorption
temperature is apparently very important experimental condition: its influence on
the shape of TPD profile (hence, on the conclusions that can be derived from TPD
experiment) is illustrated by the example shown in Fig. 4.7. Evidently, the lower the
Tads value is, the more complex TPD profile is obtained, and vice versa. Of course,
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Fig. 4.7 TPD signals obtained after pyridine was adsorbed at Y-type zeolite. The applied Tads :
(a) 150 ◦C (b) 200 ◦C (c) 250◦C (d) 300 ◦C [29]
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it has to be kept in mind that the terms “low” or “high temperature” are relative—
the choice of adsorption temperature depends on the particular investigated system
(on the pair adsorbate—solid surface). In addition, it is important to notice that, the
higher the Tads value is, the overlapping of peaks is less visible, while desorption
profile is shifted more to high-temperature region.

Usually, sites denoted as “weak”, “medium”, “strong” or “very strong” are recog-
nized from temperature-programmed desorption experiments, accordingly to the
temperature region of appearance.

Apparently, the overlapping of desorption peaks that has its origin in the surface
heterogeneity imposes the necessity to resolve the complex TPD curve and to assign
particular desorption profiles to the sites of definite strength. Generally, there are
two possible methods that can be applied in order to get information concerning the
presence and population of particular active sites on the surface of solid material.

Firstly, if a complex desorption profile has been obtained as result of probe adsorp-
tion, the mathematical procedure of deconvolution can be applied. Usually, decon-
volution is based on the assumption that the desorptions from different sites are
parallel and independent events of first order (in surface coverage) [31, 33]. Then,
desorption from the sites of same type and same strength would give symmetric
desorption profile, with well-defined single temperature of maximum. In that way,
certain number of symmetric desorption traces can be obtained, their sum should
give the overall TPD profile obtained from experiment. This procedure enables to
get information about the presence of different active sites in the investigated system
(from the number of single-peak symmetrical curves), their population (from the
percent with which each of these curves contribute in the area of overall desorption
profile) and their strength (from the positions of Tmax ). The procedure of deconvo-
lution can be performed relatively simply: the Tmax positions could be recognized
from the experimental TPD profile, the whole numerical procedure should be per-
formed as to choose the set of parameters in such a way to enable minimization
of standard deviations (in comparison between the linear sum of single desorption
profiles and the overall complex experimental curve). However, even though this
numerical procedure can be performed to give a unique deconvolution of the experi-
mental curves, it is recommended to compare the results obtained by deconvolution
with the information provided by other experimental techniques (for example, the
adsorption-desorption studied by FTIR spectroscopy).

Another possibility to investigate desorption from a heterogeneous surface and to
recognize the presence of some particular active sites is to perform step-wise filling
of the surface with the probe. When the active (probe) gas is admitted to the solids’
surface, the first interactions would be those between the strongest active sites and
the probe molecules. Therefore, in this approach, the main idea is to admit small
quantities of probe gas to enable the adsorption on the most active (the strongest)
sites separately, and to continue with the filling of surface, step by step. This task
can be fulfilled in two ways:

– The usage of experimental setup which enables the admission of controlled
amounts of a gas-phase probe;
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Fig. 4.8 TPD signals,
obtained after pyridine was
adsorbed on AlPO4 − Al2O3.
The step-wise filling of the
surface is achieved by apply-
ing different Tads : (a) 50 ◦C
(b) 100 ◦C (c) 150 ◦C (d)
200 ◦C (e) 300 ◦C [30]

– The variation of adsorption temperature in order to start the adsorption at the
highest possible temperature.

It is evident from the example presented in Fig. 4.7 that when the lower the temper-
ature of adsorption is applied more complex TPD profiles are obtained. By contrast,
the higher the adsorption temperature is, less complicated TPD profile is obtained.
Hence, if high enough temperature is applied, the interaction with one single type
of energetically homogeneous centres should be expected; what should give a sym-
metric, single-peak desorption curve. Figure 4.8 presents more obvious example.

Evidently, step-wise filling of AlPO4 − Al2O3 surface with pyridine has enabled
more information about the population and strength distribution of active sites of this
solid catalyst. For example, the adsorption of pyridine performed at high temperature
(300 ◦C) enabled to reveal the existence of some very strong active sites, which
population is low.

This presentation of active sites characterisation by TPD has been started with
the statement that the applied strategy in investigation of active sites’ characteristics
is the adsorption of appropriate gas phase probe, under the specific experimental
conditions. Evidently, the first criterion that has to be applied in order to choose
the gas-phase probe is its acidity/basicity. Through this text, the importance of gas-
phase nature, the size of its molecules and the temperature of adsorption, has been
considered. At this place, the importance of the nature of gas-phase probe will be
underlined. Figure 4.9 presents the example in which the investigation of same solids
has been performed using two different probes: HY and dealuminated HY zeolites
have been investigated using ammonia and pyridine, respectively. It is possible to
see from Fig. 4.9a that the adsorption of ammonia revealed the existence of three or
four different types of acid centres (in the case of HY and dealuminated HY zeolite,
respectively). However, the same solids possess only two different types of sites
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Fig. 4.9 (a) TPD profiles of ammonia obtained from HY and dealuminated HY zeolites. (b) TPD
profiles of pyridine obtained from HY and dealuminated HY zeolites. Overall TPD profile is pre-
sented by spotted line; dashed lines, obtained by deconvolution, present desorption from the acid
sites of different strength [31]

for pyridine adsorption, Fig. 4.9b. Apparently, pyridine molecule could not reach
all active sites in microporous zeolitic structure. Evidently, not only the basicity of
gas-phase molecule is important for its application as a probe, the diameter of its
molecule seems to be decisive in the example presented in Fig. 4.9.

It should be emphasized that the choice of a probe molecule should be done by
taking into account all relevant parameters, and having in mind the features of solid
material at which surface this probe should be adsorbed. In fact, the solid surface and
the gas which is chosen as a probe for the characterization of its active sites should
be considered as a pair. Very often, the separate adsorption-desorption experiments
of more then one gas-phase probe is necessary in order to obtain reliable information
concerning all active sites for particular solid material. The adsorption-desorption
of more than one probe molecule should complete the picture about the catalysts’
active sites, particularly in the case of complex systems, where different types of
active sites and energetic heterogeneity could be expected.

It is worth noting that the improvement of equipment available for temperature-
programmed desorption, made from the first experiments in the field until nowadays,
has enabled the application of many gases as probes. In fact, the possibility to perform
adsorption at low temperatures (even sub-ambient) and the improvements in the
detection systems allowed to introduce the gases which molecules are poorly polar
(such as CO), or even non-polar (such are inert gases and saturated hydrocarbons).
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Fig. 4.10 TPD profiles of
argon, obtained from different
solid acids. Tads = 113 K [32]

The interactions of these probes with the active sites are often realised through
dispersion forces. Applied as probes, these kinds of molecules enable the recognition
and “titration” of very weak active sites. Being on the level of dispersion forces, the
interactions of inert gases with the active sites can be considered as specific, in some
cases. In Fig. 4.10, the application of argon as probe gas is shown.

The application of same probe for the characterization of different solids revealed
important differences in the strength and strength distributions of acid sites. It can
be seen from the results presented in Fig. 4.10 that Tmax positions and the shapes of
desorption profiles differ for all investigated systems; while the strongest sites and
the most pronounced heterogeneity are found for two specific solids (mordenite-type
zeolite and Cs-salt of heteropolyacid). It is important to note that if some less specific
probe would be used (such are ammonia or pyridine) all investigated solids should
express significant acidity and heterogeneity. In that case, the differences among
these catalysts would not be noticed.

The adsorption of non-polar gases offers the possibility to find an appropriate
probe which would allow desorption in the desired range of temperature. Figure 4.11
presents one example of hydrocarbons’ application as probe gases. Single crystals
possess energetically homogeneous surface for adsorption-desorption of these mole-
cules. Figure 4.11 shows that, in the case of adsorption on Rh(111), progressively
higher peak desorption temperature is noticed with increasing molecular weight of
adsorbate (saturated hydrocarbon).

At the end of this section, it can be concluded that in the domain of active sites
characterisation, there is a large body of methods and techniques that are developed
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Fig. 4.11 TPD profiles of dif-
ferent saturated hydrocarbons
obtained from single-crystal
Rh (111) surface [34]

for the determination of nature, population, strength and strength distribution of
active sites. Among them, temperature-programmed desorption, a well-established
and simple technique, continues to be a very useful and often applied in active sites
characterisation. It is important to keep in mind that, although TPD of appropriate
probe can be successfully used for distinction between the sites of different strength,
it does not enable to distinguish their nature. From the interaction with the probe gas
it can be concluded whether some active sites are acidic or basic; but, it can not be
concluded if they belong to Brönsted or Lewis type. In order to get precise data on
the active sites’ nature, the application of other techniques is needed.

Despite the evident richness of data derived from TPD experiment, there are
several significant limitations of this technique. A short summary of data that can
be obtained from TPD experiments and the limitations of technique are given in
Table 4.2.

4.5.2 The Application of TPD in the Determination of Kinetic
and Thermodynamic Parameters of Desorption Processes

Temperature-programmed desorption is by far the most often used technique for
determination of kinetic parameters on both model and real systems. From these
experiments, kinetic and thermodynamic information can be extracted under the
conditions of variable temperature. In the following section, the procedures of eval-
uation of these important parameters will be presented.
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Table 4.2 Experimental data that can be obtained from TPD experiments; data that can be derived
and the limitations of technique

The obtained data Evaluated data Comments/limitations

Surface under the TPD profile,
which is proportional to the
amount of desorbed (i.e.
adsorbed) gas

Surface coverage (θ) The possibility to determine the
surface coverage is one of the
major advantages of TPD.
However, for that purpose, the
quantification of detector signal
is necessary

The values presented on y axis are
proportional to the rate of
desorption (rdes). The position
of the peak maximum (Tmax ),
which is related to the activation
energy for desorption. Tmax is a
temperature where rdes is
maximal

The activation energy
for desorption, hence,
the enthalpy of
adsorption.
Pre-exponential factor
for desorption

The strength and population of
sites active for adsorption
(surface reactions) can be
evaluated. Often, complex
desorption profiles are obtained;
additional procedures of
deconvolution or adsorption
under different experimental
conditions is necessary. It is not
possible to distinguish the type
of active sites

Most often, the estimation of kinetic parameters is based on the assumption of
independent desorption that takes part from different active sites as the first order
event. In the interpretation of data obtained from TPD experiments, it is also assumed
that desorption is the sole surface event. However, in reality the readsorption and dif-
fusion of probe molecules take part, as events consecutive to desorption. These effects
are particularly prominent in the case of microporous solids, and in the experiments
performed in the flow systems. In those cases, the results obtained in TPD experiment
can be often misinterpreted. The readsorption and diffusion can be avoided by adjust-
ing some important experimental parameters. First of all, high heating rate would not
favour these processes. However, the choice of very high heating rate is not recom-
mended, particularly in modern implementations of TPD; where the investigation of
solid materials used in real catalytic systems is the most common application.

If readsorption is important part of surface event, its influence on temperature-
programmed desorption is that TPD profile broadens towards higher desorption tem-
peratures; the same stands for diffusion limitations. Therefore, the task to neglect or
minimize the effects of these processes is imposed; and it is relatively easy if TPD
experiments are performed in UHV setups. The pumping speed should be sufficiently
high to prevent readsorption of the desorbed species back onto the surface. However,
in the case of flow systems there are many experimental conditions that have to be
adjusted; even though, the interpretation of data obtained from TPD experiment is
not simple—in the estimation of kinetic parameters, those experimental conditions
have to be taken into consideration. Therefore, the derivation of kinetic and thermo-
dynamic parameters from the results obtained in UHV and in the flow system will
be discussed separately.
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4.5.2.1 The Interpretation of Data Obtained in Ultra-High Vacuum Systems

If the pumping speed is high enough, readsorption may be ignored and the rate of
desorption, defined as the change in adsorbate coverage per unit of time, is given
by Eq. (4.7). In a TPD experiment temperature (T) is usually increased linearly with
time from some initial temperature T0, with the heating rate β:

T = T0 + β · t , dT = β · dt (4.13)

where all symbols have the same meaning as previously stated (see Sect. 4.2.2).
The intensity of the desorption signal, I(T ), which is proportional to the rate at

which the surface concentration of adsorbed species is decreasing, i.e. to the rate of
desorption, can be expressed by combining Eqs. (4.7) and (4.13):

I (T ) ∝ − dθ

dT
= ν (θ) θ x

β
exp

(−�Ea
des

RT

)
(4.14)

Molecular adsorption and desorption are often the first order events (x = 1). The
maximum desorption signal will occur when the first derivative of signal intensity
with temperature equals 0 (dI/dT = 0):

d
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Since surface coverage changes with temperature, i.e. θ = f(T), this derivative is:
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The derivative of surface coverage with temperature (dθ/dT ) can be substituted from
Eq. (4.14). In that way, Eq. (4.16) is transformed to:
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The solution of Eq. (4.17) can be obtained by setting the expression in square brackets
to be equal to zero; from where the relation between the temperature at which the
desorption maximum (Tmax ) appears and Ea

des is obtained as:
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)
and: Ea

des = RTM ln

(
RT 2

maxν
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desβ

)
(4.18)

These equations give the relations between the temperature Tmax at which the
desorption maximum appears and the activation energy for desorption. Hence, a
simple approach to obtain the value Ea

des should be to analyze the TPD curve in order
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to get easily accessible parameter such as the temperature Tmax . Unfortunately, the
differential equation in (4.7) and (4.14) can not be solved analytically, so the value
Ea

des can not be obtained simply by substituting Tmax value in Eq. (4.18). Therefore,
the derivation of kinetic parameters can be rather complicated task, in particular
because the kinetic parameters usually depend on surface coverage. However, we can
note that several facts can be stated from each temperature-programmed experiment:

– as the activation energy for desorption increases peak temperature Tmax increases;
– the peak temperature is not dependent upon, and consequently, does not change

with the initial coverage, θt=0;
– after the desorption maximum, the shape of the desorption peak tend to be asym-

metric, with the signal which decreases rapidly.

Consequently, the values of Tmax are evident from the experimental result. The
procedure that can be applied to derive kinetic parameters is to solve Eq. (4.18) itera-
tively, applying a suitable choice for pre-exponential factor ν(θ) (for chemisorption
this value is typically 1013 s−1). The procedure is to read Tmax from the measurement,
to insert an estimated value for Ea

des in the right-hand side of Eq. (4.18) and to calcu-
late the resulting Ea

des value. The obtained value has to be fed back into Eq. (4.18) to
yield an improved value. The iterations should be done until the difference between
two subsequent iterations becomes negligible [5].

In the case of second-order desorption, a similar, although more complicated
expression exists for second-order desorption kinetics. In this case, the maximum
desorption signal will occur when the second derivative of surface coverage is equal
to zero:

d2θ

dt2 = Ea
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dt
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2

dθ

dt
θ = 0 (4.19)

From Eq. (4.19) the relation analogue to (4.18) can be derived:

Ea
des = RTmax ln
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Ea
desβ2θ

)
(4.20)

Again, iterations are necessary in order to estimate the desorption energy. The
insight in the Eq. (4.20) reveals evidence that θ has to be known (or estimated) at the
point where Tmax is reached.

Apart from this approach which implies the evidence of Tmax , there is another
which includes the value of peak width in the analysis. Also, many authors rely on
the application of other, even more simplified methods that enable the calculation of
kinetic parameters. Particularly popular among surface scientists are the Redhead’s
and Kissinger’s methods.

From all previously stated, it can be inferred that the starting point for extraction
of kinetic parameters from thermodesorpion profiles is desorption rate equation pro-
posed by Polanyi and Wigner (Eqs. (4.7) and (4.14)) [6]. However, it has to be kept in
mind that the term θn is just one particular case of one general function f(α), where
α denotes the reacted (desorbed) fraction (the degree of surface event) and f(α) is the
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reaction kinetic model. Therefore, generalized form of Eq. (4.14) can be written as:

dθ

dT
= f (α)

ν (θ)

β
exp

(
Ea

des

RT

)
(4.21)

The methods that are derived for the calculation of kinetic parameters from TPD
profiles can bee divided in two big groups, shortly presented by following text.

(i) Integral methods are based on the temperature of desorption rate maximum
(Tmax ) and/or peak half-widths. These methods assume that pre-exponential
factor, reaction order and activation energy are coverage independent values.
The most known is Redhead method [1], where Eq. (4.7) is solved in order to
find the temperature at which desorption rate expresses its maximum. For the
first-order desorption (x = 1), the relation between the temperature of peak
maximum (Tmax ), activation energy, heating rate and pre-exponential factor is:

E

RT 2
max

= ν1

β
exp

(
− Ea

des

RTmax

)
(4.22)

where ν1 is pre-exponential factor for the first-order desorption. The relation
between activation energy and Tmax is almost linear; therefore for ν/β values
which are between 108 and 1013 ◦, Eq. (4.22) can be written as:

E

RT 2
max

= ln
ν1Tmax

β
− 3.46 (4.23)

The activation energy can be determined by varying heating rate β and plotting
ln(Tmax ) values against lnβ, without assuming the value of rate constant.
For the second-order desorption (x = 2), the relation analogue to (4.23) is:

Ea
des

RT 2
max

= 2θmaxν2

β
exp

(
− Ea

des

RTmax

)
(4.24)

where ν2 is pre-exponential factor for second-order desorption, θmax is the adsor-
bate coverage at T = Tmax , and it is assumed that θmax = θ0/2, with θ0 being
the initial surface coverage.
Equation is approximately correct for the first-order desorption and for values
of ν/β between 108 and 1013 ◦. It is very often applied to determine Edes from
a single TPD spectrum.

(ii) Differential methods are based on the assumption that at the temperature of
maximum, the second derivative of desorption rate (Eqs. (4.7), (4.14) or (4.21))
is equal to zero. The most known is Kissinger method [40]. If reaction rate is
expressed by (4.21), the second derivative is:
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d2α

dt2 =
(

Ea
desβ

RT 2
max

+ ν f ′ (αmax) exp

(
− Ea

des

RTmax

))(
dα

dt

)
max

= 0 (4.25)

where αmax and (dα/dt)max are reacted fraction and reaction rate at the maxi-
mum; while heating rate β should be constant. From (4.25) it follows:

Eβ

RT 2
max

= −ν f ′ (αmax) exp

(
− Ea

des

RTmax

)
(4.26)

Equation (4.26) can be rearranged after taking logarithms:

ln

(
β

T 2
max

)
=

(
− νR

Ea
des

f ′ (αmax)

)
− Ea

des

RTmax
(4.27)

Evidently, for the first order reaction, f’(α) = −1, and (4.27) becomes:

ln

(
β

T 2
max

)
= ln

νR

Ea
des

− Ea
des

RTmax
(4.28)

The procedure of extracting the activation energy for desorption is to analyse a set
of TPD profiles measured with different constant heating rates β, and to plot graphs
of left hand side of (4.28) versus 1/Tmax , what should lead to a straight line whose
slope gives the activation energy, independently of the value of reacted fraction,
αmax , at this point.

Evidently, for application of either integral or differential methods, the values of
Tmax have to be detectable. In case of poorly resolved TP profiles, their application
would not provide reliable kinetic parameters. In those cases, either deconvolution
of complex desorption profiles should be performed or desorption would be done
under different experimental conditions, so the resolving of simple desorption profiles
becomes possible.

4.5.2.2 The Interpretation of Data Obtained in the Flow Systems

Previously presented procedures for evaluation of kinetic parameters would give reli-
able values only if desorption is a lone surface process that takes part as a result of
temperature increase. In the case of UHV systems, where samples are usually spread
in a thin layer, diffusion takes part in a very limited extent; while readsorption can
be avoided using sufficiently high pumping speed. However, if experiment is orga-
nized in a flow of a gas, in one usual physical situation, desorption and readsorption
are occurring simultaneously with diffusion. In these systems, the construction of
sample holders (Fig. 4.2b) does not allow neglecting mass transfer and readsorption
limitations. These effects are particularly significant in the case of porous samples.

Therefore, the interpretation of results obtained in the systems designed to allow
temperature-programmed experiments in the flow of gas requires consideration of
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all parameters that may induce mass transfer and readsorption limitations. The para-
meters that have to be considered are related to the gas (carrier or adsorbate), the
geometry of furnace and sample holder, and the features of the sample.

The nature of both carrier and probe gas should be important, as well as their
purities and flow rate. High gas flow can provoke desorption of weakly bound species.
High amount of desorbed species that arrive in carrier gas can change its purity,
so the sensitivity of experiment can be reduced. The consequences of low flow
are: diffusion and readsorption effects become more probable, the time between
desorption and detection is longer. In addition, appropriate gas flow has to be chosen
to avoid concentration gradients within the catalyst particles and along the length of
the bed. Hence, a compromise between low and high flow must be found.

The characteristics of furnace and sample holder that may influence the desorption
profile are bed length, diameter and porosity, while the characteristics of the sample
that could be important are its weight, particle size radius, sample density, particle
porosity and number of active sites. In order to avoid temperature gradients, the
reactor can not be of big size; hence, mass of the sample is limited by its size and
geometry. Diameters of sample particles are another important factor - small particles
decrease the possibility of intra-granular diffusion.

Some additional parameters such are temperature range, heating rate, the tempera-
ture detection and monitoring, and distance between sample holder and detector may
influence the shape of temperature-programmed profile. Distance between reactor
and detector has to be the smallest possible, so the answer of detector is instanta-
neous. Thermocouple has to be precise enough to enable the time of furnace response
appropriate, so the temperature rise is absolutely linear. In addition, it has to be kept
in mind that temperature of desorbed gas (which has to be analysed) can change dur-
ing the experiment, what can cause a so-called “apparent” concentration. This effect
can be minimized if high flow of gas, low mass of the sample and the equipment
situated in the constant temperature area, are employed.

Evidently, in order to calculate reliable kinetic parameters, the temperature of peak
maximum Tmax has to be exactly the temperature at which the rate of desorption
is maximal. However, additional surface events (diffusion and readsorption) can
influence the TPD profile. The coupling of readsorption and mass transfer effects
with desorption can shift the peak of TPD curve significantly.

Therefore, it is necessary to select suitable operating conditions that enable to
avoid effects that could have influence on temperature-programmed profile. The ways
how to find experimental conditions required to obtain reliable activation energies
have been discussed in the literature. The recommendations that help to find appro-
priate sets of experimental parameters for experiments of temperature-programmed
desorption [41–43] or other tempetrature-programmed techniques can be found
[14, 44]. Once limitations that arrive from diffusion and readsorption are minimized,
simplified procedures can be applied to evaluate kinetic parameters.

In the case of desorption which takes part in the flow of gas, material balance
can be obtained from the assumption of equilibrium which is reached in a time t,
between the adsorbed and the gas-phase molecules. In the absence of diffusion, this
equilibrium can be expressed by following relations:
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− Csm
dθ

dt
= Csmkdesθ − kadsCg (1 − θ) (4.29)

where Csm is concentration of adsorbed molecules (in mol kg−1, for θ = 1) and Cg

is concentration of adsorbate molecules in the gas phase (in mol dm−3); while kdes

and kads are rate constants of desorption and adsorption. If temperature increase is
linear, with constant heating rate (β), previous relation is transformed:

− Csmβ
dθ

dT
= Csmkdesθ − kadsCg (1 − θ) (4.30)

If the gas flow (F, dm3s−1) is constant in time and the mass of adsorbent is known
(W, kg), the same equilibrium can be expressed as:

FCg = Csm W kdesθ − W kadsCg(1 − θ) (4.31)

From Eq. (4.31), the concentration of adsorbate molecules in the gas phase can be
obtained from:

Cg = Csm W kdesθ

F + W kads(1 − θ)
(4.32)

The same value can be related with the rate of desorption (dθ/dT ) through the
equation obtained from (4.30) and (4.31):

Cg = −Csm Wβ

F

dθ

dT
(4.33)

Readsorption is negligible if the gas flow is high enough (F >> Wkads(1−θ)). In
that case the concentration of adsorbate molecules in the gas phase can be obtained
from:

Cg = Csm W kdesθ

F
(4.34)

At the temperature of peak maximum (Tmax ), the concentration of adsorbate
molecules in gas phase reaches its maximum, so dCg/dT = 0. Since, the rate of
desorption is expressed by Eq. (4.7), for the first order desorption which takes part
without readsorption and diffusion limitations, the value of rate constant reached at
Tmax , (kdes)m , is related with Tmax value as:

(kd)m = β
Ea

des

RT 2
max

(4.35)

The relation between Tmax and activation energy for desorption is given by equa-
tion identical to (4.27):
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ln
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T 2
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)
= ln
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des

νR
+ Ea

des

RTmax
(4.36)

It can be seen that for constant heating rate β, the value Tmax is independent on
surface coverage θ . The activation energy for desorption can be obtained from the

slope of a plot: ln
(

T 2
m
β

)
= f (1/Tmax).

If a flow of carrier gas is not high enough (F << W kads(1 − θ)) Eq. (4.32) is
transformed to:

Cg = Csmkdesθ

kads(1 − θ)
= Csm K

θ

1 − θ
(4.37)

where K = exp
(

�Sdes
R

)
·
(
−�Hdes

RT

)
. Again, having in mind that at the temperature

of peak maximum dCg/dT is equal to zero, the relation between Tmax and the heat
of adsorption can be obtained:
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Evidently, the heat of adsorption can be obtained from the slope of the same plot as
previously. Similarly, it can be shown that for desorption which takes part as a second-
order surface event, the activation energy for desorption (in the case of negligible
readsorption) or the heat of adsorption (in the case of significant readsorption) could
be obtained from the slope of the same plot. Hopefully, even in the cases when
desorption is significantly affected by side effects such are readsorption or diffusion,
kinetic parameters can be obtained using relatively simple procedures.

After everything that has been said about temperature-programmed methods, few
examples will be considered further in the text. The two experimental techniques most
commonly used for the study of acid/base properties of porous solid materials are
temperature-programmed desorption (TPD) and adsorption calorimetry. Application
of these techniques for characterisation of several different classes of materials will
be presented as well as comparison of data obtained by both techniques.

4.6 The Examples of TPD Application; the Comparison
with Data Obtained by Adsorption Calorimetry

As discussed in details previously, in TPD experiments, temperature increases lin-
early and the concentration of desorbed gas is recorded as a function of temperature,
whereas calorimetry involves the adsorption of gases onto the sample’s surface while
it is kept at a constant temperature and a heat-flow detector emits a signal propor-
tional to the amount of heat transferred per unit time. The peak maxima temperatures
in the TPD spectra are influenced by the active site strength, the number of active
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sites, the structure of investigated material and the heating rate [45, 46]. In particular,
adsorption microcalorimetry gives access to the number, strength, and strength dis-
tribution of the acid sites in a single experiment [21]. This information is of outmost
importance for design of catalysts with high activity and selectivity.

Every micro or mesoporous material can be investigated by these two techniques.
Among many, few examples will be presented for the most often investigated cata-
lysts; such are zeolite, oxides and metals.

4.6.1 Zeolites

Zeolites are known to be important catalysts for a number of industrially important
reactions. A question of basic interest, which provides opportunity for development
of catalyst with suitable and tailored characteristics, is to determine the correlation
between number, strength and strength distribution of active sites and the promotion
of catalytic activity. Therefore, the investigation of acid sites, both Lewis and Brön-
sted type, is very important subject. Properties of zeolites as catalysts will depend
on many factors: the adsorption or desorption temperature of the probe, pretreatment
of the sample, proton exchange level, influence of coking as well as Si/Al ratio and
dealumination and influence of exchanged cations [47].

4.6.1.1 Influence of the Si/Al Ratio and Dealumination

The Si/Al ratio plays a significant role, since the aluminum atom is directly related
to the acidic site. Dealumination processes can promote porous structure modifica-
tions, which may improve some interesting properties of zeolites, like thermal and
hydrothermal stability, acidity, catalytic activity, resistance to aging and low coking
rate, and matter transfer. However, a severe dealumination may also cause a loss of
crystallinity [47].

Different dealumination processes have been proposed, namely steaming and acid
treatments, as well as reactions with SiCl4 or SiF2−

6 [47]. The removal of aluminum
from zeolite crystals leads to products with high framework Si/Al ratios. Some of
the aluminum atoms are released from the framework and form non-framework
aluminum-containing species. The non-framework aluminum species can be elimi-
nated by treatment with diluted hydrochloric acid. Dealumination generally brings a
decrease in the acid site concentration. However, the extent of the indicated decrease
varies with the kind of base probe, and a significant change was observed by Mitani
et al. [48] in the ratio of acid site concentrations when titrated with pyridine instead of
ammonia. An important increase of the initial heat values and of the site strength het-
erogeneity was observed for samples presenting many extra-framework aluminum
species. Samples subjected to a moderate dealumination and nearly total removal of
the extra-framework aluminum displayed a homogeneous acid strength [49].
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Fig. 4.12 Influence of dealumination on NH3-TPD profiles of HY zeolites [14]

The effect of dealumination on NH3-TPD profiles of HY zeolites is shown in
Fig. 4.12 [14]. Evidently l-peak became smaller upon dealumination, while the h-
peak increased up to a maximum for Si/Al = 15 and then decreased upon further
dealumination.

Figure 4.13 shows the effect of varying the Si/Al ratio of a MFI sample on its
TPD profile. As shown at the figure, both the l- and h-peaks became smaller upon
dealumination. A curve-fitting analysis led to the determination of average adsorption
heats that were almost constant for all investigated MFI samples, ca. 130 kJ mol−1

[35].
The acidity of H-ZSM-5 zeolites synthesized with different Al contents has been

characterized by microcalorimetric measurements of the differential heats of adsorp-
tion of ammonia [50]. The strength of the strongest acid sites increased with the Al
content to a maximum for Si/Al = 17.5 and then decreased notably. The total acidity
increased regularly with Al content. The importance of selecting appropriate Si/Al
ratios for specific catalytic applications is therefore obvious.

Figure 4.14 represents the differential heats of adsorption on dealuminated H-
ZSM-5 zeolite samples at 393 K versus the adsorbed amount of ammonia [36]. It
appears that the adsorption heat decreases gradually with the amount of adsorbed
ammonia and exhibits various steps, attributed to populations of sites of different
strengths. A heterogeneous distribution of sites is clearly evidenced by the shape
of the curves and can be attributed to the presence of extra-framework aluminium
spices. The samples adsorb ammonia with initial differential heats that vary between
160 and 177 kJ mol−1. Karge et al. [51] have reported that, in first approximation,
the sites evolving Qdi f f > 150 kJ mol−1 can be assigned to strong Lewis sites, while
the sites with Qdi f f. = 150 − 100 kJ mol−1 typically correspond to strong Brönsted
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Fig. 4.13 NH3-TPD profiles observed on H-MFI with Si/Al ratios: (a) 11.9 (b) 12.5 (c) 19 (d) 38
(e) 50 [35]

Fig. 4.14 Differential heats of ammonia adsorption at 393 K on H-ZSM-5 zeolites with Si/Al
ratios: (•) 14 (◦) 25 (�) 37.5 (�) 50 (�) 75 [36]

acid sites. This assumption is supported by a comparison of the numbers of acidic
sites obtained from infrared and microcalorimetric measurements. The initial heat
of adsorption for the zeolite with Si/ Al = 75 is lower than that of the other zeolites
except for Si/Al = 14, and the decrease in heat with coverage is steeper. The heat
evolved falls abruptly from an initial value of 150 kJ mol−1 to 70 kJ mol−1 at around
50 % coverage.
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4.6.1.2 Influence of Substitution by Other Cations

The nature of the exchanged cation is one of the key points that determine acidity
in zeolites. It is very important to use an acidic probe able to distinguish the alkali
cations from the basic sites.

Differential heats of ammonia adsorption and NH3-TPD profiles of HZSM-5
zeolite as well as FeZSM-5, Cu-ZSM-5 and MnZSM-5 zeolites are presented in
Figs. 4.15 and 4.16. As can be seen in Fig. 4.15, the overall acidity of investigated sam-
ples was not significantly modified by ion-exchange procedure. However, changes
in the Qdi f f versus NH3 uptake profiles, particularly in their middle parts (140 –
65 kJ mol−1), indicate that the distribution of strength of acid sites was affected by
ion exchange. Ion exchange with Cu and Mn resulted in enhanced heterogeneity of

Fig. 4.15 Differential heat of adsorption versus NH3 uptake on HZSM-5 and ion exchanged ZSM-5
zeolites [37]

Fig. 4.16 NH3 − TPD pro-
files for HZSM-5 and ion
exchanged ZSM-5 zeolites
[37]
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the acid site strength, as confirmed by the NH3-TPD profiles, which present poorly
separated desorption peaks and even a single very broad peak for sample MnZSM-5
(Fig. 4.16) [37].

This example clearly shows that TPD and adsorption microcalorimetry are com-
plementary techniques, and combination of these two techniques provides very good
characterisation of active sites number, strength and distribution on particular solid
material.

4.6.2 Metal Oxides

Metal oxides, either bulk, doped, supported or mixed, are widely used as catalysts
in chemical industry. Catalytic behavior of these materials, in terms of activity and
selectivity, is related to their acid/base properties.

Metal oxide surfaces react with gases or solutions; they can be used as active
phases or as supports for catalysts. The behavior of metal oxide surfaces is con-
trolled by: (i) coordination—sites of low coordination are in general more reac-
tive than sites of high coordination; (ii) acid/base properties—clean and anhydrous
metal oxide surfaces present two different types of active sites, cations and anions
(acid/base pairs) which determine reactivity towards gas-phase adsorbates; (iii) the
redox mechanism—when the oxide deviates from the stoichiometry due to the pres-
ence of defects such as vacancies or adatoms, the oxidation state of surface atoms
varies [52].

Molecular and dissociative adsorption can be understood as acid/base processes.
Molecules adsorbing without dissociation always bind to one or several metal cations.
Ammonia and pyridine are the most commonly used probes for determining the acid
site strength of oxides.

In the case of supported metal oxide catalysts, the role of the support is to disperse
the active phase and to create new active surface species by host (active phase)
– guest (support) interaction. The dispersion of the active phase plays a fundamental
role, and very often a maximum of strength of the active sites is observed when the
monolayer coverage is reached. The pure oxides, such as Al2O3, ZrO2, TiO2 (the
most frequently used catalyst supports) carry both basic and acidic Lewis sites on their
surface; depending on the probe molecules used (CO2 or NH3), they can exhibit either
acidic or basic character. Excess negative or positive charges can be induced, and
therefore acidity (Brönsted or Lewis) or basicity can be generated by mixing oxides.
Modifying the surface with a minor anionic, cationic or metallic component enhances
or decreases the acidic or basic strength of the sites. For example, the incorporation
of chloride, fluoride or sulfate ions increases the acidity of carrier oxides (Al2O3,
ZrO2, TiO2), while alkali cations enhance the basic strength of alumina or silica [53].

Silica-aluminas (amorphous aluminosilicates) are widely used as catalyst supports
due to their high acidity and surface area. The behavior of silica-alumina surfaces
is similar to that of zeolites concerning the initial differential heats of ammonia and
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Fig. 4.17 TPD curve for γ -alumina, using pyridine as probe molecule [38]

pyridine, but the total number of acidic sites varies with the preparation method and
the Si/Al ratio.

Auroux et al. [38] have studied acid properties of silica, alumina and multilayers
of silica on alumina (SA) and alumina on silica (AS), obtained by grafting. The
surface acidity of the pure oxides and samples obtained by grafting, SA and AS, of
both Lewis and Brönsted type, has been investigated by TPD and microcalorimetry,
using pyridine as probe molecule.

Figure 4.17 shows the TPD curve of pure alumina; a semi-quantitative estimation
of the number of acid site can be derived from the TPD plots such as this one. Three
classes of acid sites have been considered, depending on the desorption temperature:
weak, (TD < 523 K), medium (523 < TD < 673 K) and strong, (TD > 673 K) acid
sites.

Calorimetric results are presented in Fig. 4.18 where the differential heat of adsorp-
tion (Qdiff ) of pyridine is plotted versus coverage. From the calorimetric data, the
number of sites and their distribution, according to the adsorption energies, can
be determined. Analyzing calorimetric profile of differential heats vs. surface cov-
erage, following sites active for adsorption can be distinguished: weak acid sites,
(90 ≤ Qdiff<120k Jmol−1), medium acid sites, m (120 ≤ Qdi f f <150k Jmol−1)

and strong acid sites, s (Qdiff ≥ 150k Jmol−1).
From Fig. 4.18 it can be seen that calorimetric curve for pure alumina shows three

type of sites with different strength, in accordance with TPD result. Also, it can be
seen that the grafted mixed oxides SA and AS have acidic properties different from
those of the pure alumina and silica supports used as starting materials, i.e. properties
of catalysts depend on preparation procedure.

It can be noticed that some differences exist between results obtained from calori-
metric measurements and those revealed from TPD results, with regard to the sites
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Fig. 4.18 Differential heats of pyridine adsorption as function of the coverage degree [38]

strength distribution: the percent of medium acid sites, derived from TPD results is
always remarkably higher than one found using microcalomitery. This is due to the
fact that strong acid sites having Qdi f f > 180 kJ mol−1 might not completely release
the organic base at 693 K and therefore are not disclosed by the TPD technique. This
implies importance of knowing limitations of techniques used for characterizations
as well as operative conditions adopted during experiments [38].

4.6.3 Metals

TPD and microcalorimetric methods provide an effective means for measuring the
strengths of adsorbate-surface interactions, not only on clean metal surfaces, but also
on metal surfaces that have been exposed to reaction conditions. Many recent studies
use H2, CO, O2 and hydrocarbons as probe molecules since they are involved in
numerous commercial catalytic processes.

Bimetallic catalysts have been the subject of great interest for a long time because
of their exceptional properties compared to the monometallic catalysts, yet the reason
behind their improved activity is still a question of debate and they are subject of
many recent studies. Tanskale et al. [39] have studied the promoting effect of Pt and
Pd in bimetallic Ni–Pt and Ni–Pd catalysts supported on alumina nanofibre (Alnf)
for the liquid phase reforming of sorbitol to produce hydrogen. Fig. 4.19 shows
TPD profiles for CO desorption for several monometallic and bimetallic catalysts
dispersed on alumina nanofibre.

Results obtained by temperature-programmed desorption suggested that in the
case of bimetallic catalysts there was a reduction in the number of strong CO-
adsorption sites. This finding allows conclusion that the alloying effect of these sys-
tems leads to the lowering of the CO heat of adsorption. This finding was confirmed by
direct measurement of differential heat of CO chemisorption in the microcalorimetry
experiment (see Fig. 4.20).
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Fig. 4.19 Results from CO-TPD of monometallic and bimetallic catalysts over alumina nano-
fibre support; rate of CO desorption. Pt/Alnf (�), Ni/Alnf (•), Pd/Alnf (�), Ni/Pd/Alnf (�), Ni-
Pd/Alnf(♦) [39]

Fig. 4.20 Differential heats of CO adsorption as a function of coverage, adsorption temperature
3 ◦C. Pt/Alnf (�), Ni/Alnf (•), Pd/Alnf (�), Ni/Pd/Alnf (�), Ni-Pd/Alnf (♦) [39]

The differential heat of adsorption for Ni–Pt/Alnf was reduced to 111.28 kJ mol−1,
which was 11.45 and 5.51 kJ mol−1 lower than Pt/Alnf and Ni/Alnf, respectively.
A similar result was obtained for the Ni–Pd bimetallic catalyst. This was interesting
because the atomic ratio of Pt:Ni and Pd:Ni was only 1:33 and 1:18, hence even
small amount of surface concentration of solute in the alloy catalysts is sufficient to
significantly alter the properties of constituent monometallic catalysts.

The differential heat profiles are characterised by a plateau of nearly constant heat
of adsorption at low coverage (15–20 μmol g m−1) followed by an abrupt decrease
as the surface saturation limit is reached. In the low coverage plateau region the
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adsorption of CO can be considered to be strongly bonded and at high coverage
the differential heat of CO adsorption represents an average heat from the various
adsorption sites on the surface of a given catalyst particle. Therefore, one can compare
only the initial heat of adsorption when the CO chemisorption may be considered
to be equilibrated. The initial heat of CO adsorption on Pd/Alnf was found to be
the highest (130.09 kJ mol−1) followed by Pt/Alnf (122.73 kJ mol−1) and Ni/ALnf
(116.79 kJ mol−1). The initial heat of CO adsorption on Ni–Pt/Alnf was measured
as 111.28 kJ mol−1, which is lower than both Pt/Alnf and Ni/Alnf. Similarly, the
initial differential heat of Ni–Pd/Alnf (109.60 kJ mol−1) was lower than both the
corresponding monometallic catalysts. This indicates that the addition of noble met-
als, even in small fractions, to the Ni catalyst has a significant but weaker promoting
effect on the adsorption of CO. Finding that the CO differential heat of adsorption
is lowered in the bimetallic catalysts is substantial because with reduction of the
CO binding strength poisoning of the active metal sites can be avoided which will
increase its catalytic activity [39].

4.7 Conclusion

This chapter has presented the fundamentals, the experimental setups and the appli-
cations of temperature-programmed desorption (TPD). TPD is widely utilized for
characterization of active sites present on the surface of solid materials and deter-
mination of kinetic and thermodynamic parameters of desorption processes. It is a
powerful technique, even if it does not provide direct information about molecular
nature of adsorbed species. Given its relative simplicity and low cost, this technique
will continue to find more applications in the future.

Thermal method which is complementary to TPD, adsorption calorimetry, pro-
vides tools necessary for measuring the energy of an adsorption system as a function
of coverage, allowing precise determination of number of surface active sites as well
as their relative populations and strengths. In general, adsorption calorimetry pro-
vides a much better description of the surface active site strength distribution than
TPD. Combination of these two methods allows detailed characterization of various
materials, in particular catalysts, and will surely find more application in different
research areas such as hydrogen production and storage or environmental chemistry.
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