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1. Introduction
The emission of nitrogen oxides (NOx), carbon monoxide (CO)
and hydrocarbons (HC) is predominately caused by combustion of
fossil fuels, waste and further organic energy sources like timber. In
gasoline engine systems these pollutants are reduced by the use of
Pt/Rh or Pd/Rh containing three-way catalysts (TWC). However, this
simultaneous conversion occurs exclusively within a narrow range
of O2 content that is close to stoichiometric combustion conditions,
i.e. when the excess-air coefficient � ranges from 0.99 to 1.01 [1].
Thus, the lambda sensor, which was introduced into the market
in 1976, is of particular concern for TWC applications. The sensor
measures the � coefficient present in the exhaust stream forcing
the engine management system to regulate fuel injection.

Lambda sensors applied in gasoline systems are composed
of a material with specific conductivity, for instance Pt, as well
as a ceramic component exhibiting oxygen ion conductivity, e.g.
yttrium stabilised zirconia (YSZ). For the production of the latter
the physical–chemical properties of respective YSZ powder batches
play an important role because of decisively affecting the whole
manufacturing process as well as the quality of the end-product.
However, for the optimisation of the production steps classical
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action of NH3 with ZrO2. The adsorption sites of the ZrO2 surface and the
bates formed are examined by Diffuse Reflectance Infrared Fourier Trans-
netic parameters of the adsorption and desorption of NH3 are determined
n Temperature Programmed Desorption (TPD) studies. Special interest was
hich exhibited an intense peak in the low-temperature range as well as a
igher temperatures corresponding to H3N· · ·· · ·HO–Zr4+ and H3N· · ·· · ·Zr4+

netic modelling provided activation energies for NH3 desorption between
141 to 164 kJ mol−1.

© 2008 Elsevier B.V. All rights reserved.

approaches are considered to be problematic for modern R&D
requirements as they include empiric and time consuming method-
ologies. In contrast to that, the characterisation and evaluation of
specific surface-chemical and adsorption properties of the ceramic
precursors should allow a direct process design on a molecular
level, thus representing a powerful tool for sustainable develop-
ment as well as production improvements. Moreover, it should be

noticed that defined physical–chemical properties of ZrO2 materi-
als are also crucial for other potential applications, e.g. for catalysis
[2,3].

Various procedures are known from the literature to deter-
mine thermodynamic and kinetic parameters of the adsorption
and desorption of gases on oxide systems [4]. Gerasini et al. report
on microcalorimetric methods for the evaluation of adsorption
enthalpies [5–8], while Makowski, Kanervo, Panczyk, and Keski-
talo et al. use Temperature Programmed Desorption (TPD) analysis
for determining adsorption enthalpies by methods based on quasi-
equilibrium assumptions [4,9–12]. Additionally, TPD techniques are
used to calculate activation energies for desorption reactions of
gases according to the procedure proposed by Redhead (Eq. (1))
[13].

Ea

RTmax
= ln

�1Tmax

ˇ
− 3.64 (1)

Ea: activation energy of desorption, R: ideal gas constant, Tmax:
temperature of the concentration maximum of TPD pattern, �1:
preexponential Arrhenius factor, ˇ: heating rate.
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Furthermore, Smith and Aranoff and Ehrlich describe the “flash-
filament” method for determining activation energies and reaction
orders of adsorption and desorption processes [14,15].

All activation energy calculating techniques mentioned above
refer to symmetric desorption signals only. Thus, detailed analysis
of asymmetric TPD patterns involving the superposition of desorp-
tion signals is problematic.

Sato et al. report on the deconvolution of asymmetric TPD pro-
files by using Gaussian curves defining Tmax and the ratio of the
corresponding adsorption sites [16]. However, kinetic and thermo-
dynamic aspects of respective elementary reactions are not taken
into account. Further examples of processing multi-peak TPD pat-
terns by fitting one desorption peak followed by subtracting it
from the total TPD curve are given in the literature [17,18]. These
methods do not obey the principle of free readsorption because
the subtraction corrupts information regarding gas-phase compo-
sitions.

Contrary, Zhdanov and Matsushima describe calculations of
complex TPD patterns using Kinetic Monte Carlo simulations

[19,20]. Theoretical basics of kinetic Monte Carlo simulations are
discussed in [21,22].

In this work we present detailed characterisation of the surface
sites of YSZ and ZrO2 samples which is expected to be a key for the
optimisation of process parameters and future development lines of
sensor materials. For this purpose NH3 is taken as probe molecule,
while the surface complexes formed are analysed with Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) and
TPD. A kinetic model, which describes the adsorption/desorption
equilibrium on specific surface sites using elementary reactions is
constructed by combination of DRIFTS and TPD data. Correspond-
ing kinetic parameters are obtained by numerical modelling of the
asymmetric NH3 TPD patterns.

2. Experimental

2.1. Materials

In the present study four model patterns are investigated
(Table 1).

Fig. 1. Scheme of the ana
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Table 1
Physical characteristics of the materials used

Sample m(Y2O3)/wt.% SBET/m2 g−1 d50/nm

YSZ-A 6.5 11.6 347
YSZ-B 6.5 11.8 350
NYSZ 5.4 64.2 25
NZ – 155 20

YSZ-A and YSZ-B are sub-�-scaled yttrium doped zirconia sam-
ples, which are produced by melting ZrO2 and Y2O3 in an electric
arc furnace and finely milling the doped oxide gained. They exhibit
a Y2O3 content of 6.5 wt.% and a specific surface area of 11.6 and
11.8 m2 g−1, respectively. Nano-sized YSZ (NYSZ) is a highly dis-
persed zirconia (d50: 25 nm) which is gained within an Aerosil®

process by high temperature pyrolysis of a metal organic precur-
sor [23]. The sample reveals good chemical (impureness <0.05%)
and crystallographic (>99% monoclinic) purity. The Y2O3 content is
5.4 wt.%, while the BET surface area amounts to 64.2 m2 g−1. NZ is

an undoped nano-zirconia which is synthesised in a precipitation
process, exhibiting a specific surface area of 155 m2 g−1 and a d50
of 20 nm.

2.2. TPD studies

The setup used for TPD and DRIFTS experiments consists of five
integral components, i.e. gas supply, TPD system, surface analytics,
gas analytics and system control (Fig. 1).

Thermal mass flow controllers (MKS Instruments, Munich) are
used for gas dosage. The setup additionally allows in situ character-
isation of the temperature dependence of heterogeneous reactions
and adsorption processes of organic components onto various
matrices, e.g. ceramics and catalysts. For this purpose liquids are
fed into an evaporating system using a �-LiquiFlow (Bronkhorst,
Ruurlo). The vapour is subsequently injected into the gas supply
system.

Stainless steel pipes are passivated by Restek Performance Coat-
ings (Bellefonte) for the quantitative transfer of the gas molecules
from the plug flow reactor (quartz glass tube; i.d.: 22 mm; length:
750 mm) to the gas analytics. Chemical inert Siltek®/Sufiniert® pas-

lytical bench used.
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the quality of the estimated kinetic parameters their 95% confi-
dence interval is calculated with MATLAB® function nlparci which
involves asymptotic normal distribution.

3. Results and discussion

The TPD profiles of the samples investigated are displayed in
Fig. 2. In agreement with literature [35,36] the NH3 traces exhibit an
intense peak in the low-temperature range (90 ◦C) and a shoulder at
about 230 ◦C, whereas the latter is pronounced for NZ and NYSZ. The
desorption signals indicate two different surface species originated
from the reaction of NH3 with corresponding adsorption sites.
These adsorbates are characterised by DRIFT spectroscopy. Con-
trary, lateral and dipole-dipole interactions discussed in [21,22,37]
are considered not to be strong enough to cause splitting of the TPD
patterns.

The DRIFT spectra recorded are very similar for all the samples.
34 T. Finke et al. / Thermoch

sivation minimises adsorption and readsorption effects of active
components on the tubes.

Simultaneous realisation of TPD and DRIFTS analysis is feasible
due to the possible combinations of separate gas and vapour flows.

The bench described is considered to be an effective alterna-
tive compared to other TPD setups reported in literature [24–29].
TPD analyses are performed without thermal pre-treatment of the
samples to examine surface-chemical characteristics and adsorp-
tions properties which are relevant for industrial batch-processing.
The powders (YSZ-A/YSZ-B: 5.0 g; NYSZ: 1.0 g; NZ: 0.8 g) are purged
in the plug flow reactor with dry N2 for 1 h at 25 ◦C to remove
adsorbed species, i.e. mainly H2O. After this, the respective solid
is treated with a gas mixture of 500 ppm NH3 in N2 at a flow of
1.00 l min−1 (STP) until the saturation equilibrium is reached. NH3
is considered to be a useful probe molecule for the surface char-
acterisation of ZrO2 samples due to its dosage ability and specific
reactivity towards Lewis and Brønsted acid sites [30]. Subsequently,
the sample is flushed with N2 to remove physisorbed NH3. TPD
is started using N2 as carrier gas (1.00 l min−1, STP) and a linear
heating rate of 15 K min−1 up to 550 ◦C. The reactor effluents are
continuously monitored by FTIR spectroscopy (PerkinElmer 1720X
equipped with a 200 ml gas cell; path length: 3.6 m).

2.3. DRIFTS studies

DRIFTS examinations are performed on a Bruker Equinox 55
FTIR equipped with a MCT detector and praying mantis optics from
Harrick. The stainless steel IR cell contains KBr windows and is con-
nected to a gas-handling system. The temperature is monitored by
a K-type thermocouple placed 7 mm underneath the sample sur-
face. During measurements the spectrometer as well as the DRIFTS
optics are purged with N2 to avoid diffusion of air into the system.
The spectra are recorded in the range from 500 to 4000 cm−1 with
an instrument resolution of 4 cm−1. 100 scans are accumulated
to a spectrum using a KBr background. All spectra are displayed
in the Kubelka–Munk function (Eq. (2)) providing linear interre-
lation between the band intensity and the sample concentration,
improved base line progression and better resolution [31,32].

F(R) = (1 − R)2

2R
= ε · c

s
(2)

s: grain size dependent dispersion coefficient, ε: decadal extinction
coefficient, c: concentration.

The relative reflectivity R is defined as the ratio of the reflectance

of the sample I and that of the KBr reference I0 (Eq. (3)).

R = I

I0
(3)

The Kubelka–Munk relation equals the Beer–Lambert Law of the
transmission spectroscopy and allows quantitative analysis of the
diffuse reflectance spectroscopy.

2.4. Calculation of kinetic parameters of NH3
adsorption/desorption reactions

Kinetic parameters of the adsorption and desorption of ammo-
nia are calculated by numerical modelling of the TPD data, whereas
some parameters are taken from literature. The calculations are car-
ried out with MATLAB® (MathWorks Inc., Natick, Massachusetts),
while special functions are used for numeric solution of the equa-
tion systems as well as parameter estimation.

Estimation of free parameters, appearing within the model
equations, is generated by non-linear regression. The regression
analysis includes evaluation of a set of parameters for which the
differences (residues) between measurands and model answers
Acta 473 (2008) 32–39

Fig. 2. NH3 TPD patterns of the zirconia samples. Conditions: F: 1.00 l min−1 (STP),
�T �t−1: 15 K min−1; before TPD, samples are flushed with N2 at 25 ◦C and are then
exposed to NH3.

is minimised. For this purpose the MATLAB® function lsqcurvefit
which bases upon the minimisation of the sum of residue squares
under variation of kinetic parameters is used [33]. The numeric
solution of the minimisation problem is based on the reflective
Newton Method. For calculation of surface coverages the mass bal-
ance of gas-phase and surface adsorbed species is solved using
MATLAB® function ods15s [33,34]. ode15s is a variable order multi-
step solver based on numerical differentiation formulas. To specify
For simplicity only the data of NZ are shown throughout this paper.
The spectrum obtained after same pre-treatment as performed in
TPD, i.e. purging with N2, exposure to NH3 and then flushing with
N2 (each at 25 ◦C), is depicted in Fig. 3.

Fig. 3. DRIFT spectrum of thermally untreated NZ that was previously exposed
to NH3 (500 ppm in N2), Conditions: F: 0.50 l min−1 (STP); before and after NH3

exposure sample is flushed with N2 at 25 ◦C.
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Fig. 4. DRIFT spectrum of thermally treated NZ exposed to NH3 (500 ppm in N2);
Pre-treatment conditions: F: 0.50 l min−1 (STP); T: 650 ◦C; t: 60 min; before and after
NH3 exposure sample is flushed with N2 at 25 ◦C.

As expected, DRIFTS bands of NH3 species formed are observed
at 1200 and ca. 1600 cm−1 (deformation modes) as well as
in the region from 3100 to 3400 cm−1 (stretching modes).
However, these features are not well resolved due to strong
superimposition with bands related to CO2 adsorbates, i.e.
carboxylate (�as(COO−): 1573 cm−1; �s(COO−): 1415 cm−1) and car-
bonate (�as(CO3

2−): 1452 cm−1; �s(CO3
2−): 1326 cm−1; �(C–O):

1099 cm−1) [30,38–40]. The signal at 3687 cm−1 results from
absorption of the symmetric valence vibration of bridged hydroxyl
groups, which interact with two zirconium ions [30].

The strong superposition of bands of NH3 species with that
of COx compounds is problematic for detailed analysis of the
DRIFTS data and their correlation with TPD experiments. How-
ever, thermal desorption of water and carbon dioxide adsorbates
(F: 0.50 l min−1 (STP); T: 650 ◦C; t: 60 min) followed by NH3
exposure at 25 ◦C leads to DRIFTS spectra with well defined

NH3 related bands (Fig. 4), whereby it is superiorly possi-
ble to monitor the temperature dependence of the absorbance
intensities. Nevertheless, it should be taken into account that
thermal desorption of H2O and CO2 results in a modified sur-
face structure of the samples, e.g. a higher number of vacant
Zr4+ sites and missing interaction of OH groups with carbon-
ate. This has to be considered when correlating DRIFTS with TPD
data.

In accordance with literature [41–47] ammonia adsorbs coor-
dinatively onto both terminal and bridged surface hydroxyl
groups (ıas(NH3): 1600 cm−1; ıs(NH3): 1123 cm−1) as well as
Zr4+ ions (ıas(NH3): 1600 cm−1; ıs(NH3): 1195 cm−1; ıs(NH3):
1151 cm−1). Detailed interrelation of the features at 3396, 3353,
3226, 3193 and 3133 cm−1 to symmetric and asymmetric stretch-
ing modes as well as overtones of the deformation modes is
omitted. The accurate assignment is controversially discussed in
the literature mentioned above and not crucial for the present
work.

The ammonia adsorbates characterised are displayed in Fig. 5.
The adsorption onto Zr4+ sites occurs by overlap of the free

electron pair orbital of nitrogen with the empty d2
z orbital of the

Fig. 5. Model of the surface species formed by reaction of NH3 with ZrO2.
Acta 473 (2008) 32–39 35

metal ion. In contrast, the three stable N–H orbitals are too low in
energy to react with the cation [30]. Savatos et al. established that
the frequency of the symmetric deformation vibration of ammo-
nia adsorbates is sensitive to the nature and charge of the metal as
well as to the composition and geometry of the coordination sphere,
whereas the ıas vibration is not affected. The formation of the coor-
dination complex, involving very small � backbonding from Zr4+ to
the NH3 ligand, enhances the force constant of the N–H bond thus
increasing the frequency of the symmetric deformation vibration
[43]. This effect is confirmed in the present paper as will be shown
below.

Furthermore, it should be noted that ammonium species, which
might be formed by interaction of Brønsted acid hydroxyl groups
with NH3 are not detected [1,44]. Therefore, we conclude that the
acidity of the surface hydroxyl groups of the ziconia samples inves-
tigated is too weak to protonate NH3.

Samples which are pre-treated at 650 ◦C and subsequently
exposed to NH3 at 25 ◦C are heated in N2 (F: 0.50 l min−1 (STP))
to 100 ◦C and then to 150, 200, 250 and 350 ◦C to correlate DRIFTS
with TPD data. Corresponding DRIFT spectra of NZ are shown in
Fig. 6; as already mentioned above the spectra of the remaining
samples provide analogue results.

Fig. 6(a) shows that the shoulder located at 1125 cm−1 disap-
pears rapidly with increasing temperature. On the contrary, the
bands of the hydroxyl groups ranging from 3650 to 3780 cm−1

strongly increase with temperature, whereas the feature at
3680 cm−1 reaches its initial intensity already at 200 ◦C (Fig. 6(c)).

In contrast to the band of the bridged hydroxyl species the
feature of the terminal OH groups does not reappear at the orig-
inal frequency but is shifted to slightly lower wavenumbers (ca.
3730 cm−1). It is known from literature that hydroxyl surface groups
are affected by vicinal chemisorbed ammonia species, whereas the
interaction is rather weak for bridged hydroxyl species [30]. Hence,
the coordination interaction of terminal hydroxyl groups with vic-
inal ammonia adsorbates results in broadening and delayed rise
of the band at 3730 cm−1 as compared to the absorption signal of
bridged hydroxyl groups.

The DRIFTS bands at 1151, 1195 and 1225 cm−1 related to
ıs vibrations of ammonia coordinated to Zr4+ ions decrease
with increasing temperature, whereas the features at 1195 and
1225 cm−1 are still detectable at temperatures above 250 ◦C. This
indicates the presence of different Lewis acid sites with specific
acidity [45]. It is worth noting that the position of these signals
strongly depends on the sample preparation because of the poly-

morphous properties of zirconia.

The signal at 1600 cm−1, arising from the absorption of the
asymmetric deformation modes of all NH3 adsorbates, shows a dis-
proportionately high decrease between 25 and 100 and 100 and
150 ◦C, respectively.

From the DRIFT spectra shown in Fig. 6 we derive rapid decline of
the hydrogen bonded NH3 species (ıas: 1600 cm−1; ıs: 1123 cm−1)
between 25 and 200 ◦C which corresponds well to the low-
temperature maximum in the TPD pattern. Contrary, the species
bound to the Lewis acid Zr4+ sites reveal higher thermal stabil-
ity indicated by the development of ıs vibration located at 1225,
1195 and 1151 cm−1. Therefore, decomposition of the latter surface
component is attributed to the high temperature peak of NH3 TPD.

Based on the TPD and DRIFTS studies a kinetic model of the
adsorption and desorption of the different NH3 surface species,
which is defined by the elementary reactions (4)–(7), is con-
structed.

Adsorption:

NH3 + Zr4+ → H3N–Zr4+ (4)
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NH
Fig. 6. DRIFT spectra of NZ after exposure to NH3, N2 flushing at 25 ◦C and subse-
quent thermal treatment in N2 at 100, 150, 200, 250 and 350 ◦C. For clarity the figure
is separated into spectral regions from 1000 to 1300 (a), 1500 to 1700 (b) and 3550

−1
to 3850 cm (c).

NH3 + HO–Zr4+ → H3N–HO–Zr4+ (5)

Desorption:

H3N–Zr4+ → NH3 + Zr4+ (6)

H3N–HO–Zr4+ → NH3 + HO–Zr4+ (7)

The rate (rij) of every reaction is described by an Arrhenius-
based expression (Eq. (8)), where EA,j is the activation energy, R
the ideal gas constant and T the temperature.

kj = Aj exp

(
−EA,j

RT

)
(8)

In the following section parameter indices 1 and 3 refer to
adsorption and desorption of NH3 onto Zr4+sites, while indices
2, 4 are assigned to adsorption and desorption involving surface
hydroxyl species.

Due to the repulsion between adsorbed species a linear decrease
in activation energies (EA2; EA4) is assumed for desorption of ammo-
Acta 473 (2008) 32–39

nia with increasing NH3 coverage. For this purpose the constants
εj,� and �’j,� are introduced (Eqs. (9) and (10)); �Zr

NH3
and �OH

NH3
are

the surface coverages of NH3 adsorbed on Zr4+ sites (NH3
(Zr)) and

hydroxyl groups (NH3
(OH)).

EA2(�
NH(Zr)

3
) = EA2,0(�

NH(Zr)
3

)(1 − ε2,��
NH(Zr)

3
− ε′

4,��
NH(OH)

3
) (9)

EA4

(
�

NH(OH)
3

)
= EA4,0

(
�

NH(OH)
3

)
×
(

1 − ε′
2,��

NH(Zr)
3

− ε4,��
NH(OH)

3

)
(10)

The rates of the adsorption and desorption of NH(Zr)
3 and NH(OH)

3
species are described by Eqs. (11)–(14). It should be noted that
a mean field approach, in which respective adsorption sites are
considered to be equivalent, is used. This rather rough assump-
tion is applied as an effective standard method designing catalytic
converters and describing interactions of ammonia with metal
and metal oxide surfaces [34,48,49]. In accordance to these refer-
ences the present model considers free readsorption which is not
in quasi-equilibrium with the desorption process. This approach
is a fundamental model based on elementary reactions derived
from detailed temperature dependent experiments and is generally
accepted in the literature [33,34,48–53].

r1 = A1 exp
(

−EA1

RT

)
cNH3(g)(1 − �NH3

(Zr) ) (11)

r2 = A2 exp

(
−

EA2,0(1 − ε2,��NH3
(Zr) − ε′

4,�
�NH3

(OH) )

RT

)
�NH3

(Zr) (12)

r3 = A3 exp
(

−EA3

RT

)
cNH3(g)(1 − �

NH(OH)
3

) (13)

r4 = A4 exp

(
−

EA4,0(1 − ε′
2,�

�
NH(Zr)

3
− ε4,��

NH(OH)
3

)

RT

)

� (OH) (14)

3

Kinetic modelling of the TPD profiles is based on combina-
tion of the mass balances of gaseous and adsorbed ammonia (Eqs.
(15)–(17)). In accordance to the literature the analytical bench
is mathematically described as a continuous stirred-tank reactor
(CSTR) [4,9,33,50,54–59]. The application of the CSTR model has
been shown to be a good approximation as compared to the Plug
Flow Reactor (PFR) model and is therefore a widely accepted prac-
tice in numerical modelling of TPD data [60,61]. From Ref. [50] we
derive that accumulation of NH3 in the cell is negligible (Vˇ/V̇T0 <
0.02; where V is the volume of the gas cell, ˇ the heating rate, V̇ the
volume flow and T0 the initial temperature). Therefore, quasi steady
state conditions are assumed. The quasi steady state assumption is
widely used describing TPD experiments [4,9–12,33,62].

Mass balance of gaseous ammonia in the CSTR under quasi
steady state conditions:

V̇cNH3(g), in − V̇cNH3(g), out + AZrO2

Nj∑
j

�ijrij = 0 (15)



imica

NH(Zr
3

�
NH(

3

EA2,

−
EA4
T. Finke et al. / Thermoch

Mass balance of adsorbed ammonia:

AZrO2 	ZrO2 ˇ
d�NH3

(Zr)

dT
= AZrO2

Nm∑
m

�nmrnm (16)

AZrO2 	ZrO2 ˇ
d�NH3

(OH)

dT
= AZrO2

Np∑
p

�oprop (17)

cNH3 (g),in and cNH3 (g),out are NH3 concentrations monitored at
the reactor inlet and outlet, respectively, AZrO2 the specific surface
area of the respective ZrO2 sample, 	ZrO2 the correspondent surface
concentration of active sites and �ij, �nm and �op the stoichiometric
coefficients of species i, n and o of the jth, mth and pth reaction.
In the TPD experiments described no additional NH3 flow is intro-
duced at the reactor inlet (cNH3 (g),in = 0 ppm). Therefore, cNH3 (g) is
equal to cNH3 (g),out in Eqs. (11)–(20).

The mass balance results in a system of an algebraic (Eq. (18))
and two non-linear differential equations (Eqs. (19) and (20)) by
inserting Eqs. (11)–(14) in Eqs. (15)–(17).

cNH3,(g) =
AZrO2 A2 exp(−EA2,0(1 − ε2,��

NH(Zr)
3

− ε′
4,�

�
NH(OH)

3
/RT)�

V̇ + AZrO2 A1 exp(−EA1/RT)(1 −

	ZrO2 ˇ
d�

NH(Zr)
3

dT
= A1 exp

(
−EA1

RT

)
cNH3(g)(1 − �

NH(Zr)
3

) − A2 exp

(
−

	ZrO2 ˇ
d�

NH(OH)
3

dT
= A3 exp

(
−EA3

RT

)
cNH3(g)(1 − �

NH(OH)
3

) − A4 exp

(

This equation system is used for the evaluation of kinetic param-
eters by numerical modelling of the TPD data as described in Section
2.4.
Diffusion effects, which are taken into account by Delgado and
Gómez [50] modelling CO2 TPD experiments on porous materials
are not considered due to the non-porous characteristics of the
zirconia samples investigated. Thus, balance and differential equa-
tions used are not extended by diffusion terms, which describe
pore diffusion. The influence of surface diffusion effects could
additionally be investigated by kinetic Monte Carlo simulations
[19–22,37,63]. However, our DRIFTS data do not provide evidence
for significant transformation of one kind of adsorbate into the
other.

In order to reduce the number of free parameters in the kinetic
modelling procedure the preexponential factors of adsorption
(Aads) and desorption (Ades) are estimated on the basis of literature
data (Table 2) [13,33,48,50,51].

In accordance to literature we consider the adsorption of
NH3 on both types of active sites as being inactivated, i.e.
EA1 = EA3 = 0 kJ mol−1 [10,51]. Activation energies of the desorption
reactions EA2 and EA4 as well as the constants εj,� are evaluated by
numerical modelling. ε’j,� is held constant (0.005) considering a
minor repulsion between different surface species, i.e. NH3

(Zr) and
NH3

(OH) only.

Table 2
Preexponential factors used

Preexponential factor Value

Aads 0.87 m3 s−1 m−2

Ades 1 × 1013 mol s−1 m−2
Acta 473 (2008) 32–39 37

) + AZrO2 A4 exp(−EA4,0(1 − ε′
2,�

�
NH(Zr)

3
− ε4,��

NH(OH)
3

)/RT)�
NH(OH)

3

Zr) ) + AZrO2 A3 exp(−EA3/RT)(1 − �
NH(OH)

3
)

(18)

0(1 − ε2,��
NH(Zr)

3
− ε′

4,�
�

NH(OH)
3

)

RT

)
�

NH(Zr)
3

(19)

,0(1 − ε′
2,�

�
NH(Zr)

3
− ε4,��

NH(OH)
3

)
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Fig. 7. Comparison of the calculated and measured NH3 TPD profile of the sample
NYSZ.

The calculated and measured concentrations of ammonia and
the corresponding coverage of NH3 are exemplarily shown for NYSZ
(Figs. 7 and 8); these results do not differ significantly from the
other samples.

Fig. 7 demonstrates that the experimental NH3 TPD profile
is satisfactorily covered by the calculated data. Thus, we con-
clude high accuracy of our kinetic model developed. Furthermore,
the calculated surface coverages indicate rapid decrease of the
H3N· · ·· · ·HO–Zr4+ species, while the desorption of stronger bound

◦
NH3 surface species starts at about 90 C. This behaviour is in fair
agreement with the DRIFTS studies described above.

Activation energies of the NH3 desorption from uncovered ZrO2
surfaces and constants εj,� determined by numerical modelling
are listed in Table 3. The 95% confidence intervals shown therein
indicate the reliability of the data calculated. The number of active
surface sites (N(Zr), N(OH)) are obtained by deconvolution of the TPD
spectra using the kinetic model described above with correspond-
ing kinetic parameters.

Activation energies calculated range from 100 to 105 and from
141 to 164 kJ mol−1, respectively. These values correspond well to
the scale of activation energies of desorption reactions of probe
molecules which are coordinatively bound onto oxide substrates
[64]. Differences between EA2,0 and EA4,0 are reflected in the thermal
stability of the adsorbates.

Values of 95–100 kJ mol−1 and 128–133 kJ mol−1 result using Eq.
(1) underlying our TPD data. These figures are close to the activation
energies determined above (Table 3). It is known, that the Redhead
approach often leads to unrealistically high values of energy due
to the non-consideration of possible readsorption processes [9].
However, activation energies evaluated by our numerical modelling
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Table 3
Number of active surface sites and calculated parameters of the desorption process

Parameter YSZ-A YSZ-B

N(Zr)/�mol g−1 12.0 13.5
ε2,� 0.27 ± 0.03 0.26 ± 0.0
EA2,0/kJ mol−1 141 ± 1 143 ± 1

67 ± 0
1

[

[
[
[
[
[

[

[

[27] S. Sato, K. Koizumi, F. Nozaki, J. Catal. 178 (1998) 264–274.
N(OH)/�mol g−1 8.3 9.0
ε4,� 0.056 ± 0.013 0.0
EA4,0/kJ mol−1 102 ± 1 105 ±

Fig. 8. Calculated NH3 surface coverages of the sample NYSZ.

refer to zero coverage. Considering εj,� factors of 0.06 and 0.31 and
surface coverages of 0.8 and 1, corresponding activation energies
range from 95 to 100 and from 100 to 113 kJ mol−1 at high cover-
ages. These values are smaller than activation energies obtained
using Eq. (1).

Surface heterogeneity, i.e. adsorption onto different crystallo-
graphic faces, surface steps, edges and corners is neglected in
our numerical modelling as generally done in the modelling of
non-equilibrium reactions [33,34,48–53]. However, εj,� factors
evaluated denote substantial coverage dependence of activation
energies, especially for NH3

(Zr) adsorbates. This effect is considered
to be too strong to be associated with vicinal interaction con-
tributions only. Hence, we conclude that εj,� factors imply both
energetic heterogeneity of ZrO2 surfaces and repulsion forces of
NH3 species. Therefore, the model presented is not only an effective
tool determining activation energies of desorption reactions but
also provides a measure for describing surface heterogeneity. Eval-
uated ε , factors of 0.06 and 0.31 (Table 3) implicate that NH (Zr)
j � 3
adsorbates are effected much stronger by vicinal interactions and
surface heterogeneity than NH3

(OH) species.
Additionally, surface heterogeneity could be quantitatively

addressed by continuous energy distributions based on quasi-
equilibrium approaches evaluating adsorption enthalpies [9–12].

The, in dependence of the amount of adsorbed H3N· · ·Zr4+

species, increasing activation energy is ascribed to sample depen-
dent proportions of surface carboxylate and carbonate species and
superimposed surface heterogeneity effects. COx adsorbates block
high energy surface sites and – according to the interaction model
of Nakano et al. and Chuah et al. – execute a repulsive interaction
onto NH3 species [35,65].

4. Conclusion

Numerical modelling of the adsorption and thermal desorption
of NH3 on ZrO2 surfaces provided activation energies of the des-
orption reactions between 100 and 105 kJ mol−1 and from 141 to
163 kJ mol−1. These are associated to ammonia species adsorbed
coordinatively onto surface hydroxyl groups (H3N· · ·· · ·HO–Zr4+)

[
[
[

[
[

[
[

[
[
[
[
[

[

[
[

[
[
[

[

Acta 473 (2008) 32–39

NYSZ NZ

71.0 88.0
3 0.31 ± 0.01 0.37 ± 0.02

164 ± 1 163 ± 1
40.0 40.0

.013 0.066 ± 0.007 0.062 ± 0.013
100 ± 1 101 ± 1

and Zr4+ ions (H3N· · ·· · ·Zr4+), respectively. The study shows that
combined DRITFS and TPD analysis are an effective approach
characterising surface adsorbed species, deriving elementary reac-
tions and determining corresponding kinetic parameters as well as
describing surface heterogeneity.
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