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Chapter 1

General Introduction

Supported Metal Catalysts and Their Preparation

A catalytic solid is a material that facilitates a chemical reaction by lowering 
the activation barrier.[1] It is comprised of a support and the catalytically active 
phase. The support is a porous solid, such as TiO2, Al2O3, SiO2 or carbon, usually 
with a high specific surface area that enables a high dispersion of the active phase 
at high loadings with unique phase-support interactions that result in the required 
catalytic efficiency (activity, selectivity and stability). Some examples of active phases 
include Ni, Pd or Pt, which are typically used in (de-)hydrogenation reactions; Co 
or Fe common in Fischer-Tropsch catalysis; and Mo involved in hydroprocessing 
treatments.[2-6]

A large number of industrial catalysts are supported metal (oxide) catalysts 
that require a high dispersion of the active component. Hence, they must be 
efficient and stable, but they also require other properties such as being regenerable, 
mechanically strong and cost effective. In order to achieve high mechanical 
stability, the support must be pre-shaped into support bodies with sizes from tens 
of micrometers to millimeters. The shape and the size of these support bodies then 
depend on the specific application of the catalyst and the type of reactor in which 
they will be loaded. In this way, spheres in the 20-100 µm range are generally used 
in fluid bed reactors; whilst other larger bodies, such as rings, beads, pellets or 
extrudates of millimeter sizes, are used in fixed bed reactors. These larger bodies 
enable the pressure drop through the bed to be low.[4] Other interesting commercial 
shapes are trilobes or quadrulobes, which minimize the mass-transfer limitations of 
the reactants through the catalyst bodies. 
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The classical preparation method of industrial catalysts includes pore volume 
impregnation and drying followed by a thermal treatment. In some cases, an 
additional activation step is required, such as reduction or sulphidation, to arrive at 
the active catalytic material. In this manner, an impregnation solution that contains 
the precursor of the active species is contacted with the support. The amount of 
solution used is just enough to fill the pores of the support and, thus, is equal to 
its pore volume. During the pore volume impregnation, three phenomena occur: 
capillary flow of the solution towards the core of the catalyst body, diffusion of the 
metal-ion in the liquid-solid interface and adsorption of these ions in the pore walls.
[7, 8] As a result, depending on the relative importance of each phenomenon, different 
macro-distributions of the active species along the catalyst bodies can be obtained 
after impregnation, that can be modified during drying or thermal treatment. For 
instance, if the adsorption of the precursor of the active component at the support 
surface is strong, then, it will be retained in the outer rim of the catalyst body; whilst 
if it is weak, the precursor will be spread out within the body. The first case yields 
a macro-distribution of the active material generally known as egg-shell, while 
the latter yields a uniform macro-distribution. There are two other defined macro-
distributions known as egg-yolk (the active component concentrated in the core of 
the body) and egg-white (the active component is enriched in a concentric ring in 
the body). In order to create these two profiles, competitive adsorption of ions play 
a role.[8, 9] Figure 1.1 illustrates the four types of macro-distributions of the active 
phase within cylindrical catalyst bodies.

Chapter 1

Figure 1.1. Different macro-distributions of the active phase within mm-sized catalyst 
bodies. The grey color corresponds to the active phase and the white color represents the 
support.

Uniform Egg-shell Egg-yolk Egg-white
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It is important to realize that a uniform macro-distribution of the active sites 
is often but not always the optimum catalyst. Each of the above-mentioned macro-
distributions has its own applications, which are generally determined by, among 
others, the reaction kinetics and catalyst poisoning. Uniform macro-distributions 
are employed if there are no diffusional restrictions, whilst egg-shell profiles are 
more favorable in the case of fast reactions; i.e. if there are diffusional restrictions.
[10] On the other hand, egg-yolk distributions are desired if the external part of the 
catalyst is exposed to attrition and/ or poisoning, and egg-white can be utilized if 
the catalyst core suffers diffusional restrictions and the outer rim suffers attrition 
and/ or poisoning.[11, 12] 

Furthermore, the macro-distributions created during the impregnation step 
might be modified by any of the subsequent preparation steps. The redistribution of 
the active component during the drying step has been studied both experimentally 
and theoretically by several groups.[8, 9, 13-16] The general consensus is that if no 
physicochemical interactions between the active component and the support 
surface take place during the impregnation step, then redistribution of the active 
species occurs unless drying is fast enough to avoid it. Thus, redistribution can be 
avoided if strong interactions between the precursor metal-ion complex and the 
support surface take place during impregnation. An alternative approach to avoid 
redistribution during drying is by increasing the viscosity of the impregnation 
solution for example using aqueous solutions of chelated metal complexes.[17] 

The calcination step, additionally, might not only lead to redistribution of 
the active component within the catalyst bodies, but also to the formation of low 
dispersions of the active phase and/ or formation of solid solutions with the oxidic 
support material. As an example, Sietsma et al.[18] have reported that the calcination 
in air of 20 wt% Ni/SiO2 catalysts, where Ni is impregnated as an aqueous solution 
of Ni(NO3)2, leads to sintering and redistribution of the Ni precursor and low NiO 
dispersions, whilst in the presence of H2 the dispersion of NiO particles increases 
substantially. Nitrate salts are widely used as metal-ion precursors due to their 
beneficial properties such as high solubility allowing high metal loadings and 
low price. However, they are also known to give rise to low dispersions and solid 
solutions, e.g. as Ni aluminates if Al2O3 is chosen as the support material.[19]

 As a 
result, a compromise should be reached between all the experimental parameters 
(precursor salts and preparation conditions) in order to obtain the optimum catalyst. 
Hence, since there are a large number of parameters that affect the final macro-
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distribution of the active component and its dispersion within support bodies, 
control on the preparation method is of utmost importance for the rational design 
of industrial catalysts.

Role of the Metal-Support Interface in the Preparation of 
Industrial Catalysts

The final macro-distribution and dispersion of the active component in a 
catalyst body are affected by the interactions that take place between the metal-ion 
precursor and the support surface already during the impregnation step and thus, 
are determined by the metal-support interface. A number of research groups have 
therefore implemented the question: “what is the role of the liquid-solid interface in 
the preparation of supported catalysts?”.[20-24]

As a first approach, one can think of the adsorption model proposed by 
Brunelle in 1978,[23] known as the double layer model. He described that the surface of 
metal oxides become charged in the presence of an aqueous solution. In this way, 
the hydroxylic surface of a support may become positively charged in the presence 
of an acid solution, or negatively charged in the presence of a basic solution. Thus, a 
layer of counterions appears, known as the diffuse layer, next to the charged surface 
layer: 

Als-OH + H+ A-    Als-OH+A-                  (1)

Als-OH + B+OH-    Al-O-B+ + H2O                 (2)

Als-OH refers to hydroxyl groups from the support surface, H+ A- represents 
an acid, and B+OH- a base. The point of zero charge, pzc, is then defined as the pH at 
which the surface net charge is zero.

This model serves as a first approximation to understand the interactions 
as electrostatic interactions between metal-ion complexes and the support surface. 
However, in reality the support oxide surfaces contain more than one type of 
adsorption sites, and each of these has its role on the adsorption of metal-ion 
complexes. For example, it has been reported that the γ-Al2O3 surface contains up 
to nine different types of hydroxyl groups with different acid-base properties and, 
hence, different reactivity.[25] For this reason, more detailed and specific models have 
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been developed that take into account the presence of different types of adsorption 
sites on the support surfaces and describe in a better way the adsorption of the 
precursors on the support surface. Lycourgiotis et al.[22] presented a few years ago 
a review containing a compilation the solid-liquid interface models developed 
until now. These comprise usually more than two charged layers and more specific 
interactions between the species involved; i.e., not only electrostatic interactions. 

Since the support surface contains different types of hydroxyl groups with 
different acid-base properties the adsorption of the metal-ion precursor complexes 
on the support surface is governed by several parameters. These parameters include 
the pzc of the support oxide, the pH or ionic strength of the solution containing 
the precursor complex and the nature of this complex.  Therefore, the adsorptive 
properties of the precursor complex on the support surface can be modified by 
tuning these factors by, for example, chemically modifying the support surface in 
order to change its pzc; or by modifying the chemical properties of the impregnation 
solution. This can be done by changing the solution pH or changing the nature of 
the metal-ion complex; i.e., modifying the 1st coordination sphere of the complex by 
using ligands different from water.[26-30] A scheme of the interactions involved in the 
adsorption of a precursor metal-ion complex on the γ-Al2O3 surface is represented 
in Figure 1.2 where Me refers to the metal, while L and n stands for the ligand and 
the metal-ion (complex) charge, respectively. 

Several research groups have been studying the use of chelating ligands 
to change the nature of the precursor metal-ion complex in the preparation of 
supported metal (oxide) catalysts. Seminal examples include the work of Che and 
co-workers on the uses of Ni-ethylenediamine (en) complexes as precursors for 
the preparation of Ni catalysts.[31-36] They found that en increases the Ni dispersion 
and reducibility if the thermal treatment is carried out in an inert gas atmosphere. 
Similarly, Ryczkowski has reported that the use of ethylenediaminetetraacetic acid 
(edta) in the preparation of Ni/γ-Al2O3 catalysts increases the dispersion of Ni.[37] 
Other chelating agents that have been used for the preparation of supported metal 
(oxide) catalysts include acetylacetonate (acac), citric acid (ca) or nitrilotriacetic acid 
(nta).[17, 38, 39] 
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Figure 1.2. Representation of different interactions of a precursor metal-ion complex on 
a γ-Al2O3 surface. (a) Electrostatic interactions between the metal-ion complex and the 
support surface; (b) Grafting of the metal-ion complex on the support surface, where two 
oxygen atoms from the support surface enter the 1st coordination sphere of the metal-ion 
complex; (c) Grafting of the ligands L on the support surface and consequent hydrolysis of 
the metal-ion complex.

Space and Time Resolved Characterization of Catalyst 
Bodies

In order to achieve insight in the preparation of industrial catalysts it is of 
paramount importance to understand the physicochemical processes that the 
precursor of the active component undergoes during catalyst preparation. This 
knowledge can be obtained by applying spectroscopic characterization techniques. 
For a real characterization of the preparation of industrial mm-sized catalysts, 
the techniques employed must satisfy two requisites. Firstly, they must provide 
multidimensional information of the structure and composition of a catalyst body, 
since the size of this material lies in the millimeter range. Secondly, they must 
be applied in situ; i.e., during the preparation process of the catalyst. Hence, the 
development of space- and time- resolved spectroscopic methods is of high interest 
for researchers in the field of industrial catalysis and for the industrial community, 
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as it will underpin the rational design of industrial catalysts.[40, 41]

The space and time resolved characterization methods explored so far can be 
divided in two main groups: invasive and noninvasive. Invasive methods that give 
information on the molecular nature of the metal-ion species include Raman, UV-
Vis-NIR and IR micro-spectroscopies. Raman micro-spectroscopy was firstly used 
by Knozinger and co-workers in 1993.[42] Since then, the experimental method for 
acquisition of space resolved spectra has become easier mainly due to instrumental 
developments; but still a prebisection of the samples under study is required in order 
to collect spatially resolved spectra at different positions along the cross section of 
the catalyst bodies. The experimental approach is presented in Figure 1.3. 
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Figure 1.3. (a) Experimental approach that should be followed when invasive techniques are 
used to characterize impregnated or dried pellets. (b) Example of a bisected pellet together 
with the spatially resolved UV-Vis-NIR and IR spectra collected on the points of the surface 
indicated in red.
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At different points in time ‘x’ after pore volume impregnation or after drying, 
the catalyst body is bisected perpendicular to its z axis by using a scalpel. Then, 
spatially resolved spectra can be measured on the resulting cross section of the 
catalyst body. 

This figure illustrates examples of space resolved UV-Vis-NIR and IR spectra 
collected along a line scan of a dried catalyst body. The space resolved UV-Vis spectra 
show among others two Ni2+ d-d transition bands, which decrease in intensity and 
shift to longer wavelengths from the edge to the core of the catalyst body. Additionally, 
the space resolved IR spectra indicate an egg-shell distribution of the chelating 
agent en as deduced from the decrease in intensity of the C-H stretching vibrations 
at around 3000 cm-1

 from the edge to the core of the catalyst body. Even though this 
illustration only shows examples of UV-Vis-NIR and IR micro-spectroscopies, the 
same principle is applied in the case of Raman micro-spectroscopy.

Both UV-Vis-NIR and Raman micro-spectroscopic methods can be used to 
monitor the dynamics of the metal-ion complex precursor after impregnation and 
during equilibration, and to visualize the molecular changes that this complex may 
undergo while is moving towards the core of the support body.[43, 44] In the case of 
UV-Vis-NIR micro-spectroscopy this can be done thanks to an environmental cell 
designed to keep a wet atmosphere around the bisected catalyst body during the 
measurements (Appendix A). If one wants to characterize dried and thermally-
treated catalyst bodies, besides these two methodologies, IR micro-spectroscopy 
can also be applied, as illustrated in Figure 1.3.[45-47] Each of these techniques has 
its own advantages and the combination of the three provide complementary 
chemical information, which facilitates the understanding of the dynamics and the 
molecular changes that a metal-ion precursor complex and other ingredients of the 
impregnation solution undergo during catalyst preparation. 

However, since the samples must be pre-bisected, the drying or thermal 
treatment steps cannot be studied in situ. This brings the desire of the catalyst scientist 
for the development of noninvasive methods that enable in situ characterization 
of all the steps involved in catalyst preparation. In this direction one can find 
techniques, such as Magnetic Resonance Imaging (MRI), which provides input in 
two dimensions (2D) and has been employed for instance to study the impregnation 
of different metal-ion precursor complexes or the drying of different support pellets.
[48-50] Additionally, noninvasive synchrotron-based techniques, such as Tomographic 
Energy Dispersive Diffraction Imaging (TEDDI) and X-ray micro-tomography, are 
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being under investigation in the field of catalyst preparation. For example, TEDDI 
has been used to characterize in 3D the crystalline and amorphous structure of 
CoMo/γ-Al2O3 extrudates, whilst X-ray micro-tomography has been utilized to profile 
the structure of different support bodies.[51-53] Figure 1.4 illustrates the experimental 
approach to follow when the samples are characterized by noninvasive methods, 
such as MRI or TEDDI.

General Introduction
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Figure 1.4. (a) Sample preparation to apply noninvasive characterization techniques during 
the impregnation, drying or thermal treatment steps of a catalyst body; (b) Characterization 
approach of the MRI and TEDDI techniques together with the typical images obtained from 
them.
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1H-MRI enables to obtain information regarding the dynamics of paramagnetic 
metal-ion complexes by making use of several magnetic field gradients and a 
radiofrequency (RF) coil. The MRI image shown in Figure 1.4 (b) represents an 
xy slice of a γ-Al2O3 extrudate 5 min after impregnation with a 0.5 M Ni(H2O)6

2+ 
solution. The red region indicates a high concentration of the complex, whilst the 
blue core indicates the presence of pure water. The second method, TEDDI, makes 
use of synchrotron light and by analyzing the diffraction and fluorescence signals 
recorded in the detector one can obtain information on the chemical distribution as 
well as on the phase changes taking place in a catalyst body. The TEDDI image in 
Figure 1.4 (b) represents a XY slice of a Ni/γ-Al2O3 pellet after thermal treatment in 
N2. A green external ring can be observed, which indicates an egg-shell distribution 
of the metallic Ni (200) reflection at 57.6 keV. 

Scope and Outline of the PhD Thesis 

The aim of the research described in this PhD thesis is to obtain knowledge 
on the physicochemical processes involved during the preparation of catalyst 
bodies. Thus, the goal is to understand the changes in the molecular structure of the 
precursor metal-ion complex from the impregnation step until the catalytically active 
structure is formed, and how the final macro-distribution of the active component 
is created. For this purpose, the development and application of spatiotemporal 
spectroscopic techniques, that make it possible to monitor all the structural 
changes of the precursor metal-ion complex during the different preparation steps, 
is a must. The techniques that are described in this work comprise both invasive 
(UV-Vis-NIR and IR micro-spectroscopies) and noninvasive methods (MRI and 
TEDDI). Attention has been focused on the preparation of Pd and Ni on γ-Al2O3 
hydrogenation catalyst bodies (pellets and extrudates). However, the analytical 
methods used in this research and the input obtained from their application can 
be extended to other catalyst bodies as well. In particular, the influence of various 
ingredients in the impregnation solution, such as chelating agents and inorganic 
salts, on the molecular structure and macro-distribution of the metal-ion during the 
different steps of catalyst preparation has been investigated.

Chapter 2 and Chapter 3 are related to the application of invasive micro-
spectroscopic techniques. In Chapter 2, UV-Vis-NIR micro-spectroscopy is employed 
to study the influence of Cl- (aq) on the formation of different Pd macro-distributions 

Chapter 1
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on γ-Al2O3 pellets during the impregnation step. Chapter 3 describes the use of UV-
Vis-NIR and IR micro-spectroscopies to study the impregnation process of [Ni(en)
x(H2O)6-2x]2+ (en = ethylenediamine and x = 0 - 3) on γ-Al2O3 bodies and reveals the 
creation of uniform or egg-shell Ni macro-distributions after drying. 

Chapter 4 and Chapter 5 are related to the uses of noninvasive techniques to 
characterize the preparation of Ni/γ-Al2O3 catalyst bodies. Chapter 4 describes the 
application of MRI to get quantitative and qualitative insight into the impregnation 
step of Ni2+ on γ-Al2O3 extrudates. 1H-MRI is introduced as an indirect method to 
visualize in situ the dynamics of [Ni(H2O)6]2+ in a quantitative manner by applying 
T2-contrast imaging. This method is also used to monitor the transport of other 
complexes, such as [Ni(edta)]2- (edta = ethylenediaminetetraacetic acid), via T1-contrast 
imaging. Finally, MRI in combination with UV-Vis-NIR micro-spectroscopy has 
been used to reveal the presence of electrostatic interactions between [Ni(H2O)6]2+ 
and [Ni(edta)]2- when both complexes are co-impregnated. Chapter 5 is dedicated 
to the application of TEDDI to monitor in situ the thermal treatment under N2 of 
[Ni(en)3](NO3)2 or [Ni(en)(H2O)4]Cl2 /γ-Al2O3 bodies. This approach enables the in situ 
visualization of the genesis of the active metallic Ni structure in the support bodies, 
the decomposition of the [Ni(en)3](NO3)2 and the formation of two intermediate 
crystalline phases during the thermal treatment of [Ni(en)(H2O)4]Cl2.

Finally, Chapter 6 contains a summary with the main conclusions drawn 
from the previous chapters, and an outlook and some perspectives are presented 
in Chapter 7.
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Chapter 2

Abstract

UV-Vis-NIR micro-spectroscopy has been applied to study the influence of the Cl- 

(aq) concentration, solution pH and equilibration time on the [PdCl4]2- (aq) dynamics 
and molecular structure after impregnation of γ-Al2O3 support bodies. To do so, 
0.2 wt% Pd catalysts have been prepared from acidic solutions (pH 1 and 5) of the 
Na2PdCl4 precursor salt containing different amounts of NaCl. It has been found 
that egg-shell catalysts are obtained in less than 24 h of equilibration when a less 
acidic pH (pH 5) is combined with [Cl-(aq)] < 0.6 M, while to achieve egg-white 
catalysts the solution pH should be 1. Moreover, by increasing the equilibration time 
up to 96 h, the egg-shell profiles vanish to provide a uniform Pd distribution and the 
egg-white distribution becomes egg-yolk. Additionally, Pd complexes appear with 
different molecular structures depending on the solution pH, the equilibration time 
and the macro-distribution achieved. The protocol designed to prepare different 
Pd macro-distributions has been applied to prepare two Pd catalysts closer to 
commercial use; i.e., 1 wt% Pd concentrations, with egg-shell and egg-white profiles. 
The Pd dynamics and molecular structure was followed after impregnation, drying 
and calcination, demonstrating that the profiles created after impregnation are 
retained. Furthermore, UV-Vis-NIR micro-spectroscopy has proven that the initial 
PdII complexes in solution undergo hydrolysis after contacting the support and 
[PdCl2(OH)2]2- is formed. However, ligand exchange reactions of the [PdCl2(OH)2]2- 

complex take place during drying and [PdCl3(OH)]- and [PdCl4]2- complexes are 
obtained, which are retained after calcination.
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Introduction

As described in Chapter 1, the efficiency of an industrial catalyst is determined 
by, among others, the macro-distribution of the active component within the support 
body, which is dependent on the interactions that take place between the metal-ion 
precursor and the support surface already during the impregnation step. It was also 
explained that one way of altering the interactions between the metal-ion precursor 
and the support surface is by changing the pH or ionic strength of the impregnation 
solution. In this way, previous studies have reported that lowering the solution 
pH or increasing the ionic strength boost the formation of more uniform profiles, 
when the metal-ion precursor [PtCl6]2- is impregnated on γ-Al2O3 catalyst bodies.[1, 2] 
Furthermore, the addition of Cl- (aq) on γ-Al2O3 is known to lower its pzc and to favor 
more uniform profiles of [PtCl6]2- on γ-Al2O3 catalyst bodies.[3-5] A similar influence 
of the pH, ionic strength and concentration of Cl- (aq) when the precursor metal ion 
is [PdCl4]2- is expected, since both [PtCl6]2- and [PdCl4]2- complexes are anionic and 
stable in acidic solutions. 

This brought us to investigate how Cl- (aq) can affect the preparation of Pd/
γ-Al2O3 pellets from the precursor Na2PdCl4. In this Chapter, it is demonstrated 
by means of UV-Vis-NIR micro-spectroscopy that additional Cl- (aq) ions in the 
impregnation solution affect the Pd macro-distribution boosting more uniform 
profiles. Furthermore, it is shown that the final profiles depend on the solution pH, 
and that the concentration of Cl- (aq) ions have an important role on the [PdCl4-x(HO)
x]2- speciation within γ-Al2O3 catalyst bodies. Based on this study, an experimental 
protocol is proposed to prepare different Pd catalysts, which can be applied to 
prepare highly loaded catalysts.
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Table 2.1. Overview of the 20 mM Pd impregnation solutions used in this work.

 * [Cl- (aq)] = [Cl-]NaCl + [Cl-]HCl

Experimental Section

1. Catalyst Preparation 

 Two series of impregnation solutions containing sodium tetrachloropalladate 
(Na2PdCl4, ca. 36.4 wt% Pd, Acros) in a final 20 mM Pd concentration were prepared 
in order to yield 0.2 wt% Pd on the catalysts. These series have been labeled as Series 
A and Series B. Series A was prepared by dissolving Na2PdCl4 in an aqueous 112 
mM HCl solution (from conc. HCl, Acros). Six solutions were prepared from Series A 
containing increasing amounts of NaCl (Acros p.a.) to a final chloride concentration 
ranging from 112 to 1000 mM. The chloride concentration is referred to the sum of 
HCl and NaCl, and not to that from the precursor Na2PdCl4 salt. Seven solutions 
in Series B were prepared by dissolving Na2PdCl4 in water and adding increasing 
amounts of NaCl (Acros p.a.) to the same final concentration of Cl- (aq) as in Series 
A. The concentration of Cl- (aq) (as the sum of HCl and NaCl) and the experimental 
pH of the solutions are summarized in Table 2.1. 

Series A pH Series B pH Cl- (aq) /M*

- - B0 3.8 0

A1 0.9 B1 4.9 0.112

A2 0.9 B2 5.2 0.300

A3 0.9 B3 5.5 0.500

A4 0.8 B4 5.5 0.750

A5 0.7 B5 5.6 1.000

A6 0.9 B6 5.6 1.112

Chapter 2
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Additionally, two solutions were prepared by dissolving the required amounts 
of Na2PdCl4 (ca. 36.4 wt% Pd, Acros) to a final 94 mM Pd concentration to yield 1 wt% 
Pd on the catalysts. The solution labeled as 1wt%Pd-A1 was prepared by dissolving 
the Pd salt in a 112 mM HCl aqueous solution (from conc. HCl, Acros). The solution 
labeled as 1wt%Pd-B4 was prepared by dissolving the Pd salt in water and adding 
NaCl (Acros p.a.) to a final NaCl concentration of 750 mM. The experimental pH of 
the solutions was 1.1 (solution 1wt%Pd-A1) and 5.3 (solution 1wt%Pd-B4). 

Cylindrical γ-Al2O3 pellets (Engelhard, 3 mm in height and diameter) were 
used. The support had a pore volume of 1.0 ml/g and a surface area of 200 m2/g. The 
point of zero charge (pzc) was determined to be 7.8 by mass titration.[6] The γ-Al2O3 
pellets were calcined at 450 °C for 8 h and stored at 120 °C until used.

The supported catalyst materials were prepared via pore volume impregnation 
on γ-Al2O3 pellets with all the Pd solutions prepared. The solutions were added drop-
wise to the support bodies making sure that all the pellets in each batch (0.9 g) were 
wettened. The amount of solution added was equal to the pore volume plus 10 %. 
After adding the impregnation solution, manual shaking was applied during 2 min 
to obtain an even distribution of the solution on the pellets and the extra solution 
added (10 % of the pore volume) was removed with a pipette. After impregnation, 
the pellets were kept in a closed vessel with a wet tissue to avoid drying.

Two batches of pellets impregnated with solutions 1wt%Pd-A1 and 1wt%Pd-B4 
were dried and calcined. The pellets were dried 3 h after impregnation (equilibration 
time). Drying was performed in a static air oven at 120 °C (5 °C/min) during 4 h. For 
calcination, the temperature was increased up to 500 °C (5 °C/min) and the pellets 
were held at this temperature for 4 h.  

2. UV-Vis Spectroscopic Characterization

The impregnation solutions were characterized with UV-Vis spectroscopy. 
The UV-Vis spectra were recorded using a Cary 50 UV-Vis spectrophotometer 
working in the range of 300 to 700 nm. Table 2.2 summarizes the position of the Pd 
absorption bands measured in this range together with the Pd species present in 
all the solutions, calculated from deconvolution of the UV-Vis spectra measured. To 
do the deconvolution, the UV-Vis spectra collected on solution B0 (PdCl4

2-) and B6 
(PdCl3(H2O)-) were used as single components and linear combinations of the two 
spectra were made in order to achieve the best fit.
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The catalytic materials were measured after impregnation, drying or 
calcination with UV-Vis-NIR micro-spectroscopy, making use of a home-built set-up 
previously described in literature (Appendix A).[7] All measurements on the catalyst 
bodies were performed applying a line scan on the resulting surface of bisected 
pellets, as illustrated in Figure 1.3 of Chapter 1. The pellets were bisected by inserting 
them inside a silicon tube and the system tube-pellet was cut with a scalpel. Nine 
spectra were collected along the cross section of the bisected pellets with a spatial 
resolution of around 330 µm, for which 5 min were required. Sometimes, the UV-
Vis-NIR spectra showed a spike at around 460 nm, this spike is due to interference 
from ambient light during the measurements.

Table 2.2. PdII speciation* and position of the PdII d-d transition band as a function of the 

impregnation solution.

Chapter 2
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Results and Discussion

1. UV-Vis-NIR Micro-spectroscopic Study on the Preparation 
of 0.2 wt% Pd Catalysts

The electronic spectra of [PdCl4-x(H2O)x](x-2) complexes in solution are 
characterized by, among others, a spin-forbidden d-d transition (1A2g    1A1g) of 
square-planar PdII complexes in the region between 350-500 nm.[8] The position of 
this band in the impregnation solutions is summarized in Table 2.2. The maximum 
absorption of the band shifts to shorter wavelengths when the chloride ligands 
are exchanged for water ligands (from solution A6 or B6 to solution A1 or B0), in 
agreement with the spectrochemical series of the ligands.[9] The band centered at 474 
nm has been assigned to the complex [PdCl4]2- while the band centered at 430 nm has 
been assigned to the complex [PdCl3(H2O)]-.[10] Thus, when the band is in between 
these two positions it indicates the presence of a mixture of both complexes. Further 
hydrolysis of PdCl3(H2O)- yields more hydrolyzed complexes, [PdCl4-x(H2O)x](x-2) (x= 
0 - 4). These complexes show a larger shift of the PdII d-d transition band to shorter 
wavelengths. Table 2.3 summarizes the position of this band, as reported by Elding 
et al.[10]

Table 2.3. Literature values of the PdII d-d transition band position for the different PdII 
chloride complexes in aqueous solution.[10]

Chapter 2

PdII chloride 
complex

l / nm

[PdCl4]2- 474

[PdCl3(H2O)]- 431

[PdCl2(H2O)2] 420

[PdCl(H2O)3]+ 406

[Pd(H2O)4]2+ 378
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1.1. Immediately after Impregnation

 After impregnation and 5 min of equilibration of any of the solutions from 
Series A or B, UV-Vis-NIR micro-spectroscopy indicated the presence of two bands 
at around 290 and 424 nm in the outer rim of the pellets. This is illustrated in Figure 
2.1. According to literature, these two bands can be assigned to a ligand-to-metal 
charge transfer transition (LMCT, Cl- to PdII) and a PdII d-d transition, respectively, 
of a similar structure to the square planar [PdCl2(H2O)2] complex in solution.[8] The 
maximum absorption of the PdII d-d transition band in the impregnation solutions 
(Table 2.2) has shifted to shorter wavelengths after impregnation. Thus, the alumina 
support caused a partial hydrolysis of the initial [PdCl4]2- or [PdCl3(H2O)]-. A similar 
phenomenon was already reported by Shelimov et al.[11] in the system [PtCl6]2-/
Al2O3. In general, a shift to shorter wavelengths indicates an exchange of ligands 
by stronger ligands in the spectrochemical series. Therefore, the shift of the PdII d-d 
transition band to 424 nm after impregnation can be due to the exchange of two 
Cl- ligands by H2O, OH- or Al-O- (which stands for the hydroxyl groups from the 
alumina surface) ligands and formation of [PdCl2(H2O)2] or [PdCl2(X-O)2]2-, where X 
= H or Al.[9, 12] The spectrochemical series of these ligands is known to be, on the one 
hand: Al-O- < H2O; and, on the other hand, OH- < H2O. However, no references have 
been found with respect to the spectrochemical series of Al-O- and OH-, and they are 
expected to be very close to each other in the spectrochemical series, making it hard to 
distinguish between [PdCl2(Al-O)2]2- and  [PdCl2(OH)2]2-. Since the PdII d-d transition 
band appeared at a slightly longer wavelength compared to that of the [PdCl2(H2O)2] 
complex in solution (424 nm instead of 420 nm), this new d-d transition band can 
be assigned to [PdCl2(X-O)2]2-, where X = H or Al. Even though no clear distinction 
can be made between these two species based on the spectrochemical series of the 
ligands, this band has been assigned to the [PdCl2(OH)2]2- complex, as explained 
hereafter.
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Figure 2.1. (a) Space resolved UV-Vis-NIR spectra measured on a γ-Al2O3 pellet, from the 
edge to the center, 5 min after impregnation with any of the prepared PdII impregnation 
solutions; (b) and (c) show the position of the PdII d-d transition band as a function of 
the Cl- concentration in the impregnation solutions ( ) and measured in the edge of the 
impregnated pellets 5 min after impregnation ( ), from Series A (b) and Series B (c).

[PdCl4]
2- [PdCl3(H2O)]- [PdCl2(H2O)2] [PdCl(H2O)3]

+ [Pd(H2O)4]
2+

[PdCl3(OH)]2- [PdCl2(OH)2]
2- [PdCl(OH)3]

2- [Pd(OH)4]
2-

It is known that the [PdCl4]2- complex undergoes the following equilibria in 
solution in the absence of NaCl as a supporting electrolyte:[13, 14]

Scheme 2.1. Equilibria of aqueous Pd chloride complexes.[13, 14]
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The formation of the aqueous species, top line in Scheme 2.1, is due to 
autohydrolysis, while the formation of the basic species (bottom line in the scheme) 
is generally due to alkaline hydrolysis. Moreover, autohydrolysis is dependent on the 
amount of additional Cl- ions in the solution.[13] Hence, when Pd chloride complexes 
contact the alumina surface (Al-OH), which acts as an alkaline medium due to its 
higher pzc compared to the solution pH, they suffer alkaline hydrolysis and they 
become [PdCl2(OH)2]2-, according to eq. (1):

[PdCl4]2- + 4 Al-OH + 2 H3O+    [PdCl2(OH)2]2- + 4 Al-OH2
+ + 2 Cl-              (1)

Even though it is not depicted in eq. (1), [PdCl3(H2O)]- undergoes the same 
alkaline hydrolysis reaction to form the same product, as deduced from the position 
of the PdII d-d transition band at around 424 nm, regardless of the components in 
the impregnation solution. This is illustrated in Figures 2.1 (b) and (c). This large 
shift of the absorption maximum towards shorter wavelengths clearly demonstrates 
that even though a strong electrostatic interaction between the initial negatively 
charged PdII complexes and the positively charged alumina would be expected, 
other ligand exchange reactions are taking place. Due to the buffering effect of 
alumina, [PdCl2(OH)2]2- is formed inside the pores of the support. Still, this negatively 
charged complex also interacts electrostatically with the positively charged alumina 
surface.

The pellet impregnated with solution B0, which did not contain any additional 
Cl- (aq) ions, makes the exception to the formation of [PdCl2(OH)2]2-. The space 
resolved UV-Vis-NIR spectra of this pellet showed a band in the edge of the catalyst 
body with a larger shift to shorter wavelengths. The band appeared centered at 
408 nm, which can be assigned to PdCl(OH)3

2- (Figure 2.1 (c)). The formation of a 
further hydrolyzed complex is due to the absence of additional Cl- (aq) ions, which 
are responsible for the stabilization of the chlorinated species.[13] 
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1.2. 2 h after Impregnation

Figure 2.2 shows the space resolved UV-Vis-NIR spectra from the edge to the 
center of two pellets after impregnation and 2 h after equilibration with solutions 
A3 and B3. The impregnated pellet with solution B3 (Figure 2.2 (b)) showed a band 
centered at 422 nm and a band below 300 nm, which was close to the detection 
limit of the equipment. These bands were only measured close to the outer rim 
of the pellets forming an egg-shell Pd distribution. As explained in the previous 
section, the band at 422 nm is assigned to the spin-forbidden PdII d-d transition of 
[PdCl2(OH)2]2- complexes, while the band at 300 nm is assigned to a LMCT transition 
of the same complex. 
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Figure 2.2. Space resolved UV-Vis-NIR spectra measured from the edge to the center of 
pellets impregnated with solution A3 (a) and B3 (b), 2 h after impregnation; and position of 
the PdII d-d transition band measured on pellets impregnated with Series A (c) and Series B 
(d) as a function of the Cl- concentration 5 min after impregnation at the edge ( ), and 2 h 
after impregnation ( ) at the edge (Series B) or at 0.4 mm from the edge (Series A). 
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The impregnated pellet with solution A3 (Figure 2.2 (a)) showed a band 
centered at 409 nm, this band was only measured at 1.1 mm from the center; i.e., 
not in the outer region but slightly deeper in the pellet in an egg-white distribution. 
This band, which shifted toward shorter wavelengths with time after impregnation, 
suggests the hydrolysis of [PdCl2(OH)2]2- to form a structure similar to [PdCl(OH)3]2- 
(Table 2.3). 

The space resolved UV-Vis-NIR spectra in Figure 2.2 indicate that the egg-shell 
distributions created 5 min after impregnation remained after 2 h when the pellets 
were impregnated with solution B3 (Figure 2.2 (b)), while impregnated pellets with 
solution A3 yielded Pd egg-white profiles (Figure 2.2 (a)). Moreover, a Pd egg-shell 
profile was obtained 2 h after impregnation of any solution from Series B, whereas 
a Pd egg-white profile was obtained 2 h after impregnation with any solution from 
Series A.

The Pd egg-white distribution after impregnation with Series A is formed due 
to the acidity of the impregnation solutions. As depicted in eq. (1), immediately after 
impregnation with an acidic solution mainly the alumina surface (Al-OH) becomes 
protonated and [PdCl2(OH)2]2- is formed. Protonation of the alumina surface occurs 
mainly on the basic hydroxyl groups (AlB-OH) and it yields an acid-base reaction 
between the protonated hydroxyl species and Cl-, as described in eq. (2), and, 
consequently, alumina becomes more acidic (lower pzc):[4, 6, 15] 

AlB-OH + H+ + Cl-    AlB-OH2
+ + Cl-    AlB-Cl + H2O                              (2)

Thus, Cl- ions in an acidic medium act as a competitor for the adsorption sites 
of PdII anionic complexes on the alumina surface. In order to achieve a Pd egg-white 
distribution the adsorption of Cl- must be more favorable than that of [PdCl2(OH)2]2-. 
The reaction that takes place in the edges of the pellet after 2 h is described as 
follows:

[PdCl2(OH)2]2- + 2 AlB-OH2
+ + 2 Cl-  

 [PdCl2(OH)2]2- + 2 [AlB-OH2
+   Cl- ] + 2 H2O                             (3)

According to this reaction, there are no electrostatic interactions between 
[PdCl2(OH)2]2- and the alumina surface. This is because the adsorption sites of 
alumina in the edges of the pellet are occupied by Cl-, and [PdCl2(OH)2]2- can move 

A UV-Vis-NIR Micro-spectroscopic Study on the Preparation of Pd/g-Al2O3 Catalyst Bodies
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deeper in the catalyst body creating an egg-white distribution. The adsorption of 
Cl- (aq) on alumina is more pronounced at the edges, where the protonation of 
the alumina hydroxyl groups is the strongest. Towards the core of the pellet, the 
solution in the pores becomes more basic. Thus, the more acidic the solution the more 
chlorinated the alumina becomes. This fact explains also why when the pellets were 
impregnated with Series B, uniform distributions of Pd were achieved. At higher 
pH values (Series B), the reaction in eq. (2) is not so favorable. Adsorption of Cl- (aq) 
on the alumina surface does not occur to the same extent as for impregnated pellets 
with Series A. Hence, [PdCl2(OH)2]2- species are partly retained due to electrostatic 
interactions with the positively charged alumina surface at the edges of the catalyst 
bodies. 

It must be taken into account that alumina is not stable in acidic pH, and it can 
partially dissolve liberating Al3+ ions after impregnation of acidic solutions. These 
ions can ultimately become part of the active phase influencing the catalyst efficiency. 
In this work, no influence of the presence of Al3+ on the UV-Vis-NIR spectra of Pd 
chloride species could be observed. Therefore, even though the formation of Al3+ 
ions cannot be ignored, it will not be taken into account in the discussion regarding 
the UV-Vis-NIR micro-spectroscopic data.

Figures 2.2 (c) and (d), additionally, show that the maximum absorption of 
the PdII d-d transition band shifted to shorter wavelengths 2 h after impregnation of 
the pellets with Series A (Figure 2.2 (c)), while there was no shift of the position of 
this band 2 h after impregnation with Series B. When the pellets were impregnated 
with Series A, the PdII d-d transition band was measured at around 410 nm except 
for the pellets impregnated with solutions A6 and A7, which contained very high 
concentrations of Cl- (aq). In general, [PdCl2(OH)2]2- has undergone further hydrolysis 
forming a structure similar to [PdCl(OH)3]2-. This is a consequence of the adsorption 
of Cl- (aq) on the alumina surface. Because of the adsorption of Cl- (aq), the solution 
inside the pores lost Cl- ions, which no longer stabilized [PdCl2(OH)2]2- complexes.

When the pellets were impregnated with Series B, [PdCl2(OH)2]2- complexes 
are stabilized (band at around 422 nm) because adsorption of Cl- (aq) does not occur 
to a large extent. Hence, the concentration of Cl- in solution is high and further 
hydrolysis of the [PdCl2(OH)2]2- complex is avoided. 

Chapter 2



 35

1.3. Effect of Longer Equilibration Times

It is known that different profiles can be obtained just by elongating the 
equilibration time between impregnation and drying.[16] Moreover, in this work it is 
also reported that impregnated pellets with Series A yielded egg-white distributions 
if the equilibration time is increased up to 2 h. The development of an egg-white 
distribution brought us to investigate what would happen if this equilibration time 
was increased even further. Even though a longer equilibration time might not be 
useful for industrial purposes, it will clearly give more fundamental insight in the 
interfacial chemistry involved in catalyst preparation. 
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Figure 2.3. Maximum absorption of the PdII d-d transition band measured with UV-Vis-NIR 
micro-spectroscopy as a function of position inside the pellet and time after impregnation 
of solution (a) A6, and (b) B6. 
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Figure 2.3 shows the intensity of the PdII d-d transition band measured at 
different times after impregnation of solutions A6 and B6, and it indicates that 
longer equilibration times yield different distributions. This figure illustrates the 
development of egg-yolk and uniform Pd macro-distributions as a function of time 
after impregnation of pellets with solutions A6 and B6.

Impregnation with solution B6 yielded a uniform profile of Pd after 96 h, 
while impregnation with solution A6 gave rise to an egg-yolk Pd distribution. These 
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Pd macro-distributions depended on the solution pH, and, a uniform profile was 
favorable for solutions with pH 5 (Series B), whereas solutions with pH 1 (Series 
A) yielded egg-yolk macro-distributions. Moreover, they also depended on the Cl- 
concentration, and they were only formed when the impregnation solutions had a 
very high concentration of Cl- (aq) ions (data not shown). 

Additionally, the position of the maximum absorption of the PdII d-d transition 
band depended on the Cl- (aq) concentration and solution pH. Figure 2.4 shows the 
position of the maximum absorption of the PdII d-d transition band in the catalyst 
bodies measured 2 h after impregnation at the point on the pellet where the intensity 
of the band was the highest, and in the center of the pellet 96 h after impregnation. 

Figure 2.4. Position of the maximum absorption of the PdII d-d band as a function of Cl- 
concentration, 2 h close to the outer rim ( ) and 96 h in the center ( ) of the pellet after 
impregnation with Series A (a) and Series B (b). 
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96 h after impregnation, the PdII d-d transition band was not observed in the 
center of the catalyst bodies for solutions with low Cl- concentration, for that reason 
some points do not appear in the figure. Moreover, when PdII ions reached the core 
it was surrounded at maximum by one Cl- ligand as [PdCl(OH)3]2-, as deduced from 
the position of the PdII d-d transition band measured between 385 and 412 nm 
regardless the solution pH (Table 2.2). As explained earlier in this work, the alkaline 
hydrolysis of Pd chloride complexes towards the core is a direct consequence of the 
buffering effect of the alumina support. Thus, the higher the concentration of Cl- 
ions in the impregnation solution the more chlorinated the PdII present in the core.
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1.4. Protocol to Create Different Pd Macro-distributions

Figure 2.5 illustrates the Pd macro-distributions and species achieved as a 
function of pH, concentration of Cl- ions and equilibration time, as deduced from 
UV-Vis-NIR micro-spectroscopy, together with the composition of these pellets.

Based on Figure 2.5 we can conclude that in order to achieve uniform or egg-
yolk Pd distributions, long equilibration times are required in combination with 
[Cl-

 (aq)] ≥ 0.6 M. 

[Cl- (aq)] < 0.6 M

2 h 96 h

pH 1

pH 5
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A

A

A
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A - PdCl2(OH)2
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Figure 2.5. Pd macro-distributions developed as a function of the solution pH, Cl- (aq) 
concentration, and equilibration time; together with the Pd composition.
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As was previously described, Cl- (aq) act as a competitive anion in acidic 
environments. At low pH values, adsorption of Cl- on the alumina surface is 
preferential and [PdCl2(OH)2]2- complexes can move forward in the support body 
while Cl- (aq) is retained in the outer rim occupying all the adsorption sites in that 
area. Consequently, an egg-yolk Pd distribution is created. On the other hand, when 
the solution pH is around 5, there is no competition between Cl- (aq) and [PdCl2(OH)2]2- 
and, therefore, the probabilities of adsorption of one or the other anion are the 
same, yielding a uniform Pd macro-distribution. In any case, the concentration 
of active component is below the concentration required to saturate the alumina 
surface. This, combined with the strong electrostatic interactions between the Pd 
complexes formed in the pores of the alumina results in a slow transport rate of Pd 
towards the core of the support body, and long equilibration times are required to 
achieve uniform and egg-yolk Pd catalysts. If higher Pd loadings are required, the 
equilibration times could be reduced, as it is explained in the next section.

2. UV-Vis-NIR Micro-spectroscopic Study on the Preparation 
of 1 wt% Pd Catalysts

Sometimes higher Pd loadings are required to have a better performance of 
the industrial process. For this reason, the developed methodology explained above 
to tune from egg-shell to egg-white, egg-yolk or uniform profiles was applied to 
prepare 1 wt% Pd/γ-Al2O3 catalyst bodies. 

2.1. UV-Vis-NIR Micro-spectroscopy of the Impregnated Pellets

2.1.1. 5 min after Impregnation

Figure 2.6 illustrates the space resolved UV-Vis-NIR spectra of the impregnated 
pellets with 1 wt% Pd solutions, after 5 min of equilibration. A similar egg-shell 
distribution of Pd complexes for the two impregnation solutions was deduced. 
However, the position of the UV-Vis-NIR bands measured indicated that different 
Pd complexes were present depending on the impregnation solution. 
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Figure 2.6. Space resolved UV-Vis-NIR spectra from the edge to the center of pellets 5 min 
after impregnation with solutions (a) 1wt%Pd-A1, and (b) 1wt%Pd-B4.

The UV-Vis-NIR spectra on the pellet impregnated with solution 1wt%Pd-B4 
(Figure 2.6 (b)) indicated the presence of Pd in a structure similar to [PdCl2(H2O)2], 
as suggested by the position of  the PdII d-d transition at 427 nm. Following the same 
reasoning as for the 0.2 wt% Pd catalysts, Pd is most likely present as [PdCl2(OH)2]2- 
due to hydrolysis. A shoulder at around 335 nm, which is only observed in the edge 
of the pellet, suggests that together with [PdCl2(H2O)2], a small amount of [PdCl4]2- is 
also present.[8, 10] On the other hand, the space resolved UV-Vis-NIR spectra on the 
pellet impregnated with solution 1wt%Pd-A1 (Figure 2.6 (a)) show a different pattern 
and indicate that the impregnated [PdCl4]2- complex underwent hydrolysis while 
moving towards the core of the pellet. The spectrum in the edge is characterized 
by a band at 431 nm and a shoulder at 335 nm, which can be assigned respectively 
to the PdII d-d transitions of [PdCl3(H2O)]- and [PdCl4]2-. However, 0.4 mm deeper 
in the pellet the PdII d-d band at 431 nm shifted to 420 nm, which is assigned to 
[PdCl2(H2O)2] (Table 2.3). The presence of [PdCl4]2-, regardless of the solution pH, 
suggests that part of the PdII ions in the pores of alumina do not interact with the 
surface of the alumina and remain in the bulk liquid of the pores. Hence, they do 
not suffer hydrolysis. Still, the dynamics and molecular structure of Pd, 5 min after 
impregnation with 1 wt% Pd solutions correlates rather well with the findings for 
0.2 wt% Pd catalysts described in this Chapter. 
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2.1.2. 3 h after Impregnation

During the equilibration time, Pd complexes moved deeper in the catalyst 
bodies. Figure 2.7 shows the space resolved UV-Vis-NIR spectra from the edge to 
the center of the impregnated pellets after 3 h. The impregnated pellet with solution 
1wt%Pd-B4 (Figure 2.7 (b)) showed the maximum absorption of the PdII d-d band 
3 h after impregnation at around 424 nm, which was assigned to the complex 
[PdCl2(OH)2]2-, in agreement to what was observed for the 0.2 wt% Pd system (sample 
B4 with the same concentration of Cl- ions). Thus, the position of the PdII d-d transition 
band shifted towards shorter wavelengths during equilibration time, indicative of 
hydrolysis of the initial Pd chloride complexes. When the pellet was impregnated 
with solution 1wt%Pd-A1 and equilibrated for 3 h (Figure 2.7 (a)), the band appeared 
centered at 419 nm in a uniform distribution. Comparing this profile to the profile 
obtained after impregnation of solution A1, in which the band appeared centered at 
around 410 nm, we can conclude that probably [PdCl(OH)3]2- was present with small 
amounts of [PdCl2(OH)2]2- complex. Hence, the lower concentration in Cl- ions in the 
impregnation solutions yielded further hydrolysis of the initial [PdCl4]2- complex. 
The bands at 419 nm and 424 nm were measured in any position along the cross 
section of the catalyst bodies, but with different intensities. The intensity of these 
bands as a function of the position in the catalyst bodies is also included in Figure 
2.7. After 3 h of equilibration time, Pd was somewhat depleted at the edges of the 
pellet when this was impregnated with the 1wt%Pd-A1 solution (Figure 2.7 (c)). On 
the other hand, an almost uniform Pd distribution was noted if the impregnation 
was done with the 1wt%Pd-B4 solution (Figure 2.7 (d)). These profiles were expected 
according to the solution pH, equilibration time and Cl- concentration (Figure 2.5). 
However, these profiles were not as sharp as obtained for the 0.2 wt% Pd samples, 
and Pd was already detected in the core of the pellets. 
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Figure 2.7. Space resolved UV-Vis-NIR spectra from the edge to the center of pellets 3 
h after impregnation with solutions (a) 1wt%Pd-A1 (b) 1wt%Pd-B4. The intensity of the 
corresponding PdII d-d band is also represented as a function of the position in the catalyst 
body after impregnation with solution (c) 1wt%Pd-A1, and (d) 1wt%Pd-B4.

2.2. UV-Vis-NIR Micro-spectroscopy of Dried Pellets

Figure 2.8 illustrates the space resolved UV-Vis-NIR spectra measured on the 
1wt%Pd pellets after drying.  These spectra suggest that the Pd profiles achieved 
after 3 h of equilibration remained after drying. Thus, grafting of the complexes on 
the alumina surface has taken place during drying.  Moreover, the space resolved 
UV-Vis-NIR spectra measured on the dried pellets compared to the 3-h-impregnated 
samples showed a shift of the position of the PdII d-d transition band to 430, 435 
or 459 nm and the appearance of a shoulder a 335 nm. A shift towards longer 
wavelengths indicates that weaker ligands in the spectrochemical series entered in 
the 1st coordination sphere of Pd.[9] The dried pellet containing a 1wt%Pd-B4 solution 
showed a band centered at 435 nm and a shoulder at 335 nm homogeneously 
distributed (Figure 2.8 (b)). An additional band at around 280 nm was also present, 
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which is assigned to a LMCT transition from Cl- to PdII. Considering that the species 
present in the pellets 3 h after impregnation are [PdCl2(OH)2]2-, a shift towards longer 
wavelengths, to 435 nm, after drying can only be explained by an exchange of OH- 
groups with Cl- ligands forming [PdCl3(OH)]2-. Moreover, taking into account that 
grafting of the complex took place during drying, it is assumed that the molecular 
structure of Pd after drying was not [PdCl3(OH)]2- but [PdCl3(O-Al)]2-, where the 
oxygen-like ligand is a deprotonated hydroxyl group from the alumina surface. The 
formation of the latter grafted complex to the alumina surface would take place with 
the release of a molecule of water. Still, according to the spectrochemical series of 
ligands any of the two structures are in agreement with a band at 435 nm. Moreover, 
the shape of this band suggests that a small contribution above 450 nm is also present, 
which is indicated in the figure. The shoulder at 335 nm is characteristic of [PdCl4]2- 
complexes. This complex also shows a PdII d-d transition band at 474 nm (see Table 
2.3), which corresponds to the asymmetry above 450 nm of the band centered at 435 
nm. Therefore, we can conclude that after drying there is a mixture of [PdCl4]2- and 
[PdCl3(O-Al)]2- along the cross section of the catalyst body.

The dried pellet containing a 1wt%Pd-A1 solution showed a much more 
chlorinated outer rim, as deduced from the shoulder at 335 nm and the band centered 
at 459 nm in the edge of the catalyst body (Figure 2.8 (a)). The latter band suggests 
a mixture of [PdCl4]2- and [PdCl3(Al-O)]- complexes.  The spectra towards the core 
resembled those measured on the pellet containing a 1wt%Pd-B4 solution. However, 
no shoulder at 335 nm is observed and the band at 430 nm is more symmetrical (no 
contribution above 450 nm). Thus, even though there was a mixture of [PdCl3(O-
Al)]2- and [PdCl4]2-, the location of these two structures depended  on the position of 
the pellet with the outer rim richer in [PdCl4]2- complexes and the core containing 
more [PdCl3(O-Al)]2- species. 
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Figure 2.8. Space resolved UV-Vis-NIR spectra from the edge to the center of dried pellets 
impregnated with solutions (a) 1wt%Pd-A1 (b) 1wt%Pd-B4.

The formation of more chlorinated complexes after drying is in agreement with 
previous studies reported on the adsorption mechanism of Pd on alumina during 
catalyst preparation. Bozon-Verduraz et al.[17] suggested that after impregnation of an 
acidic solution which contained PdCl2, the alumina surface becomes chlorinated and 
a deposit of PdCl2 is formed, while drying yielded the regeneration of [PdCl4]2- as the 
chloride ions from the alumina surface enter the coordination sphere of Pd. In this 
study we have shown that indeed a regeneration of chlorinated Pd complexes after 
drying takes place. However, the regeneration capacity of [PdCl4]2- depends on the 
effect that Cl- has on the alumina surface after impregnation. The chlorination of the 
alumina surface is pH dependent and is enhanced at more acidic pHs.[4] Therefore, 
impregnation with a 1wt%Pd-A1 solution yielded the exchange of alumina hydroxyl 
groups with Cl- groups, especially in the outer rim of the pellet. Thus, a ring of 
chlorinated alumina is formed close to the edges and the formation of a region 
richer in [PdCl4]2- complex in that area after drying is expected. On the other hand, 
alumina is less chlorinated in the core and Pd adsorbs on alumina as [PdCl3(O-Al)]-. 
This is also the case if the pellets are impregnated with a 1wt%Pd-B4 solution.

2.3. UV-Vis-NIR Micro-spectroscopy of Calcined Pellets

Figure 2.9 illustrates the space resolved UV-Vis-NIR spectra of the calcined 
pellets. These spectra show an absorption band centered at 428 nm, regardless 
the position in the catalyst body and the impregnation solution used for catalyst 
preparation. Moreover, a second absorption band was measured at around 260 nm, 

A UV-Vis-NIR Micro-spectroscopic Study on the Preparation of Pd/g-Al2O3 Catalyst Bodies
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very close to the detection limit of the equipment. 

Figure 2.9. Space resolved UV-Vis-NIR spectra from the edge to the center of calcined 
catalyst bodies after impregnation with solutions (a) 1wt%Pd-A1, (b) 1wt%Pd-B4. The intensity 
of the band at 428 nm as a function of the position in the catalyst body is also shown (c)
1wt%Pd-A1, and (d) 1wt%Pd-B4.
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The presence of this absorption band suggests that only partial loss of Cl- 
ligands from the molecular structure of Pd complexes during calcination took place 
yielding the formation of a structure similar to [PdCl2(O-Al)2]2-. The water ligands 
have been exchanged by the hydroxyl groups from the alumina surface, which are 
known to be weaker ligands in the spectrochemical series.[12] The presence of Cl- can 
also be inferred from the absorption band at around 260 nm, which corresponds 
to a LMCT from Cl- to PdII. No speciation of [PdCl4-x(H2O)x](x-2)

 complexes was 
measured along the catalyst body; i.e., the absorption band appeared centered at 
428 nm regardless of the position within the pellet. However, this band showed 
a different intensity depending on its position in the catalyst body, as depicted in 
Figures 2.9 (b) and (c). These figures show that the Pd macro-distributions achieved 
3 h after impregnation were retained after the drying and the calcination process, 
which indicates that strong interactions between alumina and Pd species took 
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place from the first step of catalyst preparation. On the other hand, the position 
of the PdII d-d transition band after calcination suggests that Cl- remained in the 
catalyst since if metallic Pd or PdO was formed during the calcination, this band 
would be non-existing or would appear at around 410 nm.[18] Residual chlorine 
blocking the active sites of the Pd surface is known to have a detrimental effect 
on the catalyst performance.[19-21] In order to remove the Cl- ions from the catalysts, 
higher temperatures or additional activation steps are required; and, consequently, 
a compromise between the desired particle size of Pd and the Cl- concentration in 
the catalytic materials should be reached.[20, 21]

Conclusions

UV-Vis-NIR micro-spectroscopy has revealed that, immediately after 
impregnation, [PdCl4]2- is not stable in contact with alumina and it undergoes 
hydrolysis to form [PdCl2(HO)2]2- species, which interact electrostatically with the 
alumina surface. Moreover, the stability and macro-distribution of these species 
within γ-Al2O3 catalyst bodies depend on the concentration of Cl- (aq) ions, the 
solution pH and equilibration time; and different non-uniform/uniform catalysts 
can be prepared by tuning these three parameters. The formation of one or another 
Pd macro-distribution is caused by a combined effect of the solution pH, acidification 
of the alumina surface and change in the molecular structure of the Pd precursor 
complex when this one contacts the alumina support. Still, the adsorption of the 
Pd complexes on the γ-Al2O3 surface during impregnation is strong enough, and 
no redistribution takes place during drying on thermal treatment. After drying, 
chlorinated Pd is regenerated and retained after calcination. Thus, even though the 
use of Cl- (aq) ions is a successful method to achieve different Pd macro-distributions, 
these anions, which are poisonous for the Pd active phase, cannot be completely 
removed from the catalysts during their preparation. 
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Abstract 

The elemental preparation steps of impregnation and drying of Ni/γ-Al2O3 catalyst 
bodies have been studied by combining UV-Vis-NIR and IR micro-spectroscopy. 
The influence of the number of chelating ligands in [Ni(en)x(H2O)6-2x]2+ precursor 
complexes (with en = ethylenediamine and x = 0 - 3) has been investigated. UV-Vis-
NIR micro-spectroscopic measurements after impregnation showed that, regardless 
the molar en:Ni2+ ratio in the precursor solution, Ni2+ was present in the core of the 
pellets already 5 min after impregnation. The alumina support did bring about, 
however, gradients in the nature of the Ni2+ species upon first contact with the 
lowest en:Ni2+ ratio solutions, but these gradients disappeared 30 - 60 min after 
impregnation. After 60 min, UV-Vis-NIR suggested Ni-O-Al interactions between 
Ni2+ and the support, when water was initially part of the first coordination sphere 
of Ni2+, which was supported with the results obtained after drying. For dried 
samples, UV-Vis-NIR indicated a gradient of [Ni(en)x(H2O)6-2x]2+ inside the pellets, 
with an en-poor region in the core and an en-rich region in the edges of the catalyst 
bodies, when [Ni(en)3]2+ or [Ni(en)2(H2O)2]2+ were the starting complexes. IR micro-
spectroscopy confirmed these en radial profiles, while EDX measurements showed 
that a Ni2+ egg-shell distribution goes hand-in-hand with an egg-shell distribution 
of en. The number of en ligands determined the interactions of Ni2+ with the support 
after impregnation and controlled the redistribution of metal-ion species during 
drying. Moreover, when redistribution of Ni2+ occurred during drying, its transport 
towards the outer rim of the pellets came about together with changes of the local 
en:Ni2+ ratio. 
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Introduction

Chapter 1 adresses that one way of modifying the adsorption/desorption 
phenomena of the metal-ion precursor species on the support surface can be by 
changing the nature of the precursor metal-ion complex; namely by adding chelating 
ligands to the impregnation solution and, thus, changing the 1st coordination sphere 
of the metal-ion complex. The use of chelating agents in the impregnation solutions 
can have a large impact in the final catalytic material, as explained in Chapter 1, 
since these ligands can avoid the redistribution of the active precursor during the 
drying step and/or they can improve the dispersion and reducibility of the final 
catalyst.[1-3]

In this Chapter, the influence of the number of en ligands on the macro-
distribution and molecular speciation of Ni2+ in γ-Al2O3 catalyst bodies during 
impregnation and drying has been investigated by means of UV-Vis-NIR and IR 
micro-spectroscopies. For this purpose, the transport of different [Ni(en)x(H2O)6-2x]2+ 
precursor complexes (with x = 0 - 3) towards the core of the catalyst bodies and their 
interactions with the alumina support surface, after impregnation and drying, have 
been monitored with UV-Vis-NIR micro-spectroscopy, while the macro-distribution 
of en has been studied after drying with IR micro-spectroscopy. Based on these data 
the origin of different Ni macro-distributions will be discussed.

Experimental Section

1. Catalyst Preparation

[Ni(en)x(H2O)6-2x]2+ impregnation solutions were prepared at room temperature 
by adding ethylenediamine (en) (99 %, Acros) to an aqueous solution of Ni(NO3)2·6H2O 
(Acros, p.a.) as to obtain a final Ni2+ concentration of 0.5 M and en:Ni2+ molar ratios 
= 0, 1, 2 and 3. The name and natural pH of the solutions together with the Ni2+-
speciation in the precursor solutions are listed in Table 3.1. EnNi0 corresponds to an 
aqueous 0.5 M Ni(NO3)2 solution. One additional solution with an en:Ni2+ ratio of 3 
was prepared with a final pH of 4 by addition of HNO3 (p.a., Acros). 

Cylindrical γ-Al2O3 catalyst bodies (Engelhard, 3 mm in height and diameter) 
were used. The support had a pore volume of 1.0 ml/g and a surface area of 200 m2/g, 
as determined by N2 physisorption. The point of zero charge (pzc) was determined 
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to be 8 by mass titration.[4] The γ-Al2O3 pellets were calcined at 450°C for 8 h and 
stored at 120 °C until used. In one experiment, HCl treated alumina pellets, labeled 
as Al2O3-AC, were used as support. These pellets were prepared by passing a flow of 
HCl(g)/He (10 %, 10 ml/min) at 50 °C through a batch of 0.6 g of Al2O3 pellets during 
5 h. 

The supported catalyst materials were prepared by pore volume impregnation 
on γ-Al2O3 (or Al2O3-AC) pellets with the Ni2+ impregnation solutions (3 wt% Ni). 
The solutions were added dropwise to the support and the amount added was equal 
the pore volume plus 10 %. After adding the impregnation solution, manual shaking 
was applied during 2 min to obtain an even distribution of the solution on the pellets 
and the extra solution added (10 % of the pore volume) was removed with a pipette. 
After impregnation, the pellets were kept in a closed vessel for 2 h (equilibration 
time). The dried pellets were dried in a preheated oven under static air at 100 °C for 
8 h after the 2 h of equilibration time.

To study the influence of the drying temperature on the macro-distribution 
and molecular structure of the Ni2+-complexes along the catalyst body, three batches 
of pellets were impregnated with EnNi3 solution and dried at 20, 60 and 90 °C.

2. Catalyst Characterization 

UV-Vis-NIR spectra of the impregnation solutions were recorded using a Cary 
50 UV-Vis spectrophotometer in the range of 240 to 1100 nm. The catalytic materials 
were measured after impregnation and drying with UV-Vis-NIR micro-spectroscopy, 
making use of the experimental set-up depicted in Appendix A.[5] All measurements 
on the catalyst bodies were performed applying a line scan on the resulting surface 
of bisected pellets, as presented in Figure 1.3 of Chapter 1. The pellets were bisected 
by inserting them inside a silicon tube; the system tube-pellet was cut with a scalpel. 
Nine spectra were collected along the cross section of the bisected pellets with a 
spatial resolution of around 330 µm, for which 5 min were required. IR spectra 
on dried pellets were recorded with a Perkin Elmer Autoimage IR microscope 
(reflectance mode) with a spatial resolution of 200 µm (200 scans averaging). Energy 
dispersive analysis of X-rays (EDX) were performed with an XL30SFEG (FEI, The 
Netherlands) scanning electron microscope. Analysis of the spectra was done with 
EDAX software (Tilburg, The Netherlands). Diffuse reflectance near infrared (NIR) 
spectra were recorded at room temperature on crushed pellets in the range of 1100-
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1600 nm using a Varian Cary 500 spectrometer equipped with an integration sphere 
and a halon white disk as the reference.

Results and Discussion

1. Chemistry of the [Ni(en)x(H2O)6-2x]2+  Impregnation 
Solutions

Table 3.1 summarizes the species present in the impregnation solutions under 
study, calculated based on the formation constants of [Ni(en)x(H2O)6-2x]2+ (x = 1 - 3) 
complexes, as a function of the pH of the solutions.[6] The experimental UV-Vis-
NIR absorption bands of the solutions are also listed in Table 3.1. Three bands were 
observed in all solutions at around 350, 600 and 1000 nm. Assuming an octahedral 
symmetry of the Ni2+ complexes, these bands can be assigned to the 3T1g(P)    3A2g, 
3T1g(F)    3A2g and 3T2g     3A2g d-d spin allowed transitions, respectively.[7] A blue 
shift of the Ni2+ d-d transition bands was observed as the en:Ni2+ ratio increases from 
0 to 3, indicating that en ligands, which are stronger ligands in the spectrochemical 
series than water, entered into the first coordination sphere of Ni2+.[7] The Ni2+ d-d 
transitions were responsible of the characteristic colors of these solutions, from 
green for solution EnNi0 passing through blue (solution EnNi1) to different shades 
of purple (solutions EnNi2 and EnNi3). An absorption band at around 300 nm was 
observed in all the impregnation solutions, which corresponded to a NO3

- n    π* 
charge transfer transition.[32] Solution EnNi0 showed, in addition, an absorption band 
at around 730 nm, which can be assigned to a d-d spin forbidden transition of Ni2+.[7] 

The UV-Vis-NIR spectrum of solution EnNi3pH4 resembled that of solution EnNi0 
due to its acidification. Protonation of en ligands occurred causing the formation of 
complex [Ni(H2O)6]2+ (86 %), as reported in Table 3.1.

Table 3.1. Overview of the Ni2+ impregnation solutions and the characteristic absorption 
bands of the Ni2+ complexes. 
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2. Near Infrared Spectroscopy of the γ-Al2O3 Surface

Figure 3.1 (a) shows the diffuse reflectance near infrared (NIR) spectrum 
on crushed γ-Al2O3 pellets in the region between 1350 and 1600 nm. This region, 
characteristic for the first overtone of the OH stretching vibrations (2υ), shows a 
broad band with three maxima at 1384, 1416 and 1446 nm. The maxima indicated 
the presence of surface OH groups with different basicity: basic OH groups are 
characteristic of the signal at 1384 nm, neutral groups at 1416 nm and acidic groups 
at 1446 nm.[8, 9] These basic, neutral and acidic surface OH groups will be referred 
as AlB-OH, Aln-OH and AlA-OH, respectively. The acid-base properties of alumina 
surface hydroxyl groups are determined by the coordination of the OH group to Al3+ 
as follows: different coordination to Al3+ gives rise to a different net charge on the 
oxygen: the higher the negative charge on the oxygen, the more basic the hydroxyl 
groups.[10, 11] It has to be considered, however, that there are more than three different 
hydroxyl groups on alumina surface.[11]

1350 1400 1450 1500 1550 1600
0.00

0.05

0.10

I (
a.

u.
)

Wavelength (nm)

a

b

1384 1425 1446

Figure 3.1. Diffuse reflectance NIR 
spectra measured on (a) crushed Al2O3 

pellets, and (b) on chlorinated alumina 
pellets, Al2O3-AC. 

As explained in Chapter 1, due to the different acid-base properties of 
alumina surface hydroxyl groups, these can become protonated in the presence of 
an acidic solution (pHsolution < pzc), leading to a bulk pH increase of the solution in the 
pores and a positively charged alumina surface, or they can become deprotonated 
in a basic medium (pHsolution > pzc).[12] Basic OH groups (AlB-OH) will become more 
easily protonated in an acidic medium, whereas AlA-OH will deprotonate in a basic 
medium, eq. (1) and (2): 
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AlB-OH + H+    AlB-OH2
+                   (1)

AlA-OH + OH-    AlA-O- + H2O                  (2)

The NIR spectrum of HCl-treated alumina, denoted as sample Al2O3-AC, in 
Figure 3.1 (b) shows a broad band centered at 1446 nm and a shoulder at 1384 nm. 
The lower intensity of the reflection at 1384 nm compared to non-treated alumina 
(Figure 3.1 (a)) was consistent with the consumption of basic hydroxyl groups due to 
the chlorination treatment, according to the following reaction:[13] 

AlB-OH + HCl    AlB-Cl + H2O                   (3)

Moreover, the shift of the band maximum to longer wavelengths indicated 
acidification of alumina, as it is known to occur.[14, 15]

3. Study of the Impregnation Step of [Ni(en)x(H2O)6-2x]2+  
Solutions

3.1. UV-Vis-NIR Micro-spectroscopy after Initial Contact Solution-
Support

The space resolved UV-Vis-NIR spectra collected from the edge to the center 
of the pellets, 5 min after impregnation, with solutions EnNi0 to EnNi3 are shown 
in Figure 3.2. Ni2+ was detected with a rather uniform absorption profile of the d-d 
transition bands in the four samples and a fast migration rate of Ni2+ complexes was 
apparent. 
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Figure 3.2. Space resolved UV-Vis-NIR spectra collected from the edge to the center of 
bisected pellets, 5 min after impregnation with solutions: (a) EnNi0, (b) EnNi1, (c) EnNi2 and 
(d) EnNi3.

Impregnated EnNi0 pellets show a uniform distribution of [Ni(H2O)6]2+ 
complexes with the absorption bands λ1 and λ2 at 400 and 660 nm, respectively; 
band λ3, which maximum absorption in solution appeared at wavelengths longer 
than 1100 nm, is beyond the detection limits of the set-up (Figure 3.2 (a)). The charge 
transfer transition band of NO3

- at 300 nm and the Ni2+ d-d spin forbidden transition 
band at around 730 nm are also observed in the spectra. The Ni2+ absorption bands 
due to the spin allowed d-d transitions show a constant intensity along the cross 
section of the pellet, suggesting a fast transport of Ni2+ towards the core. Thus, weak 
or no interactions between [Ni(H2O)6]2+ and alumina surface were taking place 5 min 
after impregnation. However, they appear slightly shifted to longer wavelengths 
compared to the bands for the EnNi0 solution, as shown in Table 3.1. This red shift 
can be explained as follows. The low pH of an aqueous solution of nickel nitrate is 
brought about by the following equilibrium:[12]
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[Ni(H2O)6]2+ + H2O    [Ni(H2O)5(OH)]+ + H3O+                               (4)

When a [Ni(H2O)6]2+ solution contacts the alumina support, the formation of 
[Ni(H2O)5(OH)]+ is enhanced as the alumina basic hydroxyl groups will consume 
protons (eq. (1)). The UV-Vis-NIR absorption bands of this species appear at slightly 
longer wavelengths compared to that of [Ni(H2O)6]2+ since OH- is a weaker ligand in 
the spectrochemical series than H2O.[7]

If γ-Al2O3 pellets were impregnated with solutions EnNi1 and EnNi2, a shift of 
the d-d absorption bands, λ1, λ2 and λ3, to shorter wavelengths was monitored from 
the edge to the center of the pellets (Figures 3.2 (b) and (c)). In the EnNi1 sample, the 
Ni2+ d-d bands λ1 and λ2 at the edges were measured at 383 and 632 nm, respectively; 
i.e., λ1 and λ2 shifted to longer wavelengths compared to the corresponding bands 
in the precursor EnNi1 solution (Table 3.1). Additionally, in the center of the pellets, 
λ1 and λ2 bands appeared at 360 and 598 nm with band λ2 being very broad. The 
maximum absorption position of band λ3 was difficult to determine because of 
the broadness of the band and the intrinsic detection limit of the set-up. Visual 
inspection revealed the interior of the pellet to turn from blue, close to the edges, to 
purple, close to the core, in correspondence with the blue-shift of the d-d absorption 
bands towards the core of the pellets. 

These observations can be explained by realizing that when the complex 
[Ni(en)(H2O)4]2+ contacted the alumina support (the edges), the acidic OH groups of 
alumina may partly protonate the en ligands of [Ni(en)(H2O)4]2+ complexes, forming 
enH+ and enH2

2+, the former not indicated for simplicity: 

[Ni(en)(H2O)4]2+ + 2 AlA-OH + 2 H2O   
     [Ni(H2O)6]2+ + 2 AlA-O- + enH2

2+                                            (5)

When these species were transported towards the core of the pellet, enH2
2+ 

could deprotonate due to its interaction with AlB-OH, loosing either one (enH+) or 
even both protons (en). Therefore, increasing the pH of the solution towards the core 
of the pellets, and deprotonated en could react further with the precursor complex 
to form [Ni(en)1+x(H2O)(4-2x)]2+, x ≥ 0, (eq. (6) and (7)):

enH2
2+ + 2 AlB-OH    en + 2 AlB-OH2

+                                 (6)
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[Ni(en)(H2O)4]2+ + x en    [Ni(en)1+
 
x(H2O)(4-2x)]2+ + 2x H2O                              (7)

The gradient of Ni2+ species 5 min after impregnation could only develop 
because after this time there was still not an even distribution of Ni2+ concentration 
inside the pellets and enH2

2+/ en moved faster than [Ni(en)(H2O)4]2+. In the center of 
the pellets the concentration of Ni2+ was lower than the concentration of surface 
hydroxyl groups making it possible to locally and temporarily create Ni2+ complexes 
which are only stable at high pH.

The space resolved spectra of a pellet impregnated with solution EnNi2 
(Figure 3.2 (c)) show a red shift of the Ni2+ d-d absorption bands in the edge (362, 575 
and 930 nm) compared to the precursor solution (Table 3.1); whereas in the core, the 
bands were measured at the same positions as in the solution (352, 560 and 910 nm), 
indicating the presence of [Ni(en)2(H2O)2]2+ species. A similar scheme of reactions is 
proposed to occur in the edges of EnNi2 impregnated pellets as for EnNi1, see eq. 
(8). Again, towards the core, enH2

2+ can partially or totally deprotonate forming enH+ 
or en, as represented in eq. (6). This equation only shows the total deprotonation of 
enH2

2+ for simplicity. 

[Ni(en)2(H2O)2]2+ + 2x AlA-OH + 2x H2O  
                  [Ni(en)2-x(H2O)2+2x]2+ + x enH2

2+ + 2x AlA-O-                             (8)

In the core of the pellet, [Ni(en)2(H2O)2]2+ was regenerated. 
Figure 3.2 (d) shows the space resolved UV-Vis-NIR spectra from the edge to 

the center on an impregnated pellet with solution EnNi3. The Ni2+ d-d bands appear 
uniformly distributed at 347, 548 and 886 nm, which are the same positions as in 
the impregnation solution (Table 3.1) indicating that the [Ni(en)3]2+

 complex did not 
interact strongly with the support.

The fast penetration rate of the [Ni(en)3]2+ complex together with the stability of 
its molecular structure can be explained with the physical adsorption model developed 
by Regalbuto et al.[16] which proves that, for some systems, adsorption of metal-ion 
complexes during impregnation occur primarily by electrostatic interactions. The 
pH of the EnNi3 solution was very close to the pzc of the support, so the support 
had an overall zero surface charge and no interactions between the Ni2+ complex 
and alumina took place. Therefore, the pH of the solution inside the pores did not 
change and so the molecular structure of Ni2+.
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3.2. UV-Vis-NIR Micro-spectroscopy after Equilibration for 2 h

After 2 h of equilibration, uniform distributions of the Ni2+ complexes were 
measured in all the impregnated samples, as shown in Figure 3.3. 
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Figure 3.3. Space resolved UV-Vis-NIR spectra measured after equilibration for 2 h on 
bisected pellets from the edge to the core: (a) EnNi0, (b) EnNi1, (c) EnNi2 and (d) EnNi3.

The 2-hour impregnated EnNi0 pellet shows a uniform distribution of 
octahedral Ni2+ complexes with d-d transition bands λ1 and λ2 at 400 and 662 nm; λ3 
was beyond the detection range of the set-up (Figure 3.3 (a)). The spectra collected 
were identical to those measured 5 min after impregnation (Figure 3.2 (a)). One 
possible reason to justify the position of the λ1 and λ2 bands could be that specific 
interactions between [Ni(H2O)6]2+ and hydroxyl groups from alumina took place 
certain time after impregnation (up to 2 h), eq. (9) and (10):

Al-OH + [Ni(H2O)6]2+    [Al-O-Ni(H2O)5]+ + H3O+                (9)

2 Al-OH + [Ni(H2O)6]2+    [(Al-O)2Ni(H2O)4] + 2 H3O+                            (10)
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The specific adsorption of [Ni(H2O)6]2+
 on γ-Al2O3 during the wet step of catalyst 

preparation was also reported by Geus et al.[17] some years ago, and they proposed 
a similar mechanism of Ni2+ interaction with the hydroxyl surface of alumina. 
However, it should also be considered that, during this time, it was possible that no 
specific interactions with the support took place, and the bands were shifted due to 
the presence of the partially hydrolyzed [Ni(H2O)6-x(OH)x]2-x complex formed by the 
influence of the alumina hydroxyl surface, as mentioned to occur immediately after 
impregnation. In any case, as proposed by Lambert et al.[18], the exchange of water 
ligands by OH groups due to hydrolysis or by hydroxyl groups from the alumina 
surface (Al-OH) yields a shift of the Ni2+ d-d transition bands to longer wavelengths 
since both OH- and Al-OH are weaker ligands in the spectrochemical series than 
water.[7, 18]

Along the cross section of impregnated EnNi1 pellets after 2 h of equilibration, 
two d-d absorption bands centered at 377 and 633 nm were measured with a constant 
intensity (Figure 3.3 (b)). Again, the maximum absorption of band λ3 was difficult 
to determine. The gradient of species [Ni(en)1+x(H2O)6-2x]2+ (x ≥ 0) created after initial 
contact of the solution with the support disappeared 30 - 60 min after impregnation. 
However, the red shift of the Ni2+d-d bands with respect to those of the impregnation 
solution indicates that weaker ligands in the spectrochemical series entered the 
Ni2+ 1st coordination sphere of Ni2+ and grafting to the alumina surface could be a 
possible mechanism to it:

[Ni(en)(H2O)4]2+ + Al-OH    [Al-O-Ni(en)(H2O)3]+ + H3O+              (11)

[Ni(en)(H2O)4]2+ + 2 Al-OH    [(Al-O)2Ni(en)(H2O)2] + 2 H3O+                           (12)

The space resolved UV-Vis-NIR spectra of the EnNi2 pellet after 2 h of 
equilibration show the Ni2+ d-d bands at 362, 574 and 920 nm evenly distributed 
along the cross section of the pellet (Figure 3.3 (c)). These bands appear shifted 
to longer wavelengths compared to those measured in the EnNi2 impregnation 
solution (Table 3.1), or in the pellet 5 min after impregnation (Figure 3.2 (c)). As in 
the EnNi1 sample, a change in the Ni2+ coordination sphere occurred with time after 
impregnation, where possibly water ligands were partially substituted by surface 
hydroxyl groups from the alumina:
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[Ni(en)2(H2O)2]2+ + Al-OH    [Al-O-Ni(en)2(H2O)]+ + H3O+             (13)

[Ni(en)2(H2O)2]2+ + 2 Al-OH  [(Al-O)2Ni(en)2] + 2 H3O+                            (14)

Finally, the space resolved UV-Vis-NIR spectra measured on the EnNi3 
impregnated pellet, after 2 h, shown in Figure 3.3 (d), is the same as in the solution or 
5 min after impregnation (Figure 3.2 (d)). The Ni2+ d-d bands were measured at 348, 
549 and 894 nm indicating that [Ni(en)3]2+ species were present uniformly distributed 
inside the pellets without interacting with the alumina hydroxyl surface. 

In summary, the strength of adsorption of Ni2+ on the alumina surface 
during the equilibration period depends on the number of en molecules in the 1st 
coordination sphere of Ni2+, in such a way that the more en molecules surrounding 
Ni2+ the weaker the interactions between this complex and the alumina surface. 
Figure 3.4 shows a two-dimensional (2D) plot in which the position of the λ2 band in 
the edge of a pellet is depicted in the x axis, while the position of the λ2 band in the 
core of the pellet is depicted in the y axis, both of them 2 h after impregnation. If no 
interactions would take place between the Ni2+ complexes and the alumina surface, 
then this band would appear at the same position as in the impregnation solutions 
regardless the location on the pellet, which corresponds to the points represented as 
green triangles. On the other hand, the purple diamonds represent the real position 
of the λ2 band measured 2 h after impregnation. 

Thus, the distance between the green triangle and purple diamond for 
each sample represents the shift of the band λ2 2 h after impregnation, and can 
be translated into the interaction strength between the complex and the alumina 
surface, as follows:

EnNi3 < EnNi2 ~ EnNi0 < EnNi1

It is still under debate which are the OH groups involved in these interactions. 
After impregnation, only a very small amount of basic hydroxyl groups would 
become protonated, since the concentration of H+ coming from the solution inside 
alumina pores is very low, and can be negligible. Therefore, most probably the 
interactions between the support surface and [Ni(en)x(H2O)6-2x]2+ (x = 0 - 3) occurs 
through the neutral form of basic OH groups or through the neutral or acidic OH 
groups. Most likely, it occurs through the neutral form of basic OH groups, since 
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Figure 3.4. 2D plot showing the shift of the λ2 band 2 h after impregnation for all the 
impregnated pellets with respect to the position of that band in the impregnation solutions; 
i.e., the position of the λ2 band on the impregnated pellets if no interactions between the 
Ni2+ complexes and the alumina surface were taking place.



62

Chapter 3

3.3. UV-Vis-NIR Micro-spectroscopy after Impregnation of γ-Al2O3 Pellets 
with Solution EnNi3pH4

The space resolved UV-Vis-NIR spectra measured from the edge to the center 
of the EnNi3pH4 pellet 5 min after impregnation is shown in Figure 3.5 (a).
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Figure 3.5. (a) Space resolved UV-Vis-NIR spectra measured on a EnNi3pH4 bisected pellet, 
from the edge to the core, 5 min after impregnation. (b) Position of band λ2 at the edge ( ) 
and in the core ( ) as a function of the time after impregnation on pellet EnNi3pH4.

These spectra changed drastically from the edge to the core of the pellet. The 
typical UV-Vis-NIR spectrum of [Ni(H2O)6]2+ complex was observed in the edges, 
with the characteristic Ni2+ absorption bands at 399, 655 and 740 nm; whereas, in the 
core, a marked shift of the bands to shorter wavelengths was observed, with the Ni2+ 
d-d bands λ1 and λ2 at 381 and 621 nm, respectively. The spectrum in the core was 
close to that of [Ni(en)(H2O)4]2+. The band shift came along with a change of color 
inside the pellets from green, in the outer area, to purple, in the center. The blue 
shift of the absorption bands towards the core of the pellets indicated a pH increase 
of the solution in that direction and, consequently, a change in the Ni2+ coordination 
sphere. Towards the core, enH2

2+ became partially (enH+) or totally deprotonated (en) 
due to its interaction with the basic AlB-OH groups (eq. (6)). The deprotononated en 
species could then interact with Ni2+ to form [Ni(en)x(H2O)6-2x]2+ (eq. (15)):

[Ni(H2O)6]2+
 + x en    [Ni(en)x(H2O)6-2x]2+ + 2x H2O              (15)

Figure 3.5 (b) represents the position of the λ2 band measured in the edge and 
in the center of the impregnated EnNi3pH4 pellet at certain times after impregnation. 
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After approximately 60 min of equilibration, bands λ1 and λ2 were measured at the 
same positions (397 and 654 nm) in the edges and in the core of the pellet, indicating 
the presence of [Ni(H2O)6]2+, without interacting substantially with the support. 

The impregnation process of sample EnNi3pH4 on γ-Al2O3 pellets followed 
the same trend observed in samples EnNi1 and EnNi2 (Figures 3.2 (a), (b) and 3.3 (a), 
(b)). Most likely, the impregnation of [Ni(en)x(H2O)6-2x]2+ (x = 1, 2) on γ-Al2O3 pellets 
occurs  in two steps:

1) Imbibition: Ni2+ complexes move fast towards the core of the pellets due to 
capillary forces. It was measured that the Ni2+ molecular structure changed strongly 
during its transport towards the core because of the effect that both AlB-OH and 
AlA-OH have on the formation/cleavage of [Ni(en)x(H2O)6-2x]2+. However, grafting is 
not taking place since Ni2+ transport towards the core is very fast.

2) Equilibration: After 30 to 60 min, Ni2+ was uniformly distributed on the 
pellets with a different Ni2+ first coordination sphere compared to that of the solution, 
probably because labile H2O ligands in [Ni(en)(H2O)4]2+ or [Ni(en)2(H2O)2]2+ have been 
exchanged by one or two hydroxyl groups from alumina surface. 

3.4. UV-Vis-NIR Micro-spectroscopy after Impregnation of Chlorinated 
Alumina Pellets

Figure 3.6 shows the space resolved UV-Vis-NIR spectra from the edge to 
the center of an Al2O3-AC pellet impregnated with solution EnNi1, 5 min after 
impregnation and 2 h of equilibration. 5 min after impregnation (Figure 3.6 (a)), 
Ni2+ was already present in the center of the pellet. The intensity of the absorption 
bands was lower in the core than in the edges and Ni2+ transport was slower than 
on non-treated alumina pellets. A change in the molecular structure of Ni2+ along 
the cross section of the pellet was also measured. In the edge, Ni2+

 d-d bands λ1 and 
λ2 were measured at 385 and 633 nm. Band λ3 was centered above 1100 nm with a 
shoulder at around 950 nm. This spectrum indicates the presence of mainly [Ni(en)
(H2O)4]2+ complexes; as if EnNi1 solution was impregnated on non treated alumina 
(Figure 3.2 (b)). In the center, the spectrum resembles that of [Ni(H2O)6]2+ with bands 
λ1 and λ2 centered at 398 and 661 nm and the very characteristic spin forbidden band 
at around 730 nm with a similar intensity as λ2. Band λ3 was beyond the energy 
detection range.
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Figure 3.6. Space resolved UV-Vis-NIR spectra measured (a) 5 min after impregnation, and 
(b) 2 h after equilibration of EnNi1 solution on Al2O3-AC pellets.
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The change in the Ni2+ molecular structure towards the core of the catalyst 
body was due to a decrease in the pH of the solution in that direction caused by 
fact that Al2O3-AC was an acidic support and the concentration of basic hydroxyl 
sites (AlB-OH) was negligible (Figure 3.1). Towards the core, [Ni(en)(H2O)4]2+ fell apart 
because of protonation of en molecules by AlA-OH groups to form enH+ and enH2

2+, 
as shown in eq. (5). Since no AlB-OH groups were present on the alumina surface, 
deprotonated en molecules could not be formed and the precursor complex could 
not be regenerated; i.e., the equilibria in eq. (6) and (7) did not occur.

The slow transport of Ni2+ towards the core, compared to its dynamics on non 
treated alumina, was also caused by the negative alumina surface charge compared 
to non treated alumina, where the surface charge was slightly positive at the pH of 
EnNi1 solution. After 2 h of equilibration (Figure 3.6 (b)), Ni2+ was measured along 
the cross section of Al2O3-AC pellets with a uniform concentration of [Ni(H2O)6]2+ 
species (bands λ1 and λ2 at 395 and 656 nm). Clearly, [Ni(H2O)6]2+ remained as the 
stable species throughout the support body. 
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Figure 3.7. Space resolved UV-Vis-NIR spectra from the edge to the center of bisected 
pellets after drying: (a) EnNi0, (b) EnNi1, (c) EnNi2 and (d) EnNi3.

4. Study of the Drying Step of [Ni(en)x(H2O)6-2x]2+/γ-Al2O3 
Pellets

4.1. UV-Vis-NIR Micro-spectroscopy after Drying of the 
[Ni(en)x(H2O)6-2x]2+ /γ-Al2O3 Pellets

Figure 3.7 shows the space resolved UV-Vis-NIR spectra collected on the pellets 
impregnated with solutions EnNi0-EnNi3 after drying at 100 °C for 8 h. Different 
species were detected along the cross section of the alumina pellets as a function 
of the ratio en:Ni2+. EnNi0 and EnNi1 dried pellets showed a uniform distribution 
of a single Ni2+

 complex (Figures 3.7 (a) and (b)); whereas, EnNi2 and EnNi3 dried 
pellets presented a gradient of [Ni(en)x(H2O)6-2x]2+ species with the core of the pellets 
showing Ni-en species poorer in en than the edges (Figures 3.7 (c) and (d)). 
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The EnNi0 dried pellet shows three bands at 404, 670 and 750 nm, the latter 
corresponds to the Ni2+ d-d spin forbidden band (Figure 3.7 (a)). These bands, which 
shifted to longer wavelengths compared to the solution and to the impregnated 
pellets, indicate an octahedral symmetry of Ni2+

 where H2O ligands most probably 
exchanged by surface hydroxyl groups. Moreover, Ni2+ was uniformly distributed 
inside the pellets. The EnNi1 dried pellet shows the Ni2+ d-d bands λ1 and λ2 at the 
same positions as 2 h after impregnation (Figure 3.7 (b)). These bands are probably 
due to the inner-sphere complexes [(Al-O)2Ni(en)(H2O)2] or [Al-O-Ni(en)(H2O)3]+ that 
form during the impregnation step. In both samples, band λ3 was beyond the energy 
detection limit of the set-up.

The EnNi2 and EnNi3 dried pellets show a gradual red-shift of the Ni2+ d-d 
bands from the edge to the center of the pellets (Figure 3.7 (c) and (d)). The Ni2+ d-d 
bands λ1, λ2 and λ3 of the EnNi2 dried pellet were measured at 382, 581 and 930 
nm close to the edge; and at 395, 631 and 980 nm in the core (Figure 3.7 (c)). Hence, 
drying induced Ni2+ speciation, and the core of the pellets contained Ni2+ complexed 
to less than two en molecules, as deduced from the position of Ni2+ d-d bands. The 
spectrum at this position was identical to that measured on the center of EnNi1 dried 
sample; i.e., Ni2+ contained in its coordination sphere one molecule of en and 1 or 2 
oxygens from alumina hydroxyl groups. Moreover, the intensity of the absorption 
bands was very similar along the cross section of the pellets. Thus, it is difficult 
to say whether Ni2+ followed the same trend as en molecules or it was uniformly 
distributed inside the pellets. 

On the dried EnNi3 sample (Figure 3.7 (d)), the Ni2+ d-d bands λ1, λ2 and λ3 
were measured at 353, 546 and 890 nm in the edges (indicative of the presence of 
[Ni(en)3]2+ complex) and at 367, 610 and 953 nm, in the core of the pellets. Hence, 
the core contained Ni2+ species complexed to less than three en molecules, where 
en was exchanged with hydroxyl groups of alumina. An important decrease in the 
intensity of the Ni2+ d-d transition bands was observed from edge to core. However, 
because of the different absorption coefficients of the [Ni(en)x(H2O)6-2x]2+ complexes 
it was difficult to quantitatively link the difference in intensity to a difference in Ni2+ 
concentration. 

Figure 3.8 shows the distribution of Ni along a line scan on the pellets EnNi1 
- EnNi3 measured with SEM-EDX. This measurement was not performed in EnNi0 
dried pellets because the space resolved UV-Vis-NIR spectra on this sample (Figure 
3.7 (a)) already show a uniform distribution of the metal-ion. In the three line scans, 
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Figure 3.8. Ni profiles after drying measured by SEM-EDX: (a) EnNi1, (b) EnNi2 and (c) 
EnNi3.

the points obtained were rather scattered due to the roughness of the cross sections. 
The overall Ni2+ content measured was around the intake of 3 % wt. A rather uniform 
Ni concentration was measured on the EnNi1 dried pellet (Figure 3.8 (a)). In the 
samples EnNi2 and EnNi3 (Figure 3.8 (b) and (c)), the Ni2+ content was above 3 % wt 
at the edges and, in the center, below this value. Thus, there was a tendency towards 
Ni2+ egg-shell distributions with increasing the en:Ni2+ ratio.
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Combining the UV-Vis-NIR data after drying (Figure 3.7) with the Ni2+ 
profiles measured with EDX (Figure 3.8), it can already be claimed that the different 
profiles of the Ni precursor complexes observed after drying can only be explained 
by assuming a specific interaction between alumina surface and the Ni complexes 
which contained H2O as part of their 1st coordination sphere, via grafting (exchange 
of water ligands with surface OH groups) before drying. During drying [Ni(en)3]2+ 
complex is transported together with the solvent, towards the outer surface of the 
pellets due to the absence of interactions between this complex and alumina in 
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the impregnation step (Figure 3.3 (d)). On the other hand, when the impregnation 
solution contains [Ni(H2O)6]2+ or [Ni(en)(H2O)4]2+ the transport of Ni2+ towards the 
outer surface during the drying step is not possible (Figures 3.3 and 3.7, (a) and 
(b)), due to the stronger interactions between these complexes and the support that 
started taking place after impregnation, as proposed in eq. (9) – (14).

4.2. IR Micro-spectroscopy after Drying of the [Ni(en)x(H2O)6-2x]2+/γ-Al2O3 
Pellets

The distribution of the chelating ligand, en, was monitored with IR micro-
spectroscopy. Figure 3.9 shows the space resolved IR spectra between 3500 and 
2500 cm-1 measured from the edge to the core of the EnNi1-EnNi3 dried pellets. In 
this region, all the samples show several absorption bands, more or less intense: a 
doublet at around 2940 and 2890 cm-1 typical of C-H stretching vibrations and two 
bands at around 3330 and 3284 cm-1 characteristic of N-H2 stretching vibrations (the 
latter observed only in sample EnNi3, Figure 3.9 (c)) from the en ligands complexing 
Ni2+ in an octahedral symmetry.[19] 

The dried EnNi1 sample (Figure 3.9 (a)) shows the two bands at 2944 and 
2894 cm-1 characteristic of C-H stretching vibrations in a rather even distribution 
along the cross-section of the pellet. These bands indicate a uniform profile of the 
en groups on the support agreeing with the uniform distribution of [Ni(en)(H2O)4-

x(Al-O)x]+2-x  (x = 1 or 2) species proposed from the UV-Vis-NIR data (Figure 3.7 (b)). 
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Figure 3.9. Space resolved IR spectra collected from the edge to the center of dried bisected 
pellets in the 3500-2500 cm-1 region: (a) EnNi1, (b) EnNi2 and (c) EnNi3.
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An egg-shell distribution of en, as deduced from the intensity the C-H 
stretching vibrations at 2940 and 2892 cm-1, was measured in the dried EnNi2 
pellets (Figure 3.9 (b)). The similar intensity of the bands in the dried EnNi1 and 
EnNi2 samples suggests that the concentration of en species in the core of the pellets 
was the same in both samples, in line with what was observed with UV-Vis-NIR 
(Figure 3.7 (b) and (c)). The EnNi3 dried pellet (Figure 3.9 (c)) also exhibits an egg-
shell distribution of en ligands with the C-H stretching vibrations at 2936 and 2892 
cm-1 and the N-H stretching vibrations at 3338 and 3282 cm-1 being more intense in 
the edges than towards the core of the pellet. The latter bands were not observed in 
samples EnNi1 and EnNi2 probably because of the lower concentration of en ligands 
compared to sample EnNi3. 

4.3. Diffuse Reflectance NIR on Crushed [Ni(en)x(H2O)6-2x]2+/γ-Al2O3 
Pellets

Figure 3.10 shows the NIR spectra in the region between 1300 and 1600 nm 
on crushed EnNi0-EnNi3 pellets after drying. The spectra in this region consisted 
of several bands due to: (i) first  υ(OH) overtones of basic, neutral and acidic surface 
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These spectra show an increase in intensity of the NH2 overtone band from 
en, with increasing ratio en:Ni2+. Thus, the overall molar ratios from the precursor 
solutions were kept after drying at 100 ˚C.  Moreover, a consumption of mainly the 
basic alumina surface hydroxyl groups in all the samples can be observed, with 
respect to the γ-Al2O3 support. This information supports the proposed grafting 
mechanism of interaction, 2 h after impregnation, between [Ni(en)x(H2O)6-2x]2+ (x = 
0 - 2) precursor complexes and the alumina hydroxyl surface.

4.4. Effect of the Drying Temperature on the EnNi3/γ-Al2O3 Pellets

The effect of the drying temperature on the EnNi3 pellets was studied and 
the dried pellets were characterized by UV-Vis-NIR micro-spectroscopy. Figure 
3.11 (a) represents the difference (in wavelengths) between the position of the λ2 
band measured in the center and in the edge of the pellets (∆λ2 = λ2

center - λ2
edge) as a 

function of the drying temperature.
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hydroxyl groups at 1388, 1425 and 1446 nm, respectively and (ii) first υ(NH) overtones 
of en molecules at around 1531 and 1542 nm.[8, 9]

Figure 3.10. NIR spectra of dried 
and crushed pellets: EnNi0 (− −), 
EnNi1 ( ), EnNi2 (   ) and EnNi3(

   ). The NIR spectrum of γ-Al2O3 
is shown as a reference ( ). 
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Figure 3.11. (a) Difference in the position of band λ2, between the center and the edge, 
in the dried EnNi3 pellets as a function of the drying temperature. (b) Area of band λ2 
measured at the edges of the impregnated EnNi3 pellets dried at different temperatures.
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The pellets dried at RT showed a uniform purple color along the scanned area 
with the three Ni2+ d-d absorption bands at the same positions as for the impregnated 
EnNi3 pellets after 2 h, denoting that the complex [Ni(en)3]2+ remained unchanged 
and uniformly distributed inside the pellet; i.e., the drying step did not have an 
influence on the nature or distribution of the active component.

When the drying temperature was increased to 60 °C or above, the space 
resolved UV-Vis-NIR spectra along the cross section of the dried pellets showed a 
gradual change of the bands. The spectra measured in the edge of the pellets dried 
at 60, 90 and 100 °C were very similar to that of the impregnated pellets after 2 h, 
with the three Ni2+ d-d bands characteristic of [Ni(en)3]2+ species. In the center of 
the pellet, the spectra suffered a red shift of the bands, indicative of the presence 
of species with lower concentration of en groups bonded to the Ni2+ ion. As it is 
concluded from Figure 3.11 (a), the red shift of the λ2 band in the center of the pellets 
increased with the drying temperature; i.e., the higher the drying temperature, the 
poorer the core in en molecules.

A semi-quantitative analysis of the amount of [Ni(en)3]2+ complex at the 
edges of the pellets as a function of the drying temperature was performed and 
represented in Figure 3.11 (b). In this figure, the area under the λ2 band measured in 
the edge of the dried pellets is given versus the drying temperature. The plot shows 
that the concentration of [Ni(en)3]2+ in the edges increases with increasing drying 
temperature; i.e., higher drying temperatures induce a more substantial transport 
of [Ni(en)3]2+ towards the external surface of the pellets. However, [Ni(en)3]2+ that 
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remained behind decomposed and en molecules were partially substituted by 
surface OH groups. 

Conclusions

Even though no interactions are expected between the [Ni(en)x(H2O)6-2x]2+ (x 
= 0 - 3) complexes and the positively charged alumina surface at pH values of the 
solutions below or close to the pzc of the support, UV-Vis-NIR micro-spectroscopy 
has revealed a strong influence of the alumina surface on the molecular structure of 
Ni2+ during the first hour after impregnation, when en:Ni2+ = 1 or 2. The experiments 
described in this Chapter prove that the different alumina surface hydroxyl groups 
play a role on the dynamics and interactions of the precursor metal-ion complexes 
within the support surface. In particular, even though the acidic hydroxyl groups 
of alumina enhance the breakdown of the precursor complexes, these can be 
regenerated by the action of basic hydroxyls from the support surface. 

Furthermore, the number of en ligands surrounding Ni2+ determines the 
strength of interactions between this and the support surface; in this way, the 
higher the molar ratio en:Ni2+, the weaker the interactions of the metal-ion complex 
with the alumina surface during the impregnation step. Hence, the adsorption of 
[Ni(en)x(H2O)6-2x]2+ onto alumina surface, before drying, was responsible for the Ni2+ 
macro-distribution (and molecular structure) in the pellets after drying; i.e., the 
stronger the adsorption to the surface after impregnation, the more uniform the 
Ni2+ distribution appeared to be after drying. Therefore, the use of chelating ligands 
such as ethylenediamine in pre-shaped catalyst preparation not only influences the 
molecular interactions with the support, but also the final macro-distribution of the 
active species. This additional ingredient enables the preparation of either uniform 
or egg-shell Ni catalysts by controlling the en:Ni2+ ratios used in the precursor 
solutions. 
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Chapter 4

Magnetic Resonance Imaging to Study the 
Impregnation Step of Paramagnetic Ni2+ 

Complexes on γ-Al2O3 Support Bodies

Reproduced with permission from L. Espinosa-Alonso, A. A. Lysova, P. de Peinder, 
K. P de Jong, I. V. Koptyug, B. M. Weckhuysen, Magnetic Resonance Imaging Studies on 
Catalyst Impregnation Processes: Discriminating Metal Ion Complexes within Millimeter-
Sized g-Al2O3 Catalyst Bodies, J. Am. Chem. Soc. 2009, 131, 6525-6534. Copyright 2009 
American Chemical Society. 
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Abstract

Magnetic Resonance Imaging (MRI) has been used to study the impregnation 
step during the preparation of Ni/γ-Al2O3 hydrogenation catalysts with Ni2+ metal-
ions present in different coordinations. The precursor complexes were [Ni(H2O)6]2+ 
and [Ni(edtaHx)](2-x)- (where x = 0, 1, 2 and edta = ethylenediaminetetraacetic acid), 
representing a non-shielded and a shielded paramagnetic complex, respectively. 
Due to the different shielding effect of the ligands, the dynamics of [Ni(H2O)6]2+ or 
[Ni(edtaHx)](2-x)- were visualized applying T2 or T1 image contrast, respectively. MRI 
was applied in a quantitative manner to calculate the [Ni(H2O)6]2+ concentration 
distribution after impregnation when it was present alone in the impregnation 
solution, or together with the [Ni(edtaHx)](2-x)- species. Moreover, the combination of 
MRI with UV-Vis-NIR micro-spectroscopy allowed the visualization of both species 
with complementary information on the dynamics and adsorption/desorption 
phenomena within γ-Al2O3 support bodies. These phenomena yielded non-uniform 
Ni distributions after impregnation, which are interesting for certain industrial 
applications.
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Introduction

Chapters 2 and 3 have demonstrated some applications of invasive techniques 
such as UV-Vis-NIR and IR micro-spectroscopies to study the impregnation and 
drying steps of γ-Al2O3 catalyst bodies. More specifically, they have been used to 
monitor the dynamics of Ni2+ and PdII precursor complexes, and to gain insight into 
the influence that additional ingredients such as chelating agents or inorganic salts 
have on both the molecular structure and dynamics of these metal-ions. 

As mentioned in Chapter 1, the development of noninvasive techniques which 
allow to study the samples in situ; i.e. during the different preparation steps, is of 
particular interest; and Magnetic Resonance Imaging (MRI) serves as an example 
of such noninvasive techniques.[1-5] The contrast or brightness in an NMR (nuclear 
magnetic resonance) image is a direct measure of the NMR signal intensity of water 
protons. This signal intensity can be made to depend on the proton nuclear spin 
relaxation times.[6-9] With the aid of MRI, the distribution and transport of complexes 
of paramagnetic transition metal-ions inside a catalyst body upon their impregnation 
can be deduced by monitoring the 1H NMR signal of the water solvent inside the 
catalyst body.[1, 2, 10] 

In the experiments described in this Chapter, the 1H MRI-based method 
reported earlier[1] is applied to monitor and quantify the transport of [Ni(H2O)6]2+ 
on γ-Al2O3 support bodies. This investigation illustrates the general validity of the 
method. Moreover, MRI has also been used to follow the transport of other Ni2+ 
complexes, viz. [Ni(edtaHx)](2-x)- (x = 0, 1, 2 edta = ethylenediaminetetraacetic acid). The 
bulky edta ligand shields the paramagnetic effect of Ni2+ on the 1H NMR signal and 
in this case a different experimental protocol is required to visualize Ni2+. In this 
way, the combination of MRI with UV-Vis-NIR micro-spectroscopy enables us to 
discriminate [Ni(H2O)6]2+ from [Ni(edtaHx)](2-x)- when both complexes are present in 
the impregnation solution, and [Ni(H2O)6]2+ transport can then be monitored in the 
presence of [Ni(edtaHx)](2-x)-. 
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Experimental Section

1. Preparation of the Impregnation Solutions

To quantify the dynamics of [Ni(H2O)6]2+ inside a support body after its 
impregnation, several [Ni(H2O)6]2+ solutions were prepared with concentrations 
ranging from 0.1 M to 1.0 M by dissolving the required amounts of Ni(NO3)2 · 6 H2O 

(Acros, p.a.) in de-ionized water.
Ni-edta solutions in a 1:1 molar ratio were prepared with 0.1 M Ni(NO3)2 · 6 

H2O (Acros, p.a.) and 0.1 M edta precursor (edta = ethylenediaminetetraacetic acid, 
Acros, p.a.) at pH 1 and 7. Edta-disodium precursor salt was used to achieve pH 1, 
and edta-tetrasodium precursor salt was used to obtain pH 7. These Ni-edta solutions 
will be referred to as Niedta1:1pH1 and Niedta1:1pH7. Two other Ni-edta solutions 
with a molar ratio Ni2+:edta = 6:1 were prepared by slowly adding edta-disodium 
salt or edta-tetrasodium salt to an aqueous solution of Ni(NO3)2 · 6 H2O. The final 
pH of these solutions were 1 (solution Niedta6:1pH1) and 6 (solution Niedta6:1pH6), 
respectively. The latter solution was not stable with time and a fresh solution was 
prepared for each experiment. Table 4.1 summarizes the composition and speciation 
of the Ni-edta solutions. The speciation of the Ni-edta complexes in solution, as a 
function of pH, was determined by using multivariate curve resolution analysis 
(MCR) of the UV-Vis spectra of the solutions. Information on the procedure followed 
to determine the speciation can be found in Appendix B. 

UV-Vis spectra of the impregnation solutions were recorded between 450 
and 850 nm with a Varian Cary 50 UV-Vis spectrophotometer. Diffuse reflectance 
UV-Vis-NIR spectra of impregnated catalyst bodies were acquired between 250 and 
1050 nm using the home-built set-up illustrated in Appendix A.[13] All UV-Vis-NIR 
measurements of the impregnated catalyst bodies were performed along a scan-
line through the resulting surface of the extrudates after bisection with a scalpel, 
as illustrated in Figure 1.3 in Chapter 1. Twelve spectra were collected along the 
diameter of the bisected extrudates. The spatial resolution was 320 µm and 5 min 
were required to collect the spectra along the line scan.
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Solution [Ni] /M [edta] /M Calculated concentrations of 
the species present*

Niedta1:1pH1 0.1 0.1 0.05 M [Ni(edtaH)]-

0.05 M [Ni(edtaH2)]

Niedta1:1pH7 0.1 0.1 0.1 M [Ni(edta)]2-    

Niedta6:1pH1 0.6 0.1
0.50 M [Ni(H2O)6]2+

0.07 M [Ni(edtaH)]-

0.03 M [Ni(edtaH2)]

Niedta6:1pH6 0.6 0.1 0.49 M [Ni(H2O)6]2+

0.11 M [Ni(edta)]2-

* The protons in [Ni(edtaHx)](2-x)- (x = 1, 2) are forming carboxyl groups.[11, 12]

Table 4.1. Composition of the Ni-edta impregnation solutions and speciation of the 
Ni2+ complexes (as determined from UV-Vis spectroscopy, Appendix B).

2. Catalyst Preparation

γ-Al2O3 extrudates (12 mm long and 3.85 mm in diameter) with a BET surface 
area of  145 m2 · g-1 and a pore volume of 0.36 mL · g-1, as determined from N2 
physisorption, were used. The point of zero charge (pzc) of the γ-Al2O3 extrudates 
was 7.9, as determined by mass titration.[14] Pore volume impregnation of single 
γ-Al2O3 extrudates was done drop-wise along the extrudate, making sure that 
the entire extrudate was wetted. The volume added for impregnation of a single 
extrudate was equal to the pore volume plus 10 %. Thus, the average volume used 
for a single extrudate was 90-100µl, depending on the weight of the extrudate. This 
volume was added in drops of approximately 30 µl. After adding all the drops, the 
vial with the extrudate was shaken for 30 s and the remaining liquid (10 % of the 
volume added) was removed with a pipette. The volume inside the extrudate was, 
therefore, equal to the pore volume of the support. This means that the average 
concentration of Ni2+ inside the extrudate was constant during each MRI experiment 
and directly determined by the Ni2+ concentration of the impregnation solution.
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Images were collected imposing either T1 contrast or T2 contrast. The echo 
time was fixed at TE = 1 ms. To obtain T1-weighted images (T1 contrast), TR was set 
to 100 ms. This value is in between the T1 values of the two aqueous components in 

3. MRI Experiments

Immediately after pore volume impregnation, the extrudates were placed 
inside an NMR tube. A wet tissue was inserted in the NMR tube to avoid drying of 
the extrudates during the measurements.

The NMR/MRI experiments were performed using a Bruker Avance DRX 
300 (300 MHz) wide-bore spectrometer equipped with imaging accessories. The 
acquisition of two-dimensional (2D) cross-sectional images was based on the 
detection of the 1H NMR signal of water in the impregnated extrudates with a two-
pulse spin-echo sequence shown schematically in Figure 4.1. Two radiofrequency 
(RF) pulses with 90° and 180° flip angles were applied during the sequence. Gf and 
Gφ refer to the magnetic field gradients applied in the x direction (Gf, frequency 
encoding) and in the y direction (Gφ, phase encoding). In the z direction, slice 
selection was applied (Gs), and the signal recorded corresponded to a 2-mm slice in 
the center of the extrudates detected transverse to the sample axis. The echo time 
(TE) and repetition time (TR) are also shown in Figure 4.1. A detailed description on 
the fundamentals of MRI can be found elsewhere.[7, 15, 16]

90o 180o

Echo time (TE)

Repetition time (TR)

GS

G

Gf

S

90o

RF

Figure 4.1. Timing diagram 
of a two-pulse spin-echo 
sequence. The echo time 
and the repetition time are 
also indicated. S indicates 
when the signal appears in 
the sequence.
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the sample (pure water and water in the presence of the Ni2+ complex). To obtain T2-
weighted images (T2 contrast), the TR was 1 s, which was longer than the T1 values 

of the two components. Table 4.2 summarizes the experimental parameters, TR and 
TE, and the contrast obtained in all the MRI experiments. Acquisition time of an 
image was 4.5 min (TR = 1 s) or 30 s (TR = 100 ms) and the spatial resolution in the 
image plane was 140 µm by 230 µm.

Table 4.2. Summary of the experimental parameters used for detection of the NMR images 
and type of image contrast obtained.

Solution [Ni] /M [Ni]:[edta] TR /ms TE /ms Contrast

[Ni(H2O)6]2+ 0.1-1.0 0 1000 1 T2

Niedta1:1 0.1 1 100 1 T1

Niedta6:1 0.6 6 1000 1 T2

4. NMR Relaxation Time Experiments

Relaxation time measurements for all Ni2+ solutions saturating the pores 
of alumina extrudates were performed to determine the spin-lattice (T1) and the 
spin-spin (T2) relaxation times of water protons in the presence of Ni2+. Inversion-
recovery experiments were carried out to measure T1, and Carr-Purcell-Meiboom-
Gill (CPMG) experiments were conducted to measure T2.[15] The relaxation times 
relevant to the following discussion are summarized in Table 4.3.

MRI to Study the Impregnation Step of Ni2+ on γ-Al2O3 Support Bodies



82

Table 4.3. Relaxation times T1 and T2 of water in the pores of alumina extrudates in the 
presence of different Ni2+ complexes, and magnetization values*: 

Solution T1 /ms T2 /ms MT1
1s MT1

100ms MT2 I/Io1s I/Io100 ms

H2O 216.9 3.86 0.99 0.37 0.77 0.76 0.28

Niedta1:1pH7 15.98 2.67 1.00 1.00 0.69 0.69 0.69

[Ni(H2O)6]2+ 

0.1 M 11.05 2.11 1.00 1.00 0.62 0.62 0.62

* I/Io = MT1 * MT2 , where MT1 = [1-exp(-TR/T1)] and MT2 = [exp(-TE/T2)].

Results and Discussion

1. Dynamics of [Ni(H2O)6]2+ within γ-Al2O3 Support Bodies 
Based on T2 Contrast

Figure 4.2 (a) shows the T2-weighted images of extrudates impregnated with 
aqueous solutions with various Ni2+ concentrations after equilibration for 12 h. An 
image of an extrudate impregnated with water is also shown. In all cases, the images 
show a spatially uniform NMR signal and, therefore, a uniform macro-distribution 
of [Ni(H2O)6]2+ in the extrudates. The relaxation of water protons is progressively 
enhanced with increasing concentration of paramagnetic species. In other words, 
a low NMR signal intensity corresponds to a high Ni2+ concentration (red color); 
whereas a high NMR signal intensity indicates a low Ni2+ concentration (blue color). 
This is because an increase in the T2 time corresponds to an increase in the NMR 
signal intensity (see expression for MT2 in the footnote of Table 4.3).
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Figure 4.2. (a) T2-weighted images of the extrudates 12 h after impregnation with aqueous 
Ni2+ solutions containing different concentrations of [Ni(H2O)6]2+. (b) 1D signal intensity profiles 
in arbitrary units (a.u.), as a function of the position inside the extrudates for different 
[Ni(H2O)6]2+ concentrations. The grey areas indicate the regions excluded from quantitative 
data analysis.
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One-dimensional (1D) 1H NMR signal intensity profiles (in arbitrary units, 
a.u.), along a scan-line of the catalyst body, are shown in Figure 4.2 (b). The edges 
of the extrudates are marked as thick black vertical lines in the figure. The NMR 
signal in the edges does not show an abrupt signal change from a maximum value 
(inside the extrudates) to zero (outside the extrudates). This is due to the limited 
spatial resolution and smoothing of the NMR images for a better presentation. 
Consequently, extrudates boundaries appear smooth, with a gradual signal 
variation at the extrudates edges. This gradual signal variation corresponds to the 
grey regions in the figure. Moreover, smoothing of the inner extrudates regions 
does not lead to signal variations as the signal intensity is independent of position in 
the inner regions, but helps to average out noise and sample heterogeneities. Due to 
smoothing, the boundaries of the extrudates represented in grey color are excluded 
from data analysis, and only the data points from position -1.58 mm to 1.58 mm 
will be considered for data analysis, and depicted in the subsequent 1D profiles in 
Figures 4.3 – 4.7 (NMR signal profiles or concentration profiles). 
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The 1D signal intensity profiles show how the 1H NMR signal decreases with 
increasing Ni2+ concentration. These profiles are not totally flat due to noise in the 
experimental measurements and the heterogeneities in alumina structure.[17] To 
have an idea of the uncertainty of the measurements, an additional experiment was 
performed. In this experiment, four different extrudates were impregnated with 
water and the measured 1D signal intensity profiles were averaged. The resulting 
relative standard deviation was calculated to be 4 %. This value was taken as a basis 
for the measurement error.

The average NMR signal intensity along a scan-line of the Ni2+-impregnated 
extrudates, calculated from the 1D profiles illustrated in Figure 4.2, versus the 
Ni2+ concentration in the impregnation solution yielded the following exponential 
dependence (R2 = 0.99):

INMR = 50270 + 569106 · exp(-[Ni2+]/0.332)                                (1)
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Figure 4.3. (a) Calibration curve that relates the [Ni(H2O)6]2+ concentration in the 
impregnation solutions and the 1H NMR signal intensity of water protons (in arbitrary units, 
a.u.) in the catalyst bodies; and (b) relative standard deviation of the calculated [Ni(H2O)6]2+ 
concentrations as a function of the concentration in the impregnation solutions.

This exponential dependence is represented in Figure 4.3 (a). The average 
NMR signal values in the plot are represented together with their standard 
deviation (SD), which give an idea of the experimental uncertainty associated with 
the measurement procedure and the heterogeneities of the alumina pore structure. 

The exponential decrease of the NMR signal intensity with increasing Ni2+ 
concentrations can be explained as follows. It is known that the NMR signal intensity 
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of protons measured in an MRI experiment using a two-pulse spin-echo sequence is 
described by the following equation:[9]

INMR = Io [1-exp(-TR/T1)] [exp(-TE/T2)]                  (2)

The repetition time, TR, used to measure the average INMR in the equilibrated 
extrudates with different [Ni(H2O)6]2+ concentrations was long enough (1 s) and 
the multiplier related to T1 relaxation processes was approximately 1 in all cases. 
Therefore, the NMR signal, INMR, was only dependent on the T2 relaxation time:

INMR = Io [exp(-TE/T2)]                    (3)

In pure liquids, the relaxation rates (Ti
-1, i = 1, 2) of water protons are linearly 

dependent on the concentration of paramagnetic species ([M]):[8]

(1/Ti)obs = (1/Ti)d + Ri[M]                                  (4)

The combination of eq. (3) and (4) yields an exponential dependence between 
the NMR signal intensity and the concentration of paramagnetic species ([Ni(H2O)6]2+). 
There is an extra constant term on the right-hand side of eq. (1) as compared to eq. 
(3); i.e., the constant value “50270”. This term characterizes the detection limit of the 
NMR experiment: the relaxation times of protons when Ni2+ concentration is above 
0.9 M are very low, and NMR signals have such a low intensity that they cannot be 
detected reliably in the presence of the measurement noise.

Figure 4.4 shows the linear dependence between the relaxation rates (T2
-1) of the 

water protons in the catalyst bodies and the Ni2+ concentrations in the impregnation 
solutions (eq. (4)). This linear dependence points out that Ni2+ paramagnetic species 
had a qualitatively similar effect on the relaxation times of protons inside the pores 
of alumina as in pure liquids. 
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Figure 4.4. Linear dependence 
of the spin-spin relaxation 
rate (T2

-1) of water protons 
within the equilibrated 
catalyst bodies on the 
[Ni(H2O)6]2+ concentration in 
the impregnation solutions.

The slope of the line depicted in Figure 4.4 indicates the relaxivity (Ri) of 
water protons in the presence of Ni(H2O)6

2+ paramagnetic complex and characterizes 
the efficiency of the relaxation enhancement of water protons by a certain metal-
ion complex. The y-intercept represents the solvent relaxation rate in the absence of 
paramagnetic ions ((1/Ti)d).

Figure 4.5 illustrates the 1D [Ni(H2O)6]2+ concentration profiles inside an 
extrudate as a function of time after pore volume impregnation obtained after 
applying the calibration curve, eq. (1), to the 1D signal intensity profiles measured. 
The impregnation solution contained 0.5 M Ni(NO3)2. The T2-weighted images of the 
extrudate after impregnation with this solution are also depicted in this figure. The 
red regions indicate high Ni2+ concentrations and the blue regions correspond to low 
Ni2+ concentrations. 
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Figure 4.5. 1D profiles of the [Ni(H2O)6]2+ concentration as a function of the position inside 
the extrudates at certain times after impregnation, together with the recorded T2-weighted 
images.

As illustrated in Figure 4.5, at the edges of the extrudate 5 min after 
impregnation, the [Ni(H2O)6]2+ concentration was higher than 0.5 M, while in the 
center there was no Ni present. During the pore volume impregnation, three main 
phenomena occur: capillary flow of the solution towards the core of the extrudate, 
diffusion of the metal-ion in the pores filled with water, and its adsorption on the 
walls of the pores.[18, 19] The fact that [Ni(H2O)6]2+ ions do not move towards the core 
of the catalyst body together with the capillary flow of water molecules, and that a 
concentration gradient is observed 5 min after impregnation, suggests that there are 
interactions of this complex with the pore walls of the alumina extrudate. Moreover, 
these interactions cannot be electrostatic since the slightly acidic pH of the [Ni(H2O)6]2+ 
solution below the pzc of γ-Al2O3 creates a positively charged alumina surface. 
These interactions are responsible for the [Ni(H2O)6]2+ concentration gradient, and, 
therefore, the transport of [Ni(H2O)6]2+ towards the core takes place according to 
liquid phase diffusion and adsorption/desorption phenomena on the pore walls. A 
uniform distribution of 0.53 M [Ni(H2O)6]2+ was achieved 60 min after impregnation, 
which agreed with the concentration of the impregnation solution. This calculated 
concentration was within the range of the expected uncertainty (4 - 10 %, see Figure 
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4.3). Moreover, the time needed to get a uniform distribution of [Ni(H2O)6]2+ was in 
line with liquid phase diffusion of the Ni(NO3)2 salt in bulk solution for a distance 
of 1.93 mm (radius of the γ-Al2O3 extrudate) which indicates that the adsorption of 
[Ni(H2O)6]2+ on alumina surface is limited.[19, 20]

Recently, an MRI study was performed on the quantification of [Co(H2O)6]2+ 
transport after impregnation of similar γ-Al2O3 extrudates.[1] The range of 
concentrations that could be calibrated for [Co(H2O)6]2+ was limited to a maximum 
value of 0.5 M, while [Ni(H2O)6]2+ was calibrated up to 0.9 M, with 10 % uncertainty. 
This difference is due to the paramagnetic properties of the two ions, with 
[Co(H2O)6]2+ having a stronger paramagnetic effect on water protons and enhancing 
their relaxation rate to a larger extent than [Ni(H2O)6]2+.

2. Dynamics of [Ni(edtaHx)](2-x)- within γ-Al2O3 Support Bodies 
Based on T1 Contrast

While a shorter T2 time leads to a lower NMR signal intensity in T2-weighted 
images, a shorter T1 time leads to higher signal intensity in T1-weighted images 
(see expressions for MT2 and MT1, respectively, in the footnote of Table 4.3). Table 
4.3 shows the T1 and T2 relaxation times of water protons inside a catalyst body 
impregnated with 0.1 M [Ni(H2O)6]2+ or with 0.1 M [Ni(edta)]2- (solution Niedta1:1pH7). 
The relaxation times of pure water in a catalyst body are also presented as a reference. 
The relaxation times of protons decreased in the presence of Ni2+ ions in all cases. Yet, 
when Ni2+ was present as [Ni(edta)]2-, the relaxation times were longer than when Ni2+ 
was totally coordinated to water molecules. The spin-lattice and spin-spin relaxation 
rates (Ti

-1, i = 1, 2) of water protons are affected by various interactions between 
the paramagnetic complex and the solvent molecules. Usually, the relaxation rate 
is described as the sum of the contributions due to inner-sphere interactions and 
outer-sphere interactions between the metal-ion and water molecules. It has been 
shown previously that the latter may have an important contribution to the total 
relaxation rate in the particular case of metal-ion complexes with a low water 
coordination number.[8, 21] Edta is a bulky ligand and the number of coordinated 
water molecules when Ni2+ is complexed to edta depends on the solution pH; at pH 
7 the number of coordinated water molecules is essentially zero, and at pH 1 is 1, 
as determined by MCR analysis (see Appendix B). In these cases, edta impedes the 
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strong paramagnetic effect of Ni2+ on water protons and the main contribution to 
the relaxation rates is due to outer-sphere interactions with water. Conversely, in 
the case of [Ni(H2O)6]2+, the relaxation of protons is caused by both inner-sphere and 
outer-sphere interactions with the water molecules, thus, the relaxation rates are 
faster. 
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Figure 4.6. Images of catalyst bodies 5 min after impregnation with the solutions containing 
the complexes (a) [Ni(edta)]2- (0.1 M), (b) [Ni(H2O)6]2+ (0.1 M), and (c) pure water. The images 
were recorded with TR = 1 s (top) and TR = 100 ms (bottom). The 1D signal intensity profiles 
as a function of the position inside the catalyst bodies are also shown.

Figure 4.6 shows the images and the corresponding 1D signal intensity 
profiles of extrudates impregnated with pure water and with 0.1 M [Ni(H2O)6]2+ or 
0.1 M Niedta1:1pH7 solutions 5 min after impregnation. Two sets of images were 
collected with TR = 100 ms or 1 s.

When the repetition time was 1 s (Figure 4.6 top), the T2-weighted image of 
an extrudate containing water showed a uniform NMR signal intensity around 
6·105 a.u. The NMR image of an extrudate containing 0.1 M [Ni(H2O)6]2+ showed T2 
contrast, with an outer green ring indicating the presence of Ni2+ (lower NMR signal 
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intensity) and the blue core representing the presence of pure water (NMR signal ~ 
6·105 a.u.). With these working conditions (TR = 1 s), the NMR signal is low where Ni2+ 
is present since the relaxation rate T2

-1 of water protons in the presence of Ni2+ is very 
fast (relaxation time T2 is short); i.e., when the NMR signal is collected, the protons 
in the presence of Ni2+ have relaxed giving a small NMR signal, see Table 4.3 (I/Io

1s). 
The NMR image and the corresponding 1D signal intensity profile of an extrudate 
containing solution Niedta1:1pH7 (complex [Ni(edta)]2-) were almost identical to those 
of pure water; thus, under these experimental conditions the NMR signal of water 
protons was insensitive to the presence of [Ni(edta)]2- and the transport of Ni2+ could 
not be visualized. In other words, the NMR signals of water in the presence and 
in the absence of [Ni(edta)]2- were too close to be distinguished from each other. 
For the repetition time of 100 ms (T1-weighted images at the bottom of Figure 4.6), 
the NMR image of a water-impregnated extrudate showed a uniform color and 
the corresponding 1D signal intensity profile indicated an average signal of 2·105 
a.u. The NMR image of an extrudate containing [Ni(H2O)6]2+ showed a mixed T1-T2 
contrast, with a dominating contribution of T1 contrast. The signal was the lowest in 
the core of the extrudate (green core), where pure water was present and its signal 
was suppressed (T1 contrast). On the other hand, in the edges the NMR signal is low 
(blue ring) compared to that of pure water in the T2-weighted image (see Figure 4.6 
(c) top), but is higher than in the core. Thus, both T1 and T2 affect the signal intensity 
profile (mixed T1 - T2 contrast). The NMR image of the extrudate impregnated with 
solution Niedta1:1pH7 exhibited pure T1 contrast. The core of the extrudate, with an 
NMR signal of 2·105 a.u. and a green color, indicated the presence of pure water. The 
outer ring in blue color was assigned to the presence of [Ni(edta)]2-, as expected. At 
these working conditions (TR = 100 ms), water protons which are not in contact with 
Ni2+ complexes have long T1 relaxation rates (longer than TR). This means that these 
protons do not have enough time to relax and their NMR signal is suppressed. In 
the edges, the NMR signal intensity is high due to the presence of Ni2+ complexes. 
The T1 relaxation time of water protons decreases in the presence of Ni2+ complexes, 
and water protons have enough time to relax giving a high NMR signal. The images 
were measured 5 min after impregnation and Ni2+ had not yet reached the core of 
the extrudate, in any case.

Table 4.3 summarizes all these NMR signal intensity profiles in numbers. 
The NMR signal intensity of the 1D profiles measured is represented as INMR (or I/
Io) in eq. (2). If the known values of T1, T2, TR and TE are substituted in eq. (2), the 
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quantities I/Io
1s and I/Io

100ms are obtained. The large TR values in comparison to the T1 

values in the presence of [Ni(H2O)6]2+ or Niedta1:1pH7 solutions are responsible for 
the absence of any influence of the spin-lattice relaxation on the total NMR signal 
(MT1

100ms ~ MT1
1s ~ 1 for these cases). On the other hand, a decrease in TR when the 

extrudates contained pure water induced a decrease in the NMR signal intensity 
(MT1

100ms = 0.37). 
In short, in order to visualize the transport of a shielded paramagnetic metal-

ion complex (e.g., [Ni(edta)]2-), T1 contrast should be created by choosing an adequate 
repetition time in the two-pulse spin-echo sequence. However, T1 contrast can also 
be used to monitor the transport of a non-shielded metal-ion complex ([Ni(H2O)6]2+). 
Measuring T1 contrast provides an increase in time resolution, which is advantageous 
if the transport of the metal-ion under study is very fast. In this study, the use of TR 
= 100 ms decreases the acquisition time of one NMR image by a factor of ten. 

Figure 4.7 shows the T1-weighted images collected on an extrudate at 
several points in time after its impregnation with solution Niedta1:1pH7 (complex 
[Ni(edta)]2-). The blue external ring represents high NMR signal intensity values, and 
as explained above, it corresponds to the region where [Ni(edta)]2- is present. The 
green core indicates the presence of pure water (low NMR signal intensity). 
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Figure 4.7. T1-weighted images after impregnation of an extrudate with solution Niedta1:1pH7, 
and the corresponding 1D signal intensity profiles as a function of the position inside the 
catalyst body.

MRI to Study the Impregnation Step of Ni2+ on γ-Al2O3 Support Bodies



92

One hour after impregnation [Ni(edta)]2- still showed an egg-shell distribution 
inside the extrudate (blue external ring). It took 90 to 120 min (images not shown) to 
get a uniform distribution of this complex. This time was expected according to a 
liquid phase diffusion transport of [Ni(edta)]2- when limited interactions between the 
complex and the support surface take place. Namely, it is assumed that [Ni(edta)]2- 
has a smaller diffusion coefficient than [Ni(H2O)6]2+ since it is a bulkier complex. 
Moreover, electrostatic interactions between the complex and alumina surface are 
not very strong when the solution pH is close to the pzc of the support. The 1D 
signal intensity profiles as a function of the position inside the extrudate are also 
presented. In the edges, the NMR signal intensity remains constant with time after 
impregnation, since at these working conditions (TR = 100 ms) relaxation of water 
protons in the presence of [Ni(edta)]2- is fast enough. On the other hand, in the core, 
where no [Ni(edta)]2- is present after 5 min, water protons do not have time to relax 
and their signal is suppressed. As [Ni(edta)]2- diffuses to the core, water protons 
in that region relax faster, and ultimately have enough time to relax recovering 
the maximum signal. Since these 1D profiles show NMR signal intensities and 
not concentrations, no conservation of the area under the curves of Figure 4.7 is 
expected.

The transport of Ni2+ was also monitored after impregnating a catalyst body 
with solution Niedta1:1pH1. It has to be mentioned that alumina is not stable at very 
low pH values and it can dissolve forming [Al(H2O)6]3+. An MRI experiment on a 
similar extrudate after its impregnation with an aqueous solution of 0.1 M HCl 
showed the same T2-weighted image or 1D NMR signal intensity profile as if it was 
impregnated with water. Moreover, the stability of [Ni(edtaHx)](2-x)- (x = 1, 2) in the 
catalyst body was proven with UV-Vis-NIR micro-spectroscopy, as illustrated in 
Figure 4.8. 
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Figure 4.8. UV-Vis-NIR 
spectra measured on 
extrudates 5 min after 
impregnation with solutions 
Niedta1:1pH1, Niedta1:1pH7 
and 0.5 M [Ni(H2O)6]2+, close 
to the edges.
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Figure 4.8 shows the UV-Vis-NIR spectra measured on two extrudates 5 
min after impregnation with solutions Niedta1:1pH1 and Niedta1:1pH7 close to the 
edges of the bodies. These spectra show the three typical absorption bands of Ni2+ 
in an octahedral environment surrounded by the edta ligand at 380, 590 and 980 
nm, in solution. It is known that the protonation degree of the edta ligand, which 
is responsible for the formation of the complexes [Ni(edtaHx)](2-x)- (x = 0 - 2), does 
not affect substantially the position or absorption coefficient of the Ni2+ absorption 
bands. Still, the lower intensity measured on the impregnated extrudate with 
solution Niedta1:1pH7 matches with a lower absorption coefficient of the [Ni(edta)]2- 

complex compared to the protonated ones.[22] 
These UV-Vis-NIR spectra, which did not change with time after impregnation, 

evidence the stability of the [Ni(edtaHx)](2-x)- inside the pores of alumina and proves 
that dissolved Al3+ ions did not interact with Ni2+ to form other type of structures. This 
suggests that even though the possible dissolution of alumina cannot be excluded, it 
does not influence the NMR signal of the water protons. The Niedta1:1pH1 solution 
contained the complexes [Ni(edtaH)]- and [Ni(edtaH2)], as summarized in Table 
4.1. During the MRI experiments, it was not possible to distinguish the effect of 
[Ni(edtaH)]- or [Ni(edtaH2)] on the 1H NMR signal of water, and they were treated as a 
whole. At pH 1, Ni2+ was penta- or tetra-coordinated to edta, and to one or two water 
molecules. Yet, Ni2+ did not show a strong paramagnetic effect on the relaxation of 
proton nuclei and its transport could not be visualized using T2 contrast under our 
experimental conditions. T1-weighted images collected during the dynamics of Ni2+ 
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after impregnation of a catalyst body with the Niedta1:1pH1 solution indicated a 
slower transport of [Ni(edtaHx)](2-x)- (x = 1, 2) compared to that of [Ni(edta)]2- (solution 
at pH 7) meaning that at pH 1, the adsorption of Ni2+ complexes on alumina 
surface was stronger. This was also observed, at pH 3, by Bowers et al.[23] At pH 1, 
alumina net surface charge was positive facilitating the electrostatic interactions 
with negatively charged [Ni(edtaH)]- species. Moreover, the transport of [Ni(edtaH2)] 
towards the core induced the deprotonation of this species, due to an increase of 
the solution pH inside the pores, and the protonation of alumina surface. This acid-
base reactions between [Ni(edtaH2)] and alumina surface provoked the formation of  
[Ni(edtaH)]- and [Ni(edta)]2- which, at the same time, also adsorbed electrostatically 
on the surface of alumina. 

3. Dynamics of [Ni(H2O)6]2+ and [Ni(edtaHx)](2-x)- within γ-Al2O3 
Support Bodies Based on T2 Contrast

As can be inferred from the previous section, when T2 contrast (TR = 1 s) is 
applied to an extrudate impregnated with a solution containing both [Ni(edtaHx)]
(2-x)- and [Ni(H2O)6]2+ (solutions Niedta6:1pH1 or Niedta6:1pH6), only the [Ni(H2O)6]2+ 
complex should be visualized, see Figure 4.6 (a) and (b) top. This is true if there 
are no interactions between the two complexes or, in other words, if they behave 
independently inside the catalyst body. Assuming that this is the case, and only 
the complex [Ni(H2O)6]2+ is visualized, the diffusion of this complex can be deduced 
from the NMR images and the 1D NMR signal intensity profiles shown in Figure 
4.9. Figure 4.9 (a) shows the T2-weighted images of two catalyst bodies after 
impregnation with solutions Niedta6:1pH1 and Niedta6:1pH6. The images measured 
5 min after impregnation indicated a dark red outer rim with a low NMR signal 
(strong paramagnetic influence and high [Ni(H2O)6]2+ concentration) and a blue 
core with a high NMR signal (weak paramagnetic influence and low [Ni(H2O)6]2+ 
concentration) in both cases. After 2 h, the images showed an internal ring with a 
dark red color for the Niedta6:1pH1 impregnated extrudate or an outer ring with a 
dark red color for the Niedta6:1pH6 impregnated extrudate. 

These images suggested an egg-white and an egg-shell Ni2+ macro-distribution, 
respectively. According to the reasoning presented at the beginning of this section, 
these egg-white and egg-shell distributions should reflect the distribution of 
[Ni(H2O)6]2+

, while no influence of the complex [Ni(edtaHx)](2-x)- on the 1H NMR signal 
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is expected. 
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Figure 4.9. (a) T2-weighted images at several times after impregnation of extrudates with 
solutions Niedta6:1pH1 and Niedta6:1pH6, and the corresponding 1D signal intensity profiles: 
(b) Niedta6:1pH1, (c) Niedta6:1pH6, as a function of the position inside the catalyst bodies.

Similarly, the 1D signal intensity profiles (Figure 4.9 (b) and (c)) pointed out 
a decrease in [Ni(H2O)6]2+ concentration at the outer rim of the extrudate with time 
after impregnation, indicated by an increase of the NMR signal; and an increase 
in [Ni(H2O)6]2+ concentration in the center, indicated by a decrease of the NMR 
signal. Thus, diffusion of [Ni(H2O)6]2+ towards the core of the catalyst bodies took 
place. After 5 min, the center of the extrudates contained almost no [Ni(H2O)6]2+, as 
deduced from the NMR signal intensity value, which was close to that of pure water 
(6·105 a.u.). These signal intensity profiles indicated that [Ni(H2O)6]2+ moved faster at 
pH 1 than at pH 6, due to the electrostatic repulsion between the positively charged 
alumina surface and [Ni(H2O)6]2+. The inner ring that was formed when the catalyst 
body was impregnated with solution Niedta6:1pH1 is not so easily visible in the 1D 
signal intensity profiles, and is indicated with arrows in the figure. This is because 
for [Ni(H2O)6]2+ concentrations above 0.5 M, large variations in the concentration 
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give small variations of the NMR signal, as can be seen from the calibration curve 
depicted in Figure 4.3 (a).

An attempt to analyze the results was made under the assumption that the 
calibration curve (eq. (1)) constructed for the quantification of [Ni(H2O)6]2+ transport 
is applicable in the presence of [Ni(edtaHx)](2-x)-; i.e., when solutions Niedta6:1pH1 and 
Niedta6:1pH6 are used for impregnation. The resulting [Ni(H2O)6]2+ concentration 
profiles obtained after 2 h and the corresponding T2-weighted images of the 
impregnated extrudates are depicted in Figure 4.10. 
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Figure 4.10. T2-weighted 
images of extrudates 2 h 
after impregnation with 
solutions (a) Niedta6:1pH1, 
and (b) Niedta6:1pH6; and 
the corresponding [Ni(H2O)6]2+ 
concentration profiles as a 
function of the position inside 
the extrudate constructed 
under the assumption that eq. 
(1) is valid when [Ni(edtaHx)]
(2-x)- complexes are present along 

with [Ni(H2O)6]2+.

The apparent egg-white and egg-shell macro-distributions are clearly 
visualized in the 1D concentration profiles of Figure 4.10. The average [Ni(H2O)6]2+ 

concentration in the core of the extrudates, regardless of the solution pH, was 0.52 
M, which is in agreement with the concentration of [Ni(H2O)6]2+ in the impregnation 
solution. However, the calculated concentrations of [Ni(H2O)6]2+ in the positions 
where the NMR signal was the lowest were significantly higher (0.6 – 0.8 M, Figure 
4.10). As a result, the average [Ni(H2O)6]2+ concentrations over the entire cross section 
of the catalyst bodies impregnated with Niedta6:1pH1 and Niedta6:1pH6 solutions 
were calculated to be 0.56 M and 0.60 M, respectively. Both values are higher than 
the 0.5 M [Ni(H2O)6]2+ concentration of the impregnation solutions and outside 

Chapter 4



 97

the expected uncertainty. Therefore, the assumption about the applicability of the 
calibration curve (eq. (1)) for the quantification of the [Ni(H2O)6]2+ concentration in 
the presence of other Ni2+ complexes may not be valid. This clearly indicates that 
[Ni(edtaHx)](2-x)- ions have an influence on the paramagnetic properties of [Ni(H2O)6]2+, 
and consequently on the relaxation times of water protons when both complexes are 
present.

4. Dynamics of [Ni(H2O)6]2+ and [Ni(edtaHx)](2-x)- within γ-Al2O3 
Support Bodies Based on UV-Vis-NIR Micro-spectroscopy

Figure 4.11 shows the space resolved UV-Vis-NIR spectra of the catalyst bodies 
after impregnation with solutions Niedta6:1pH1 and Niedta6:1pH6. Figures 4.11 (a) 
and (b) show clear changes in the UV-Vis-NIR spectra measured from the edge 
(spectrum 6) to the core (spectrum 1) of the extrudates, after 5 min, regardless of the 
solution pH. Spectrum 1, in the core of the extrudate, suggests the only presence of 
NO3

- ions (n  π* charge transfer transition at around 300 nm).[24] This observation 
corroborates the MRI data, which suggested the presence of pure water (Figure 4.9). 
The characteristic d-d absorption bands of [Ni(H2O)6]2+ at 391, 654 and 730 nm were 
detected in spectra 2 - 4; however, they are slightly shifted to longer wavelengths 
(400, 659 and 738 nm).[24] The [Ni(H2O)6]2+ d-d absorption band at 1100 nm was 
beyond the detection limit of the equipment, but its tail could also be visualized 
in spectra 2 - 4. The shift in the position of these bands suggested the exchange of 
water ligands by OH- ligands or Al-O- from the alumina surface. The former ligands 
could come from the partial hydrolysis of this complex to form [Ni(H2O)6-x(OH)x](2-x)+, 
due to adsorption of the protons on alumina surface, as discussed in Chapter 3. The 
latter ligands would form [Ni(H2O)6-x(O-Al)x](2-x)+ due to replacement of one or more 
of the water ligands with the surface oxygen atoms from γ-alumina.[25] 
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Figure 4.11. Space resolved UV-Vis-NIR spectra from the edge (6) to the center (1) of bisected 
catalyst bodies containing solutions (a, c) Niedta6:1pH1 and (b, d) Niedta6:1pH6, (a, b) 5 min 
and (c, d) 2 h after impregnation, together with the corresponding T2-weighted images.

5 min 2 hours

1

6
6

Wavelength (nm) Wavelength (nm)

5 min

2 h

5

4
3
2

Wavelength (nm) Wavelength (nm)

5 min

2 h

(a)

(b)

1

6
6

1

5

4

3

2

5 min 2 hours

590 659 738

590
659 738

590 659 738300400

980

1

I (
a.

u.
)

250 450 650 850 1050250 450 650 850 1050

I (
a.

u.
)

I (
a.

u.
)

250 450 650 850 1050

I (
a.

u.
)

250 450 650 850 1050

(d)

(c)

The transport rates of Ni2+, deduced from the Ni2+ absorption bands, in 
both impregnated bodies were in agreement with those observed with MRI. 
In particular, the d-d transition bands of [Ni(H2O)6]2+ indicated that 5 min after 
impregnation this complex was closer to the center in the extrudate impregnated 
with solution Niedta6:1pH1. The spectra close to the edges (spectra 5 and 6), 5 min 
after impregnation, showed several bands. The 300-nm band indicative of NO3

- 

was present, together with other three bands at around 400, 450-850 and 980 nm. 
These bands are assigned to the three d-d spin allowed transitions of six coordinate 
octahedral or pseudo-octahedral Ni2+, and their positions depend on the type of 
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ligands.[24] The d-d transition bands for the complex [Ni(edtaHx)](2-x)- (x = 0 - 2) were 
observed at around 380, 590 and 980 nm.[22] The band at 400 nm is an indication 
of the presence of both [Ni(H2O)6]2+ and/or [Ni(edtaHx)](2-x)- and the shape of the 
band at 450-850 nm also suggested the simultaneous presence of the complexes 
[Ni(H2O)6]2+ (maximum absorption at around 659 and 738 nm) and [Ni(edtaHx)]
(2-x)- (maximum absorption at around 590 nm) regardless of the solution pH.[22, 24] 

Moreover, the band at 980 nm corroborated the presence of [Ni(edtaHx)](2-x)- in the 
outer rim of the catalyst bodies.[22] The UV-Vis-NIR spectra after impregnation of the 
same type of extrudates with the individual complexes [Ni(H2O)6]2+and [Ni(edtaHx)]
(2-x)- are shown in Figure 4.8 as reference. 

Figures 4.11 (c) and (d) show the space resolved UV-Vis-NIR spectra 2 h 
after impregnation. After this time, [Ni(H2O)6]2+ was the only species in the core of 
the extrudate, regardless of the solution pH; as indicated by the Ni d-d transition 
bands at 400, 659 and 738 nm. Thus, [Ni(H2O)6]2+ diffused faster than [Ni(edtaHx)](2-x)-. 
However, it was also present in the edges of the catalyst bodies, as deduced from the 
shape of the band at 450-850 in the edge. Moreover, according to the MRI data shown 
in Figure 4.10 the concentration of [Ni(H2O)6]2+ in the core is 0.52 M and equal to 
the concentration of this complex in the impregnation solution, taking into account 
the uncertainty of the MRI experiments. Thus, the concentration of [Ni(H2O)6]2+ 
in the edges of the extrudates has to be also 0.5 M and this complex is uniformly 
distributed within the catalyst bodies. For this reason a deconvolution of the band 
at 450-850 nm in the edges of the catalyst body was done by simply subtracting 
the spectrum in the core (spectrum 1), which is that of pure [Ni(H2O)6]2+, to the 
spectra in the edges (spectra 4 - 6). By doing this subtraction, the UV-Vis band of the 
[Ni(edtaHx)](2-x)- at 590 nm is derived. On the other hand, the deconvolution of the UV-
Vis-NIR spectra measured after 5 min cannot be done reliably, since [Ni(H2O)6]2+ was 
not uniformly distributed, and therefore, its concentration gradient is unknown. 
The bands at 590 and 960 nm indicated that, regardless of the pH and time after 
impregnation, [Ni(edtaHx)](2-x)- species remain in the outer rim of the extrudates. Still, 
it is difficult to assign these bands to a particular [Ni(edtaHx)](2-x)- complex due to the 
strong similarity in the UV-Vis-NIR spectra of the different [Ni(edtaHx)](2-x)- species (x 
= 0 - 2), as illustrated in Figure 4.8 .[22]

From the deconvolution, the areas under the bands at 590 nm ([Ni(edtaHx)](2-x)-) 
and at 659 + 738 nm ([Ni(H2O)6]2+) were calculated and their variation with position 
within the extrudates is shown in Figure 4.12. 
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Figure 4.12. Area under the absorption bands at 590 nm and at 659 + 738 nm as a function 
of position in the catalyst bodies derived from the space resolved UV-Vis spectra obtained 
2 h after impregnation of the extrudates with the solutions (a) Niedta6:1pH1 and (b) 
Niedta6:1pH6.
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From these band areas, the concentration profiles of both complexes and of 
the total Ni2+ concentration as a function of position in the catalyst body, 2 h after 
impregnation, was estimated, as illustrated on Figure 4.13 (2). 

Figure 4.13. (1) Adsorption mechanism of [Ni(H2O)6]2+ and [Ni(edtaHx)](2-x)- on γ-Al2O3 surface 2 
h after impregnation of extrudates with the solutions (A) Niedta6:1pH6 and (B) Niedta6:1pH1; 
(2) Concentration distributions of these Ni2+ complexes and of the total Ni2+

 concentration 
estimated from the deconvolution of the UV-Vis-NIR spectra shown in Figures 4.11 and 4.12.
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5. Combined MRI and UV-Vis-NIR Micro-spectroscopic Study: 
Diffusion of Ni2+ Complexes and Their Interactions with the 
γ-Al2O3 Surface

A detailed analysis of the MRI and UV-Vis-NIR micro-spectroscopic results 
lead to propose a model for diffusion and adsorption/desorption on γ-Al2O3 surface 
of [Ni(H2O)6]2+ and [Ni(edtaHx)](2-x)-

 as a function of pH, when these complexes are 
co-impregnated.

5.1. Impregnation of Solution Niedta6:1pH6

5 min after impregnating the extrudate with the solution Niedta6:1pH6, 
alumina becomes slightly positively charged since its pzc is 7.9.[26] For this reason, 
[Ni(edta)]2- interacts electrostatically with the γ-Al2O3 surface, while [Ni(H2O)6]2+ 
does not. Therefore, the diffusion of [Ni(edta)]2- towards the core is slower than the 
transport of [Ni(H2O)6]2+.

Besides, the protonation of the alumina surface brings about an increase of 
the solution pH inside the pores. This increase is determined by the pzc of alumina 
and, therefore, cannot be higher than 7.9. The pH increase in the pores will not 
affect the molecular structure of the [Ni(edta)]2- complex since it is stable in the pH 
region of interest. However, [Ni(H2O)6]2+, in the edges of the extrudate, can partially 
hydrolyze or even precipitate (in solution or at the surface). The formation of e.g. 
[Ni(H2O)4(OH)2] 

 will cause a decrease of the solution pH which in turn stops the 
precipitation or hydrolysis and the remaining [Ni(H2O)6]2+ can move forward.

After 2 h, UV-Vis-NIR micro-spectroscopy indicated that [Ni(H2O)6]2+ was 
present in the core and in the outer rim of the catalyst body, while [Ni(edta)]2- was 
only present in the outer rim. The [Ni(H2O)6]2+ concentration in the core region, 
where this complex was unique, was evaluated from the MRI data as 0.52 M. 
Thus, its concentration in the edges should be approximately the same. The higher 
concentration values obtained in this region (0.6 - 0.8 M) using eq. (1) imply that 
this calibration is not valid when both [Ni(edta)]2- and [Ni(H2O)6]2+ are present in 
solution. In other words, the local presence of both Ni2+

 complexes in the edges 
of the extrudate leads to a stronger paramagnetic influence on the relaxation rate 
of water protons. This cannot be explained as a simple additive effect of the two 
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paramagnetic complexes, since, as demonstrated above, the effect of [Ni(edta)]2- is too 
small to be observed in the T2-weighted images (Figure 4.6). Therefore, we have to 
conclude that the degree of paramagnetic influence of [Ni(H2O)6]2+ on water protons 
changes in the presence of [Ni(edta)]2-. 

An adsorption mechanism, presented in Figure 4.13 (A1), is suggested as 
follows. When [Ni(edta)]2- is adsorbed on the positively charged alumina surface, the 
[Ni(edta)]2- negative charge is not totally compensated by the support surface charge.
[23, 26, 27] Therefore, the adsorption of [Ni(edta)]2- on alumina creates a negative layer 
or charge reversal of alumina surface, which enhances the electrostatic interactions 
between the surface layer and [Ni(H2O)6]2+ and, thus, changes the paramagnetic 
influence of [Ni(H2O)6]2+ on the relaxation of water protons. Hence, the actual overall 
Ni concentration profile 2 h after impregnation was egg-shell like, with a uniform 
0.5-M-[Ni(H2O)6]2+ distribution and an egg-shell [Ni(edta)]2- profile, as illustrated in 
Figure 4.13 (A2). Moreover, electrostatic interactions are taking place between the 
[Ni(H2O)6]2+ and the negative surface layer created by adsorption of [Ni(edta)]2- on 
alumina surface in the edges of the extrudate.

5.2. Impregnation of Solution Niedta6:1pH1

5 min after impregnating the extrudate with the solution Niedta6:1pH1, a 
similar diffusion mechanism of [Ni(edtaHx)](2-x)- (x = 1 and 2) and [Ni(H2O)6]2+ as at 
pH 6 takes place. At this pH value, γ-Al2O3 becomes even more positively charged. 
From the space resolved UV-Vis-NIR spectra and the MRI data after this time, it is 
possible to conclude that, again, [Ni(edtaH)]- adsorbs electrostatically at the edges of 
the extrudate. On the other hand, [Ni(edtaH2)] and [Ni(H2O)6]2+ do not adsorb and 
move towards the core. [Ni(H2O)6]2+, however, diffuses faster than [Ni(edtaH2)]. The 
diffusion rate of [Ni(H2O)6]2+ is faster at this pH than at pH 6. This occurs because the 
solution pH inside the pores of alumina, even though it increases, is more acidic than 
after impregnation of alumina with the solution at pH 6. Therefore, the hydrolysis of 
[Ni(H2O)6]2+ occurs to a limited extent.

UV-Vis-NIR micro-spectroscopic data 2 h after impregnation indicated 
the only presence of [Ni(H2O)6]2+ in the core of the extrudate, and the presence 
of both [Ni(H2O)6]2+ and [Ni(edtaHx)](2-x)- towards the edges (Figure 4.11 (c)). From 
the concentration profile shown in Figure 4.10 (a), [Ni(H2O)6]2+ concentration was 
calculated to be 0.52 M in the core of the catalyst body. Therefore, 0.52 M has to 
be also the concentration of [Ni(H2O)6]2+ in the edges of the catalyst body. The T2-

Chapter 4



 103

weighted images demonstrated the presence of an inner ring with the lowest NMR 
signal of the cross section of the catalyst body. The formation of this egg-white 
distribution at pH 1, compared to the egg-shell at pH 6, is linked to the presence 
of the two [Ni(edtaHx)](2-x)- (x = 1, 2) species instead of [Ni(edta)]2-,  present at pH 6. 
The different paramagnetic influence in the edges and in the inner ring (indicated 
by arrows in Figure 4.9 (b)) is most likely connected to the different interactions of 
[Ni(edtaH)]- and [Ni(edtaH2)] complexes with the alumina surface. 

When an extrudate was impregnated with solution Niedta6:1pH1, immediately 
after impregnation [Ni(edtaH)]- was adsorbed electrostatically at the edges of the 
extrudate on the positively charged alumina surface and its charge could be totally 
compensated by the positive alumina hydroxyl groups.[23] In this position, no charge 
reversal of the alumina surface took place and [Ni(H2O)6]2+ that was present did 
not interact electrostatically with this species. Consequently, the paramagnetic 
influence of [Ni(H2O)6]2+ on water protons was not enhanced. At the same time, 
the complex [Ni(edtaH2)] moved deeper in the extrudate since its neutral charge 
prevents it from interacting electrostatically with the alumina surface. However, the 
solution pH increases during its transport towards the core. Therefore, this complex 
underwent acid-base reactions with hydroxyls on alumina surface. [Ni(edtaH2)] could 
deprotonate, while moving towards the core, and formed [Ni(edtaH)]- and [Ni(edta)]2-, 

with the latter being stable at pH above 2.5. Within an inner ring, the electrostatic 
adsorption of [Ni(edta)]2- on the alumina surface could result in charge reversal of 
the surface and promote the electrostatic adsorption of [Ni(H2O)6]2+ on [Ni(edta)]2-, as 
explained previously, and enhanced the relaxation rate of water protons. The higher 
relaxation rate of water protons in the inner ring resulted in the apparent egg-white 
concentration profile. The electrostatic interactions between the Ni2+

 complexes 
due to charge reversal are depicted schematically in Figure 4.13 (B1). However, the 
actual Ni concentration profile estimated from the UV-Vis-NIR and MRI data was 
egg-shell with a 0.5-M uniform distribution of [Ni(H2O)6]2+ and an egg-shell like 
distribution of Ni-edta species, similar to that obtained after impregnation with the 
solution Niedta6:1pH6, Figure 4.13 (B2).

To summarize, the quantitative [Ni(H2O)6]2+ concentration profiles calculated 
from the NMR images in the presence of [Ni(edtaHx)](2-x)- were only valid in the core 
of the catalyst bodies; i.e., in the region where this complex was unique. The overall 
Ni macro-distribution was egg-shell, regardless of the solution pH. In the outer rim 
of the catalyst body, the paramagnetic influence of [Ni(H2O)6]2+ on the relaxation 
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of water protons was enhanced due to the presence of [Ni(edta)]2-. The different 
signal intensity profiles obtained depending on the solution pH suggested that the 
relaxation rate of water protons depends on the type and strength of the interactions 
of the Ni2+

 complexes with each other and with the support surface. In other words, 
the electrostatic interactions between [Ni(edta)]2-

 and [Ni(H2O)6]2+ increase the 
relaxation rate of water protons. On the contrary, the presence of [Ni(edtaH)]-

 does 
not significantly change the paramagnetic influence of [Ni(H2O)6]2+ on the water 
protons since no electrostatic interactions are present once [Ni(edtaH)]- is adsorbed 
on the alumina surface. 

 
Conclusions

MRI is a powerful tool to monitor in a quantitative manner the impregnation 
of paramagnetic metal-ion complexes, such as [Ni(H2O)6]2+, on mm-sized catalyst 
bodies. The dynamics of shielded paramagnetic metal-ion complexes, e.g. [Ni(edta)]2- 
chelated complexes, can also be monitored by means of 1H-MRI, but a different 
imaging contrast is required that makes quantification of the paramagnetic 
metal-ion impossible. Furthermore, the combination of MRI with UV-Vis-NIR 
micro-spectroscopy provides complementary chemical information regarding the 
interactions between two co-impregnated species within support bodies, such as 
[Ni(H2O)6]2+ and [Ni(edtaHx)](2-x)-. In this particular case, it has been revealed charge 
reversal of the γ-Al2O3 surface due to the electrostatic interactions between [Ni(edta)]2- 
and the positively charged alumina surface without compensation of the anionic 
charge of the Ni2+ complex. This phenomenon yields the consequent electrostatic 
adsorption of [Ni(H2O)6]2+ on [Ni(edta)]2-. These interactions, which already occur in 
the first stage of catalyst preparation, are directly responsible for the final metal-
concentration distributions in the extrudate and for its final metal phase(s) and 
dispersion. More specifically, the use of edta in a low edta:Ni2+ molar ratio suggests 
the formation of Ni2+ egg-shell distributions, when an acidic solution is used, with 
the edta ligand acting as a linker between Ni2+ and alumina surface. These profiles, 
which are not easy to achieve in the preparation of Ni catalyst bodies, are interesting 
profiles in chemical reactions with diffusional restrictions.
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Abstract

Tomographic Energy Dispersive Diffraction Imaging (TEDDI) is a recently developed 
synchrotron-based characterization technique used to obtain spatially resolved 
X-ray diffraction and fluorescence information in a noninvasive manner. With the 
use of a synchrotron beam, three-dimensional (3D) information can be conveniently 
obtained on the elemental composition and related crystalline phases of the interior 
of a material. In this Chapter, we show its application to characterize the structure 
of a heterogeneous catalyst body in situ during thermal treatment. Ni/γ-Al2O3 
hydrogenation catalyst bodies have been chosen as the system of study. As a first 
example, the heat treatment in N2 of a [Ni(en)3](NO3)2/γ-Al2O3 catalyst body has been 
studied. In this case, the crystalline [Ni(en)3](NO3)2 precursor was detected in an egg-
shell distribution, and its decomposition to form metallic Ni crystallites of around 5 
nm was imaged. In the second example, the heat treatment in N2 of a [Ni(en)(H2O)4]
Cl2/γ-Al2O3 catalyst body was followed. The initial [Ni(en)(H2O)4]Cl2 precursor 
was uniformly distributed within the catalyst body as an amorphous material, 
and decomposed to form metallic Ni crystallites of around 30 nm with a uniform 
distribution. TEDDI also revealed that the decomposition of [Ni(en)(H2O)4]Cl2 takes 
place via two intermediate crystalline structures. The first one, which appears at 
around 180 oC, is related to the restructuring of the Ni precursor on the alumina 
surface; while the second one, assigned to the formation of a limited amount of Ni3C, 
is observed at 290 oC.
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TEDDI to Study the Genesis of Ni  Nanoparticles within  g-Al2O3 Catalyst Bodies

Introduction

In Chapter 4 the application of MRI as a noninvasive and in situ characterization 
method in the preparation of catalyst bodies has been presented and some of the 
possibilities to get insight into the impregnation step of different Ni2+ metal-ion 
complexes; i.e., dynamics and adsorption phenomena on the support surface, were 
illustrated. In this Chapter, another noninvasive method is introduced, namely 
Tomographic Energy Dispersive Diffraction Imaging (TEDDI). More specifically, the 
application of TEDDI under realistic preparation conditions; i.e., during the heat 
treatment or calcination step, of a heterogeneous catalyst is presented with the aim 
to obtain new insight into the changes on the molecular structure of the Ni2+ metal-
ion precursor complex along the catalyst body as a function of temperature. For this 
purpose, the calcination of 10 wt% Ni/γ-Al2O3 hydrogenation catalyst bodies has 
been chosen as the system to investigate and two examples with different precursor 
complexes containing ethylenediamine (en) are discussed; i.e., [Ni(en)(H2O)4]Cl2 and 
[Ni(en)3](NO3)2. These precursors are known to yield, under specific experimental 
conditions such as calcination under an inert atmosphere, highly dispersed metallic 
Ni particles on powdered catalysts.[1-7] The experiments described in this Chapter 
present TEDDI as a chemical imaging tool to monitor the genesis of Ni nanoparticles 
in 3D within γ-Al2O3 catalyst bodies.

Materials and Methods 

1. Materials

The support material used in this study was γ-Al2O3 in the form of pellets 
(Engelhard, 3 mm length and diameter). The pore volume was 0.7 ml/g, the surface 
area 209 m2/g and the pore size 13 nm, as determined by N2 physisorption. The point 
of zero charge (pzc) was determined to be 7.8 by mass titration.[8]

Two different catalytic materials were prepared from the precursor complexes 
[Ni(en)3](NO3)2 and [Ni(en)(H2O)4]Cl2, (en = ethylenediamine). The final metallic Ni 
content was 10 wt %, and the samples differed with respect to the Ni precursor salt 
(nitrate or chloride) and in the molar en:Ni ratio. 

The nitrate sample, [Ni(en)3](NO3)2/γ-Al2O3, was prepared via pore volume 
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impregnation of a solution containing 1.9 M Ni(NO3)2 · 6 H2O (Acros, p.a.) and 5.7 M 
ethylenediamine (en, Acros, p.a.) of the γ-Al2O3 pellets. As the impregnation solution 
was not stable at 25 °C and crystallized after a short time forming [Ni(en)3](NO3)2 
crystals, it was warmed up to 60 °C for 30 min prior to impregnation. Pore volume 
impregnation was then carried out as follows: a 0.9-g batch of γ-Al2O3 pellets and a 
syringe containing the required volume of the impregnation solution were kept at 
60 °C for 4 h. After that time, the pellets were impregnated drop-wise in 2 min and 
shaken manually for 2 min to ensure a homogeneous distribution of the solution on 
the pellets. Subsequently, the pellets were left to equilibrate in a closed vessel for 2 h 
in an oven at 60 °C to avoid crystallization of [Ni(en)3](NO3)2. The vessel contained a 
wet tissue on top to avoid drying of the pellets. After that time, the pellets were dried 
at 20 °C (room temperature) overnight. 

The chloride sample, [Ni(en)(H2O)4]Cl2/γ-Al2O3, was prepared via pore volume 
impregnation of a solution containing 1.9 M NiCl2 · 6 H2O (Acros, p.a.) and 1.9 M 
ethylenediamine (en, Acros, p.a.) on the γ-Al2O3 pellets. The solution was stable at 20 
°C, and pore volume impregnation was performed at 20 °C by adding the solution 
drop-wise on the pellets. The addition was followed by manual shaking for 2 min 
and the pellets were subsequently equilibrated for 2 h in a closed vessel with a wet 
tissue to avoid drying. The pellets were then dried at 20 °C overnight.  

2. In situ Calcination Experiments

Calcination of a single catalyst body of the prepared samples was carried 
out by heating from 25 °C to 500 °C (4 °C/min) under a flowing N2 environment. 
This controlled atmosphere was realized using an environmental cell specifically 
designed to provide an oxygen-free environment while performing the TEDDI 
experiments. The cell is schematically depicted in Figure 5.1, while photographs of 
the set-up can be found in Appendix C.
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Figure 5.1. Schematic 
of the environmental 
cell designed for in 
situ calcination TEDDI 
experiments. 
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x

y
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Quartz 
sample holder

The environmental cell consists of a stainless steel cylinder (9.5 cm height 
and 10.5 cm diameter) located on a movable (x, y, z) stage, as depicted in Figure 5.1. 
The cylinder consists of a quartz sample holder upon which the catalyst body is 
mounted. A heating gun located 1 cm above the pellet provides the N2 at a controlled 
temperature and flow. The cell contains two Kapton windows (0.25 mm thickness) 
through which the incident X-ray beam enters and the scattered/emitted signal 
leaves, respectively. Finally, the integrity of the environmental cell is maintained at 
the top with two removable stainless steel lids. Scanning of the catalyst body inside 
the environmental cell is then performed in a step-wise manner in the x, y and z 
directions, as indicated in Figure 5.1. 

3. TEDDI Measurements 

Measurements were performed at the Daresbury SRS synchrotron station 16.4, 
which utilises a slitted white wiggler beam and three energy discriminating MCA 
detectors to collect the data. The rectangular cross-sectioned beam gives a minimum 
diffracting lozenge (scanning volume) length of ca. 2.47 x 0.1 x 0.2 mm3 (x x y x z). 
Figure 5.2 shows an schematic of the TEDDI set-up.
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Figure 5.2. Schematic of the 
TEDDI set-up, the scanning 
volume is also indicated.

According to this set-up, the scanning volume comes from the cross section 
between the incoming X-ray beam and the scattered X-ray beam at a fixed angle 
(6.97°). This cross section is fixed during the TEDDI experiments, and by means of the 
movable (x, y, z) stage, the sample is moved towards or away from it. Therefore, the 
signal collected at each position of the pellet depends on the amount of the scanning 
volume that is within the pellet. In this way, when the center of the scanning volume 
is at the center of the pellet, then, 100 % of the former is contained within the pellet 
(position 1 in Figure 5.3 (a)).
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 Figure 5.3. (a) Raw XY TEDDI intensity image obtained from the XY scanning experiment 
on the [Ni(en)3](NO3)2/γ-Al2O3 pellet after calcination at 500oC. The black circumference 
represents the real size of the catalyst body and the black bars represent the scanning 
volume in the center of the pellet (1) and 2.6 mm from the center (2); (b) Amount of scanning 
volume or lozenge (% of its length in the x direction) inside the pellet as a function of the 
position in the pellet along the same direction. This variation was calculated when y = 0.

Thus, the number of counts reaching the detector is at a maximum, as can be 
deduced from the red color (greatest signal intensity) in the center of the XY TEDDI 
image in Figure 5.3 (a). On the other hand, because of the length of the scanning 
volume in the x direction, if the center of the pellet is moved, for example, 2.6 mm 
in the same direction, from the center of the scanning volume (position 2 in Figure 
5.3 (a)), the signal reaching the detector contains less counts, since only 16 % of the 
scanning volume is still within the pellet. The amount of scanning volume that is 
within the pellet as a function of the position on the pellet in the x direction (at y = 0) 
is represented in Figure 5.3 (b).

Three different scanning experiments were conducted and a schematic of 
these with regard to the catalyst body is depicted in Figure 5.4. 
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Figure 5.4. Scanning experiments performed (a-c) during calcination (d):  (a) 1D Y scan-line 
with temperature (YT map), (b) 2D XY map and (c) 2D YZ map. The grey areas represent the 
scanning regions during the calcination process. In order to collect the XY maps the samples 
were quenched according to the temperature profiles depicted in (d).

Firstly, a Y scan-line in the center of the catalyst body (1D scan where x = z 
= 0 mm = center of the pellet) was measured continuously on a pellet during the 
calcination and will be referred to as YT map, as depicted in Figure 5.4 (a). The 
step size was 0.2 mm and the time needed to measure one scan-line was 5.5 min. 
Secondly, a high quality XY map (2D scan with z = 0 mm) was acquired on a new 
pellet at several temperatures during the calcination process (Figure 5.4 (b)). The step 
size was 0.2 mm in the x and y directions and the time required to obtain one XY map 
was 3.7 h. As illustrated in Figure 5.4 (d), due to the long scanning times of the XY 
maps, in order to relate these maps to specific temperature points in the calcination 
process, the samples were quenched to 25 °C after calcination for acquisition of the 
XY maps. Previous experiments have demonstrated that this quenching did not 
cause significant differences in the final Ni phase. Finally, YZ maps were collected 
(2D scans with x = 0 mm) in situ during the calcination; thus, between 25 °C and the 
selected temperature to measure an XY map, see Figures 5.4 (c) and (d). The step size 
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was 1.3 mm in the x direction and 0.2 mm in the z direction; 6.8 min were required 
to collect an YZ map. 

Figure 5.5 shows the typical raw TEDDI images obtained from a YT and a XY 
map of a catalyst body. 

(a) TEDDI image of a YT map

(c) Spectrum contained in a pixel of 
the TEDDI image

(b) TEDDI image of a XY map
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Figure 5.5. Raw TEDDI images of a (a) YT map, and a (b) XY map on the pellet after the 
selected temperature and quenching; and (c) typical total spectrum contained in a pixel of 
a TEDDI image. The blue pixels represent patterns with a low number of total counts and 
the red pixels represent regions with a high number of counts.

Each pixel in the TEDDI images pertains to an associated energy dispersive 
spectrum, as illustrated in Figure 5.5 (c), and a scanning volume of 2.47 x 0.1 x 0.2 
mm3 (x x y x z). Such a spectrum contains two types of information: namely, the 
fluorescence signal from the Ni (NiKα at 7.5 keV) and Bragg reflections from the 
crystalline catalytic material; i.e., the γ-Al2O3 support body and other Ni crystalline 
phases. Concentration maps can be constructed of selected phases, related to the 
appropriate diffraction or fluorescence peaks, based on the area (or intensity) of the 
fitted peak(s) above the background level. Batch multiple data processing of the 
TEDDI images were performed using the EasyEDD software developed by Sochi et 
al.[9]

It should be noted that the XY maps of the pellet appear slightly elongated (i.e. 
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not truly circular) in the x direction due to the asymmetric shape of the scanning 
volume with a significantly longer x-dimension (2.47 mm). In order to construct 
2D maps of the Ni fluorescence or diffraction signals (YT, XY and YZ maps), the 
spectra obtained had to be corrected for the fraction of lozenge (scanning volume) 
that is within the pellet. To do this correction, two different approaches were used 
depending on the peak of interest (diffraction or fluorescence) which are explained 
in detail in Appendix C.

Results and Discussion

1. TEDDI During the Calcination of the [Ni(en)3](NO3)2/γ-
Al2O3 Pellet

Figure 5.6 (a) shows an optical micrograph of a bisected [Ni(en)3](NO3)2/γ-
Al2O3 pellet after drying. A crust of 160 µm [Ni(en)3](NO3)2 crystallites is clearly 
seen close to the edges of the catalyst body (egg-shell distribution of Ni). These 
crystallites formed during drying, the nucleation points probably being the pore 
mouths on the outer surface of the catalyst body. Figure 5.6 (b) shows the energy 
dispersive spectrum near the edges of the catalyst body prior to calcination. This 
spectrum contains several peaks between 20 to 68 keV in addition to the expected 
NiKα fluorescence line. By comparison with a high quality angular dispersive pattern 
(standard lab-based XRD pattern) of unsupported [Ni(en)3](NO3)2 crystals (Figure 
5.7 (a)) it was possible to assign the peaks at 26.1, 29.6, 36.2, 37.5, 39.3, 44.2, 58.6, 
61.0, 63.4 and 67.2 keV to the [Ni(en)3](NO3)2 phase. In addition, two peaks due to 
the γ-Al2O3 support were identified at 51.9 and 73.1 keV, which corresponded to the 
reflections (400) and (440).[10]
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Figure 5.6. (a) Optical micrograph of the dried and bisected [Ni(en)3](NO3)2/γ-Al2O3 pellet, 
(b) Energy dispersive spectrum collected by TEDDI from the edge of the pellet before 
calcination. The NiKα fluorescence signal is indicated together with the diffraction peaks of 
the [Ni(en)3](NO3)2 crystals and of γ-Al2O3. (c) and (d) YT maps in the [Ni(en)3](NO3)2/γ-Al2O3 
pellet for (c) the NiKα fluorescence and (d) the diffraction peak at 39.3 keV of the [Ni(en)3]
(NO3)2 crystalline phase. The y = 0 point corresponds to the center of the pellet.
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Figure 5.7. XRD patterns of (a) unsupported [Ni(en)3](NO3)2 crystallites, the diffraction lines 
that are observed in the TEDDI experiments are marked with black lines; and of (b) crushed 
[Ni(en)3](NO3)2/γ-Al2O3 pellets (black) and crushed [Ni(en)(H2O)4]Cl2/γ-Al2O3 pellets (blue) 
after calcination. The diffraction lines of the γ-Al2O3 support and of metallic Ni are also 
indicated.
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The YT maps in Figures 5.6 (c) and (d) illustrate the distribution of Ni 
(amorphous and crystalline) and of crystalline [Ni(en)3](NO3)2 with calcination 
temperature, respectively. From these maps an initial Ni egg-shell distribution was 
deduced, corresponding with the optically observed distribution in Figure 5.6 (a). 
The fluorescence map indicates that Ni, regardless its crystalline structure, was 
mainly concentrated at the edges of the pellet, although some was present in the 
core. However, as the map of the crystalline [Ni(en)3](NO3)2 indicated a sharp egg-
shell profile of about 200 µm, (c.f. 160 µm observed  optically) we can conclude 
that the core Ni was amorphous in structure. Moreover, the [Ni(en)3](NO3)2 crystals 
disappeared rapidly when the sample was heated above 190 °C, indicating its 
decomposition to primarily an amorphous state. Still, by using the fluorescence data 
it was determined that the Ni remained at the edges of the pellet and did not migrate 
towards the core.

Furthermore, a detailed examination of the energy dispersive spectra indicated 
the presence of very small metallic Ni particles forming at higher temperatures. As 
an example, the spectra measured at the edge of the pellet during the calcination 
are given in Figure 5.8. In them, a very weak diffraction peak appears at 57.6 keV 
at around 400 °C together with a shoulder on the low energy side (49.8 keV) of 
the Al2O3 diffraction peak at 51.9 keV. These two peaks, at 49.8 keV and 57.6 keV, 
are consistent with the (111) and (200) reflections of fcc (face-centered cubic) Ni.[11] 
It must be noted that from the TEDDI experiments it cannot be deduced which 
fraction of the Ni species are present as metallic nanoparticles. From literature we 
estimate that approximately 20 % of the Ni was present as metallic nanoparticles.[5] 

For comparison purposes, Figure 5.8 (c) shows the energy dispersive spectrum at 
the edge of the pellet at 500 °C (1) together with other reference patterns: an energy 
dispersive spectrum on a γ-Al2O3 pellet without impregnation (the peak at 57.6 keV 
is not observed), the XRD pattern (in energy units) of a crushed post-calcined pellet 
which also contains a small peak at 57.6 keV, and the energy dispersive spectrum at 
the edge of a sample which contains large metallic Ni particles on γ-Al2O3.
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Figure 5.8. (a) Energy dispersive spectra collected at the edge of the [Ni(en)3](NO3)2/γ-
Al2O3 pellet during the YT scanning experiment. The weak diffraction peaks of metallic Ni 
are marked with dashed lines. It is noted that the patterns at low temperatures (< 190 °C) 
also show the diffraction peaks of the [Ni(en)3](NO3)2 precursor salt. (b) XY concentration 
map of metallic Ni after calcination, constructed from the (200) reflection. (c) Spectrum at 
500 °C at the edge of the [Ni(en)3](NO3)2/γ-Al2O3 pellet (1) together with other reference 
patterns: γ-Al2O3 (2), XRD on the crushed [Ni(en)3](NO3)2/γ-Al2O3 pellet after calcination at 
500 °C (3), large particles of Nio on γ-Al2O3 ([Ni(en)(H2O)4]Cl2/γ-Al2O3 pellet) (4).

Figure 5.8 (b) shows the XY map of the metallic Ni distribution after calcination 
at 500 °C derived from the fit of the (200) reflection, and indicates that the metal is also 
present in an egg-shell distribution. From a Debye-Scherrer analysis on the crushed 
post-calcination pellet (standard XRD) the size of these particles was determined to 
be 5 nm on average, which was also confirmed by TEM measurements, as illustrated 
in Figure 5.9 (b).[12]
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Figure 5.9. (a) EDX spectra obtained on a crushed [Ni(en)3](NO3)2/γ-Al2O3 pellet (blue) and 
on a crushed [Ni(en)(H2O)4]Cl2/γ-Al2O3 pellet (green) after calcination. The peak labeled 
with * is a satellite peak of Al; and TEM images collected on (b) a crushed [Ni(en)3](NO3)2/γ-
Al2O3 pellet and on (c) a crushed [Ni(en)(H2O)4]Cl2/γ-Al2O3 pellet.

Formation of metallic Ni particles during the preparation of powdered 
Ni catalysts from nickel-ethylenediamine precursors by calcination in an inert 
atmosphere has been previously reported.[1-4] This phase formation has been 
assigned to the generation of H2 as a decomposition product of ethylenediamine. 
Similarly, other chelating agents have been studied that yield nickel nanoparticles, 
since the decomposition mechanism of the chelating ligand is similar.[13] With these 
experiments, we demonstrate that this method yields small metallic particles also in 
the preparation of industrial-like catalysts based on mm-sized bodies.

In addition to this, after calcination the pellet was observed to be entirely 
black, suggestive of the presence of carbon on the catalyst body. This was confirmed 
by ex situ EDX analysis on the crushed pellets, as presented in Figure 5.9 (a). The 
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Cu detected comes from the sample grid. Besides Al, O and Ni, which are the main 
components in both samples, Si was also detected. This element was probably an 
impurity of the alumina support. On the other hand, part of the carbon detected came 
from the sample holder. However, the intensity of the carbon peak was very high 
on the [Ni(en)3](NO3)2/γ-Al2O3 pellet, suggesting that this sample contained more 
C. The presence of carbon on this type of catalysts originates from the incomplete 
decomposition of the ethylenediamine ligand under an inert atmosphere due to the 
low amount of oxidizing agent (nitrates from the nickel precursor).[4, 5] Most likely, 
this carbon then surrounded the nickel particles preventing their oxidation to NiO. 
Therefore, to obtain a usable catalyst containing Ni, the pellets must be further 
activated by a reduction or calcination (in air) step to remove the carbonaceous 
compounds.

The various YZ distribution maps of the [Ni(en)3](NO3)2 precursor recorded 
during calcination are presented in Figure 5.10 and represent the interior of the 
γ-Al2O3 catalyst body.
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Figure 5.10. YZ maps of the Ni(en)3(NO3)2 diffraction peak at 39.3 keV during the calcination 
process of the dried [Ni(en)3](NO3)2/γ-Al2O3 pellet. The black regions indicate the absence of 
this peak, while the red regions indicate high concentrations.
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As expected, these maps also show the breakdown of the complex as the 
temperature was increased during calcination. The YZ map at 25 °C confirms 
the [Ni(en)3](NO3)2 crystalline egg-shell distribution throughout the whole pellet 
indicated by the YT map (Figure 5.6 (d)). Interestingly, the distribution was not 
completely symmetrical at 25 °C, as concluded from the red-coded regions only 
present on one side of the catalyst body. These irregularities may occur for a number 
of reasons, such as inhomogeneities in the support structure, or manipulation of the 
catalyst during its preparation.[14, 15] The YZ maps indicate that the precursor starts 
decomposing at around 70 °C, and by 190 °C it has decomposed into a non-crystalline 
phase. The complex breakdown appears to occur at a much lower temperature than 
observed in some previous studies performed by Negrier et al.[5] who reported, from 
mass spectrometry (MS), that the decomposition of [Ni(en)3](NO3)2/γ-Al2O3 under 
argon takes place at 350 °C. This temperature difference suggests that even though 
the [Ni(en)3](NO3)2 precursor looses its crystallinity at low temperatures, possibly 
due to melting or amorphization, the decomposition products are not released until 
higher temperatures. The YZ maps also demonstrate that the decomposition actually 
takes place unevenly over the pellet, occurring first in the core and then spreading 
towards the edges. 

In summary, the calcination under N2 of a [Ni(en)3](NO3)2/γ-Al2O3 pellet leads 
to approximately 20 % of Ni as 5-nm metallic Ni crystallites. The precursor salt, 
which appears in an egg-shell distribution before calcination, decomposes at 190 °C; 
and this Ni profile is retained after calcination in the form of metallic Ni particles (at 
around 400 °C) protected with a carbon layer.

2. TEDDI During the Calcination of the [Ni(en)(H2O)4]Cl2/γ-
Al2O3 Pellet

Figure 5.11 shows the YT maps of the Ni distribution (both fluorescence 
and diffraction) constructed from various peaks observed in the energy dispersive 
spectra during the calcination of the [Ni(en)(H2O)4]Cl2/γ-Al2O3 pellet. 
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Figure 5.11. YT maps of (a) Ni fluorescence at 7.5 keV (NiKα); (b) the diffraction peak at 36.9 
keV (unknown Ni-containing crystalline phase), (c) the 50.2 keV (101) reflection of Ni3C; 
and (d) the 57.6 keV (200) reflection of metallic fcc Ni, all in the [Ni(en)(H2O)4]Cl2/γ-Al2O3 
pellet. The red color represents regions where the concentration of the corresponding Ni 
species is the highest. 
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Prior to calcination the [Ni(en)(H2O)4]Cl2/γ-Al2O3 showed no Ni-related 
crystalline peaks, whilst the Ni fluorescence YT map revealed an even distribution 
of Ni throughout the body of the pellet, as illustrated in Figure 5.11 (a). Additionally, 
UV-Vis-NIR micro-spectroscopy confirmed this rather homogeneous distribution, as 
shown in Figure 5.12. This technique is explained in detail in Chapters 1 - 3. 
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Figure 5.12. Space resolved 
UV-Vis-NIR spectra from the 
edge to center of a bisected 
[Ni(en)(H2O)4]Cl2/γ-Al 2O 3   
catalyst body after drying at 
25°C. 

The space resolved UV-Vis spectra in Figure 5.12 show a uniform distribution 
of the three bands centered at 390, 638 and above 900 nm. These bands are assigned 
to the three spin allowed d-d transitions of Ni2+ in an octahedral environment and 
correspond to the complex [Ni(en)(H2O)4]2+ grafted to the alumina surface, with the 
consequent formation of a structure similar to [Ni(en)(H2O)2(Al-O)2], where Al-O 
represent oxygen atoms from the alumina surface.[4, 16] More details on the interactions 
of this metal-ion complex with the alumina surface during the impregnation and 
drying steps can be found in Chapter 3.

Figure 5.11 (a) illustrates that, as the sample was heated, an increase in the 
Ni fluorescence intensity occurred with temperature. This can be accounted for by 
changes in the density of the sample as the precursor decomposed. Still, this map 
indicates a rather uniform distribution of Ni along the y direction of the catalyst 
body regardless of its molecular structure.

Interestingly, and unlike the [Ni(en)3](NO3)2/γ-Al2O3 pellet, the calcination 
of the [Ni(en)(H2O)4]Cl2/γ-Al2O3 pellet lead to the formation of two intermediate 
crystalline phases before the formation of metallic Ni, as illustrated in Figures 5.11 
(b) – (d). The energy dispersive spectra measured at the edge of the pellet during the 
calcination can be found Figure 5.13. 
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Figure 5.13. (a) Energy dispersive spectra collected at the edge of the [Ni(en)(H2O)4]Cl2/γ-
Al2O3 pellet during the YT experiment. The spectra in red contain the strongest diffraction 
lines of the crystalline phases formed during the calcination process. (b) Individual spectra 
of the different crystalline phases formed during the calcination. The diffraction lines of 
interest are indicated with arrows.
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Several diffraction peaks were detected between 180 – 270 °C at 30.9, 33.3, 
34.3, 36.9, 40.5, 53.5, 44.3 and 46.1 keV, with the most intense at 36.9 and 40.5 keV. 
Since these peaks could not be assigned to a particular phase we propose that a 
restructuring of the Ni species on the alumina surface is responsible for the changes 
in the energy dispersive spectra, which yielded an ordered and unknown Ni phase. 
The essentially uniform blue color in the YT map of the peak at 36.9 keV (Figure 5.11 
(b)) indicates a rather uniform distribution along the catalyst body of this unknown 
Ni-containing crystalline phase. Moreover, this temperature range was in line with 
the release of NH3 and H2O followed with MS on a similar sample (3 wt% Ni as 
[Ni(en)(H2O)4]Cl2/γ-Al2O3), as illustrated in Figure 5.14.
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Above 270 °C, the first Ni crystalline phase transforms into a second crystalline 
phase which is stable from 270 °C to approximately 430 °C. Several diffraction 
peaks were measured at 44.3, 46.8, 50.2 and 64.7 keV. These peaks were assigned, 
respectively, to the reflections (100), (002), (101) and (102) of hexagonal Ni3C.[17] The 
low intensity of these peaks suggests that this phase is present as a maximum of 
40 % of the Ni species in the core of the pellet, while in the edges less than 20 % of 
Ni appears as Ni3C. Figure 5.11 (c) shows the YT map of the peak at 50.2 keV and 
reveals that the stability of Ni3C with temperature is dependent on its location in the 
catalyst body, with a decomposition front moving towards the core with increasing 
temperature. At the edges of the pellet, Ni3C decomposes almost immediately after 
being formed, whilst in the core it is stable up to 430 °C and corresponds well with 
the known decomposition temperature of Ni3C in an inert atmosphere, eq. (1):[18]

Ni3C    3 Nio + C (s, amorphous)                  (1)

Figure 5.14. MS thermogram during the calcination in Ar of crushed 3 wt% [Ni(en)(H2O)4]
Cl2/γ-Al2O3 pellets. The temperature regions in which crystalline phases were detected with 
TEDDI on the 10 wt% pellet are indicated.
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Finally, Figure 5.11 (d) shows the formation of fcc metallic Ni, XY map of 
the (200) reflection. Similarly as in the [Ni(en)3](NO3)2/γ-Al2O3 pellet, the appearance 
of the reflections (111), (200) and (222) of fcc metallic Ni at high temperatures is 
observed. However, the [Ni(en)(H2O)4]Cl2/γ-Al2O3 pellet shows very narrow and 
intense peaks, which suggests a large amount of Ni species converted into relatively 
large metallic Ni particles. This phase was initially observed at around 300 °C, only 
at the edges of the catalyst and became uniform throughout the body at 435 °C. 
At 500 °C, the sample was held at temperature for 30 min, during which time the 
concentration of Ni increased at the edges of the pellet, indicating that sintering 
occurred.

Figure 5.15 (a) shows the XY map of metallic Ni immediately after calcination, 
and indicates a rather uniform distribution of this phase (regions in green color), 
although there was some higher concentrations at the edge of the sample (yellow/ 
orange regions). 

Figure 5.15. XY maps of (a) metallic Ni distribution in the [Ni(en)(H2O)4]Cl2/γ-Al2O3 pellet 
after calcination at 500 °C, (b) particle size distribution of metallic Ni in the same slice 
of the pellet after calcination at 500 °C, and (c) evolution of metallic Ni crystallites as a 
function of the y direction of the catalyst body. The red color indicates regions of (a) higher 
concentration of metallic Ni, or (b, c) larger particle size. The blue color indicates the 
absence of metallic Ni.
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Using the full-width-at-half-maximum (FWHM) of the metallic Ni (200) 
reflection and a Debye-Scherrer analysis, the particle size was estimated to be on 
average 24-34 nm, as illustrated in Figure 5.15 (b). This value compared closely with 
that calculated from the ex situ XRD pattern, shown in Figure 5.7 (b), measured on a 
crushed pellet (39 nm). Thus, relatively large nanoparticles of metallic Ni are formed 
when the Ni chloride precursor salt is used in equimolar concentrations of Ni and 
ethylenediamine.

Figure 5.15 (c) illustrates the YT map of the evolution of metallic Ni crystallites 
with calcination temperature. The particle size growth was estimated assuming that 
at 500 °C the average particle size was 29 nm (average between 24 - 34 nm). The map 
indicates that metallic Ni particles appear readily at 300 °C, preferentially towards the 
edge of the pellet, whilst they are not observed in the core until 370 °C. Thus, between 
370 – 430 °C, both Ni3C and metallic Ni coexist in the pellet, as can be deduced from 
Figures 5.11 (c) and (d). At around 435 °C, there is a uniform distribution of metallic 
Ni particles, which sinter to form larger particles at around 480 °C. Furthermore, 
unlike the [Ni(en)3](NO3)2/γ-Al2O3 pellet, the [Ni(en)(H2O)4]Cl2/γ-Al2O3 pellet was 
observed to be grey rather than black after calcination, indicating the deposition of 
less carbon, which was confirmed ex situ using EDX analysis (Figure 5.9 (a)). 

To summarize, the use of [Ni(en)(H2O)4]Cl2 as a precursor in the preparation of 
metallic Ni catalysts results in the formation of relatively large metallic Ni particles 
with a high degree of reduction when compared to [Ni(en)3](NO3)2 (c.f. 30 - 40 nm vs. 
5 nm). This makes the [Ni(en)(H2O)4]Cl2/γ-Al2O3 catalyst less interesting for industrial 
applications. The formation of larger particles indicates that Ni-oxy-chloride species 
must become mobile during the calcination process. Moreover, the mobility of Ni 
species starts at around 180 °C, the temperature at which the first intermediate 
crystalline phase was detected, which suggests that this phase is implicit in the 
aggregation of the metal particles in this material. Moreover, large nanoparticles and 
a high heterogeneity in the particle size distribution of metallic Ni was confirmed 
by TEM measurements (Figure 5.9 (c)). Even though TEDDI enables to visualize the 
structural changes of Ni during the calcination process in a space resolved manner, 
the mechanism by which large metallic Ni particles formed could not be deduced. 
With the knowledge gained by the TEDDI technique, a schematic of the preparation 
of metallic Ni catalyst bodies when the precursor salts [Ni(en)(H2O)4]Cl2 and [Ni(en)3]
(NO3)2 are used can be proposed, as illustrated in Figure 5.16.
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Figure 5.16. Phase transformation of (a) the [Ni(en)3](NO3)2/γ-Al2O3 pellet and (b) the 
[Ni(en)(H2O)4]Cl2/γ-Al2O3 pellet during catalyst preparation from pore volume impregnation 
(PVI) up to calcination at 500 °C in an N2 gas atmosphere. The different colors represent 
the different phases present. After calcination at 500 °C, the particle size of metallic Ni is 
also indicated. 
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As illustrated in Figure 5.16 (a), pore volume impregnation of [Ni(en)3](NO3)2 
on γ-Al2O3 pellets yields a uniform profile of this Ni2+ complex along the catalyst 
body before drying. Drying at 20 °C induces the crystallization of large [Ni(en)3]
(NO3)2 particles towards the outer rim of the catalyst bodies, as inferred from the 
sharp diffraction peaks measured at low temperatures. During the calcination of this 
sample, the precursor [Ni(en)3](NO3)2 decomposes at 190 °C forming an amorphous 
intermediate phase which remains in an egg-shell profile. Above 385 °C, small 
metallic Ni crystallites of around 5 nm size are formed (~ 20 % of the Ni present), in 
the same egg-shell distribution, covered by carbonaceous species.

On the other hand, pore volume impregnation of [Ni(en)(H2O)4]Cl2 yields a 
uniform macro-distribution of Ni before drying, that remains unchanged during 
the subsequent preparation steps. Drying at 25 °C creates ligand-exchange reactions 
of the precursor complex with the hydroxylated surface of the γ-Al2O3 support, 
forming [Ni(en)(H2O2)(Al-O)2] species. At 180 °C, the precursor complex undergoes 
decomposition as well as restructuring on the γ-Al2O3 surface and transforms into 
an intermediate crystalline phase, which is stable up to 270 °C. At this temperature, 
Ni restructures again partly forming Ni3C species, and its stability depends on the 
location within the catalyst bodies. In this way, Ni3C at the outer rim of the catalyst 
body decomposes readily forming metallic Ni at around 300 °C, whilst at the edges 
it is stable up to 430 °C. This preparation method yields a large amount of Ni species 
converted into metallic Ni particles of sizes around 30 - 40 nm, which are less-desired 
for catalytic applications due to their low activity.

Conclusions

TEDDI has been successfully employed to study the calcination process of a 
heterogeneous catalyst body and detailed insight into the changes in the structural 
composition at the macroscopic level in a non-invasive manner was obtained. This 
technique has demonstrated that the formation of an active component is a multi-
step evolution process and that this process shows significant spatial variation. It 
was revealed that, if [Ni(en)(H2O)4]Cl2 is used as a precursor for Ni/Al2O3 catalysts, 
this precursor forms an amorphous structure evenly distributed on the support 
surface before thermal treatment. Moreover, its decomposition during the thermal 
treatment undergoes through two intermediate crystalline phases among other less 
ordered ones. Furthermore, metallic Ni nanoparticles (heterogeneous particle size 
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distribution with an average of 30 nm) with high degree of reducibility appear at 
the edges already at 280 °C, whilst in the core they are formed at around 450 °C. 
On the other hand, if the catalyst is prepared from the [Ni(en)3](NO3)2 precursor, an 
egg-shell distribution of large [Ni(en)3](NO3)2 crystals is measured before thermal 
treatment. Still, the breakdown of the precursor, which starts at around 70 °C and 
finishes at 190 °C as an amorphous structure, occurs forming partly a very narrow 
particle size distribution centered at 5 nm of metallic Ni crystallites (20 % of the total 
Ni species). These particles appear at around 400 °C in an egg-shell distribution. 
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 Chapter 6

Summary

The goal of this PhD thesis was the development of new space and time 
resolved spectroscopic techniques to be applied in the characterization of mm-
sized catalyst preparation processes, including impregnation, drying and thermal 
treatment. Hence, with these techniques in hand new insight into the physicochemical 
processes involved during these catalyst preparation processes is obtained which 
will help to underpin the rational design of heterogeneous catalysts. 

Ni and Pd/ γ-Al2O3 hydrogenation catalysts were chosen as model systems to 
explore the possibilities of two invasive (UV-Vis-NIR and IR micro-spectroscopies) 
and two noninvasive (MRI and TEDDI) characterization methods. Different 
experimental conditions were tuned in order to investigate the role of the metal-
support interface in the preparation of these catalysts, and the capabilities and 
limitations of the different space and time resolved spectroscopic techniques have 
been evaluated.

Chapters 2 and 3 focus on the uses of UV-Vis-NIR and IR micro-spectroscopies 
to investigate the impregnation, drying and calcination steps during the preparation 
of Ni and Pd/ γ-Al2O3 hydrogenation catalysts. In Chapter 2, UV-Vis-NIR micro-
spectroscopy is employed to assess the dynamics and speciation of [PdCl4]2- within 
γ-Al2O3 pellets. To do so, the solution pH and equilibration time were tuned, 
and the addition of different amounts of Cl- (aq) ions was investigated. From the 
results obtained, a protocol to prepare 0.2 wt % Pd/γ-Al2O3 catalysts with different 
Pd macro-distributions was designed. This technique also revealed that the 
[PdCl4]2- or [PdCl3(H2O)]- complexes in the impregnation solutions hydrolyzed to 
form [PdCl2(OH)2]2- upon impregnation, and  that depending on the solution pH, 
equilibration time and concentration of Cl- (aq) ions, the Pd molecular structure 
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further changed to form [PdCl(OH)3]2- or [Pd(OH)4]2-. A UV-Vis micro-spectroscopic 
study on dried and calcined pellets revealed that grafting of these complexes 
occurred upon drying and ligand exchange reactions with the γ-Al2O3 surface took 
place. Furthermore, during this step Cl- ions entered again the 1st coordination 
sphere of PdII and structures similar to [PdCl4]2- and [PdCl3(OH)]2- were regenerated. 
Upon calcination no redistribution of Pd was measured, and the presence of Cl- ions 
closely attached to the Pd phase was deduced, proving the poisonous effect that Cl- 
ions is known to have in Pd catalysts. 

Chapter 3 elaborates on the influence of ethylenediamine ligands on the Ni2+ 
molecular structure and dynamics upon impregnation and after drying. This study 
was performed by means of UV-Vis-NIR and IR micro-spectroscopies and revealed 
the complementary effect that the different hydroxyl surface sites of the alumina 
support have on the stability of the precursor Ni2+ complexes inside the pores of 
the support. Ligand exchange reactions between the water ligands in [Ni(en)x(H2O)6-

2x]2+ (x = 0 - 3) and the alumina surface hydroxyl groups upon impregnation were 
disclosed, which yielded a trend on the strength of adsorption of the different 
complexes as follows: [Ni(en)(H2O)4]2+ > [Ni(en)(H2O)2]2+ ~ [Ni(H2O)6]2+ > [Ni(en)3]2+, 
the latter did not interact with the surface upon impregnation. It was also revealed 
that most likely the hydroxyl groups involved are the basic ones. This study also put 
forward that these interactions were responsible for the Ni and en profiles achieved 
after drying. The weaker the adsorption of the Ni2+ complex, the more egg-shell-
like the Ni2+ and en profiles after drying, as obtained from both UV-Vis-NIR and IR 
micro-spectroscopies. The former provided insight in the Ni2+ coordination sphere 
in a space resolved manner, while the latter provided the macro-distribution of the 
en ligand. 

Chapter 4 and 5 describe the applicability of the two noninvasive methods 
under study to characterize the preparation of Ni/γ-Al2O3 hydrogenation catalysts. 
1H-MRI is introduced in Chapter 4 as an indirect characterization method for the 
impregnation step of paramagnetic metal-ions, such as Ni2+. This method uses the 
influence that paramagnetic metal-ions have on the relaxation times of protons to 
deduce and monitor the dynamics of the metal-ion: the contrast in an NMR image is 
a direct measure of the NMR signal intensity of water protons. Since the NMR signal 
is dependent on the proton relaxation times, and these decrease in the presence 
of paramagnetic metal-ions, the metal-ion can be perfectly located in the catalyst 
body due to the different NMR signal intensities along the body. There are two 
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image contrast methods: T1 and T2. By using the T2 image contrast, the dynamics 
of aqueous metal-ion complexes can be monitored quantitatively, as illustrated 
for the particular case of the [Ni(H2O)6]2+ complex within γ-Al2O3 extrudates. The 
quantification can be done thanks to the construction of a calibration line between 
NMR signal intensities and [Ni(H2O)6]2+ concentrations. It must be noted, however, 
that new calibration lines must be constructed for each system metal-ion - support 
since the NMR signal inside the pores of a support body is not only dependent on 
the concentration of the paramagnetic metal-ion precursor, but also on the impurities 
both in the impregnation solution and in the support and on the textural properties 
of the latter (pore size and structure). The potential of MRI to characterize the 
impregnation step of other systems was also investigated, and the two other systems 
described in this Chapter are the impregnation of [Ni(edtaHx)](2-x)- complexes and the 
co-impregnation of [Ni(H2O)6]2+ and [Ni(edtaHx)](2-x)-. The 1H-MRI method can also 
be applied to monitor the dynamics of chelated complexes, such as [Ni(edtaHx)](2-x)-. 
However, due to the large size of the edta ligand, the paramagnetic influence of the 
Ni2+ ions on the relaxation times of water protons is shielded and a different imaging 
method has to be used; namely, T1 image contrast. This imaging method also gives 
contrast between regions with and without Ni2+ complexes, but it is not able to 
distinguish regions with different concentration of Ni2+. Hence, it cannot be used 
quantitatively. Regarding the possibilities to visualize the dynamics of [Ni(H2O)6]2+ 
and [Ni(edtaHx)](2-x)- when they are co-impregnated, the information obtained from 
the 1H-MRI method by itself is difficult to evaluate. Nevertheless, the combination 
of this technique with others, such as UV-Vis-NIR micro-spectroscopy, provides a 
very powerful approach since the two of them together provide semi-quantitative 
insight in the location of the two metal-ion complexes. More specifically, [Ni(edtaHx)]
(2-x)- appears in an egg-shell distribution, while the [Ni(H2O)6]2+ complex is present 
in a uniform manner. Furthermore, they provide input on the adsorption processes 
that each of them undergo on the alumina surface, but also between them. More 
specifically, electrostatic interactions between the two complexes were revealed, 
which could not be disclosed by each of the techniques if they were applied on their 
own.

Finally, Chapter 5 introduces the potential of a synchrotron-based method to 
characterize the preparation of mm-sized catalyst bodies. In this chapter, the TEDDI 
technique is used to characterize in situ the thermal treatment of Ni/γ-Al2O3 pellets. 
To do so, an environmental cell was built which enabled to collect energy dispersive 
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spectra while performing the calcination treatment of two different samples. The 
systems chosen to investigate were [Ni(en)3](NO3)2 and [Ni(en)(H2O)4]Cl2 on Al2O3 
pellets, and the thermal treatment performed was a calcination under N2. This 
thermal treatment applied on Ni-en precursor catalysts yielded, depending on the 
molar Ni2+:en ratio and the Ni precursor salt, small metallic Ni nanoparticles, and the 
formation of Ni aluminates could be partly avoided. The goal of these experiments 
was to visualize in 3D or 4D (x, y, z and/or time/temperature) the breakdown of the 
precursor complex and the genesis of final active phase. This technique provides 
fluorescence and diffraction data, thus, Ni2+ can be located and any crystalline phase 
can also be visualized within the catalyst body. From the results obtained, it can be 
concluded that the thermal treatment of a [Ni(en)3](NO3)2/γ-Al2O3 pellet yield 5-nm 
metallic Ni nanoparticles in an egg-shell distribution, whilst in the case of [Ni(en)
(H2O)4]Cl2/γ-Al2O3 a very heterogeneous particle size distribution of metallic Ni 
nanoparticles centered at around 30 nm in a uniform profile is obtained.
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Outlook and Perspectives

Insight into the physicochemical processes involved during the preparation 
of catalyst bodies and, thus, a control on the preparation of catalyst bodies yields 
more efficient catalysts in chemical processes, and, hence, assists the improvement 
of chemical and technological development with the ultimate goal of sustainable 
development. The term “efficiency” is usually measured by two parameters: 
reactant conversion and product selectivity. The reactant conversion indicates the 
amount of reactant molecules that transform into products (regardless the product), 
whilst the product selectivity addresses the fraction of reactant molecules that have 
transformed into a specific product. Thus, higher conversions and selectivities mean 
less generated wastes, less resources (raw materials) needed and more economical 
efficiency, which results in a more sustainable society.  

As described in this work, a large number of physicochemical parameters play 
an important role in the preparation of mm-sized catalyst bodies, and in order to 
obtain the optimum catalyst material a careful selection of all the ingredients in the 
impregnation solution containing the precursor of the active component, and of the 
support material must be made. Once the impregnation solution has been selected, 
other experimental conditions have to be chosen, such as equilibration times after 
impregnation, or the drying and thermal treatment conditions. All these factors 
will determine the final phase (metal or metal oxide) and dispersion of the active 
particles and their macro-distribution within the support body; and, thus, they will 
determine the efficiency of the catalyst in a chemical process.

As described in Chapter 1, the final macro-distribution and dispersion of the 
active material is affected by the interactions that take place between the metal-
ion precursor and the support surface already during the impregnation step. The 



138

adsorption process of a metal-ion (Ni and Pd) precursor on the support surface 
(γ-Al2O3) during this wet step of catalyst preparation has been dealt in Chapters 
2 – 4, and different experimental conditions have been investigated. Important 
findings that could only be obtained thanks to space and time resolved spectroscopic 
characterization techniques have been reported along these chapters. For instance, 
Chapters 2 and 3 explore the speciation that different metal-ion precursors ([PdCl4-

x(OH)x]2- and [Ni(en)x(H2O)6-2x]2+) undergo during their dynamics towards the core 
of γ-Al2O3 catalyst bodies, which is intrinsic to the mm length of catalyst bodies 
and which would not occur in the preparation of powdered catalysts. Hence, it 
can only be monitored by space resolved techniques, such as UV-Vis-NIR micro-
spectroscopy. Additionally, the experiments described in Chapter 2 demonstrate the 
combined effect that the solution pH, the presence of Cl- (aq) and the equilibration 
time have on the macro-distribution (and coordination sphere) of the initial [PdCl4]2- 

on γ-Al2O3 catalyst bodies. In this way, it has been shown that [PdCl4]2-
 is not stable 

in the presence of γ-Al2O3 and it hydrolyzes forming [PdCl4-x(HO)x]2-. Moreover, the 
competitive adsorption between free Cl- (aq) ions and [PdCl4-x(HO)x]2-

, which yields 
non-uniform Pd macro-distributions, has been clearly monitored with time; and 
the important role of the solution pH on the formation of one or another type of 
non-uniform Pd macro-distribution has been proven. Furthermore, the experiments 
explained in Chapter 3 serve as an example of how the hydroxyl groups of the alumina 
surface cannot be treated as a unique reactive species and shows how different 
hydroxyl groups with different acid-base properties and, thus, different reactivities 
can disturb the 1st coordination sphere of the metal-ion precursor complex upon 
impregnation. This Chapter also illustrates that the interactions between the metal-
ion precursor complex and the support surface can determine the metal-ion profile, 
as concluded from the application of UV-Vis-NIR and IR micro-spectroscopies. In 
particular, the drying of impregnated [Ni(en)3]2+/γ-Al2O3 yields an egg-shell-like 
Ni profile thanks to the lack of interactions between this complex and the alumina 
surface during the impregnation step; whilst the same drying conditions of [Ni(en)
(H2O)4]2+/γ-Al2O3 pellets lead to uniform Ni profiles due to ligand exchange reactions 
during impregnation.

A major asset of MRI and TEDDI is their application to characterize catalyst 
bodies in a noninvasive manner, as presented in Chapters 4 and 5. As illustrated 
in Chapter 4, 1H-MRI can be used in a very straightforward manner to monitor the 
impregnation process of paramagnetic metal-ion complexes and, when the ligands 

Chapter 7



 139

surrounding the metal-ion are water molecules, the impregnation process can be 
monitored quantitatively. The possibility of quantifying impregnation processes is 
of great importance in catalyst design since understanding the molecular-transport 
kinetics is crucial to control the preparation of mm-sized catalysts. In this regard, these 
quantitative MRI experiments serve as an input to measure diffusion coefficients of 
different precursors inside the pores of support bodies, and for the development of 
kinetic models for the impregnation process. These models would be very useful to 
the industrial community for a faster design of new catalysts. Furthermore, a step 
forward in the applications of MRI is its application to study the co-impregnation of 
two metal-ion complexes. Even though, MRI by itself could not be used to monitor 
and discriminate between the two [Ni(H2O)6]2+ and [Ni(edtaHx)](2-x)- co-impregnated 
complexes, this technique in combination with UV-Vis-NIR micro-spectroscopy did 
unravel additional adsorption processes between the two complexes depending on 
the solution pH. 

Finally, Chapter 5 is focused on the TEDDI technique and its applications on 
catalyst preparation processes. Fairly important is the fact that this synchrotron-
based technique is, for the moment, the only one that can be used in situ during 
the drying and thermal treatment steps of mm-sized catalyst bodies preparation 
processes. Thanks to this advantage, the genesis of Ni nanoparticles within γ-Al2O3 
pellets has been visualized for the first time together with the breakdown of the 
precursor phase and the formation of, until now, unknown intermediate phases. 
Thus, this method can provide relevant input regarding the shape and size of the 
active particles in a catalytic material. Moreover, possible gradients of the shape 
and size of the active component along the catalyst body can be disclosed, which 
would provide enormous benefits when understanding the performance of the 
catalyst. This technique has, therefore, a great potential as a characterization method 
of mm-sized catalytic materials involved in a large number of thermal treatments in 
different conditions of temperature, pressure and ambients; which are sometimes 
required for catalyst activation, or which correspond to real conditions in relevant 
industrial processes. 

In summary, the development of space and time resolved spectroscopic 
techniques to be applied in the field of, among others, mm-sized catalyst bodies 
preparation processes is of prime importance not only for the academic community 
but also for the chemical industry due to the current need in our society for 
sustainable development. These techniques will underpin the requirements to 
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prepare optimum and specific catalysts for specific applications. The possibility of 
utilizing these techniques in a quantitative and time resolved manner set the bases 
for modeling the kinetics of all time dependent processes. An example, mentioned 
above, is the possibility to model the diffusion kinetics of metal precursors within 
support bodied thanks to MRI, but another example could be to model the particle 
growth of the active component. One important issue that cannot be neglected in 
the design of efficient catalyst bodies and has not been discussed in this PhD thesis 
is the influence that the 3D network of the pore structure of a support body has 
on the dynamics of the precursor complex and growth and formation of the active 
component. These three are not only determined by the number and type of surface 
adsorption sites but also on the pore structure; namely, tortuosity of the pores, pore 
diameter and pore size distribution. Thus, the shaping of support bodies is also 
important. In this regard, not much attention has been paid for the moment on the 
effect that the 3D pore structure of the support body has on the genesis of the active 
component, and only few studies on the characterization of pre-shaped supports 
have been published.[1, 2] A technique that shows a great potential to characterize the 
pore structure of support and catalyst bodies is absorption tomography. Moreover, 
its combination with TEDDI would yield large input on the architecture of catalyst 
bodies since it would provide a picture of the pore network of the support and the 
active material in addition to space resolved input on the crystallinity of the sample. 
Figure 7.1 illustrates a reconstructed image obtained with absorption tomography 
on a XY slice of a calcined γ-Al2O3 pellet containing Na2PdCl4 (Pd 1 wt%) and NaCl 
(1.4 M). This sample which was prepared according to the protocol developed in 
Chapter 2 contains Pd in the core of the body, as deduced from the white spots in 
the image at positions close to the center of the pellet (x = y = 0 mm). The image 
shows the pore network of the core of the body. As illustrated in the Figure, this 
specific γ-Al2O3 pellet contains some voids in its pore structure of around 50-100 
µm size (black circles). Additionally, two large Pd particles (white spots) can also be 
distinguished. 
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Figure 7.1. Reconstructed image obtained with absorption tomography (local tomography) 
of a calcined γ-Al2O3 pellet containing Na2PdCl4 (Pd 1 wt%) and NaCl (1.4 M) with a 1.6 x 1.0 
mm beam in 40 s on beamline ID 15 A (ESRF, Grenoble). Dark grey spots show low absorbing 
elements (voids in alumina structure) and white spots show high absorbing elements (Pd). 
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Samenvatting

Onderzoek is uitgevoerd naar de ontwikkeling van spectroscopische technieken 
voor het karakteriseren van katalysatorlichamen met een afmeting van enkele 
millimeteers tijdens het afzetten van de actieve component. Het doel daarbij was 
om plaats- en tijdsafhankelijke te verkrijgen. De bereiding van de katalysatordeeltjes 
kan worden opgedeeld in drie stappen: impregnatie, drogen en calcinatie. Deze 
stappen zijn bestudeerd met vier verschillende spectroscopische technieken; 1) UV-
Vis-NIR micro-spectroscopie, 2) IR micro-spectroscopie, 3) Magnetic Resonance 
Imaging (MRI) en 4) Tomographic Energy Dispersive Diffraction Imaging (TEDDI). 
Deze technieken maken het mogelijk om meer inzicht te verkrijgen in de fysisch-
chemische processen die plaats vinden tijdens de bereiding van katalysatoren. De 
aldus verkregen informatie kan vervolgens worden gebruikt voor de ontwikkeling 
van nieuweof verbeterde katalysatoren.

De genoemde spectroscopische technieken zijn toegepast bij de bereiding 
van Ni/γ-Al2O3 en Pd/γ-Al2O3 hydrogeneringskatalysatoren. De mogelijkheden 
en beperkingen van deze methodieken voor de karakterisering zijn bestudeerd. 
Verschillende experimentele condities werden gevarieerd om de rol van metaalionen 
en het drageroppervlak tijdens de bereiding van de katalysatoren te onderzoeken. 

Hoofdstuk 2 en 3 richten zich op de toepassing van UV-Vis-NIR en IR micro-
spectroscopie tijdens de impregnatie en de droog- en calcinatie stappen voor de 
bereiding van Ni/γ-Al2O3 en Pd/γ-Al2O3 hydrogeneringskatalysatoren. In hoofdstuk 
2 is UV-Vis-NIR micro-spectroscopie gebruikt om de vorming en het transport van 
[PdCl4]2--ionen binnen de γ-Al2O3 pellets vast te stellen. In dit onderzoek werden de 
pH van de oplossing en de tijd na impregnatie gevarieerd. Tevens is het effect van 
toevoeging van verschillende hoeveelheden Cl- (aq) ondergezocht. Met de verkregen 
resultaten is een protocol ontwikkeld om 0.2 wt % Pd/γ-Al2O3 katalysatoren te 
bereiden met verschillende Pd macro-distributies. Verder kon worden vastgesteld 
dat de [PdCl4]2-- of [PdCl3(H2O)]-- complexen in waterige oplossingen tijdens de 
impregnatie hydroliseren tot [PdCl2(OH)2]2-en dat de moleculaire structuur van het 
complex verandert tot [PdCl(OH)3]2- of [Pd(OH)4]2-, afhankelijk van de pH van de 



144

oplossing, de evenwichtstijd en de concentratie van de Cl--ionen. De UV-Vis-NIR 
micro-spectroscopische studie op de gedroogde katalysatoren wees uit dat de Cl-

-ionen tijdens het drogen opnieuw in de eerste coordinatie schil van PdII komen 
en dat [PdCl4]2- en [PdCl3(OH)]2- worden gevormd. Tijdens de calcinatie is geen 
herverdeling van Pd waargenomen. Wel is vastgesteld dat nog steeds Cl--ionen in 
idrect contact zijn met de Pd-fase. Dit toont het bekende ‘vergiftigings’ effect van 
deze ionen op Pd-katalysatoren aan.

Hoofdstuk 3 beschrijft de invloed van ethyleendiamine (en) liganden op de 
moleculaire structuur en het transport van Ni2+ tijdens de impregnatie en na het 
drogen. Deze studie is uitgevoerd met UV-Vis-NIR en IR micro-spectroscopie. 
De resultaten tonen het complementaire effect aan dat de verschillende hydroxyl 
groepen op het oppervlak van de alumina drager hebben op de stabiliteit van de 
Ni2+ uitgangscomplexen in de poriën van de drager. Uitwisselingsreacties tussen 
de water liganden in [Ni(en)x(H2O)6-2x]2+ (x = 0 – 3) en de hydroxylgroepen op het 
oppervlak van alumina tijdens impregnatie werden aangetoond. Dit levert een trend 
op in de sterkte van adsorptie van de verschillende complexen: [Ni(en)(H2O)4]2+ 

< [Ni(en)2(H2O)2]2+ ~ [Ni(H2O)6]2+ < [Ni(en)3]2+, waarbij de laatste geen interactie 
vertoonde met het oppervlak tijdens impregnatie. De studie laat ook zien dat deze 
interacties verantwoordelijk zijn voor de verdeling van Ni en ethyleendiamine na 
het drogen. Hoe zwakker de adsorptie van het Ni2+ complex, hoe meer “egg-shell” 
de verdelingen van Ni2+ en ethyleendiamine waren. UV-Vis-NIR micro-spectroscopie 
gaf inzicht in de lokale omgeving van Ni2+

 en IR micro-spectroscopie liet de macro-
distributie van het ethylenediamine ligand zien, beide als functie van de plaats in 
het extrudaat.

Hoofdstuk 4 en 5 beschrijven het gebruik van twee niet-invasieve methodes 
voor het karakteriseren van Ni/γ-Al2O3 hydrogeneringskatalysatoren tijdens 
de bereiding. 1H-MRI wordt in Hoofstuk 4 geïntroduceerd als een indirecte 
karakteriseringsmethode voor de impregnatie van paramagnetische metaalionen, 
zoals Ni2+. Deze methode is gebaseerd op de invloed van paramagnetische 
metaalionen op de relaxietijden van protonen. Op deze manier kan het transport 
van metaalionen binnen dragerlichamen worden gevolgd omdat het contrast in het 
NMR beeld een directe afspiegeling is van het NMR signaal van waterprotonen. 
Omdat het NMR signaal afhankelijk is van de relaxatietijden van protonen, en deze 
afnemen met de aanwezigheid van paramagnetische metaalionen, kan het metaalion 
worden gelokaliseerd in een katalysatorextrudaat aan de hand van de verschillende 
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NMR signalen. Er zijn twee contrastbeeld methoden: T1 en T2. Met de T2 methode 
kan het transport van waterige metaalionen complexen kwantitatief worden 
gemeten, zoals voor [Ni(H2O)6]2+ binnen γ-Al2O3 extrudaten. De kwantitatieve 
analyse van het transport van [Ni(H2O)6]2+ in een γ-Al2O3 extrudaat kan vervolgens 
worden uitgevoerd met behulp van een ijklijn van de NMR signalen binnen de 
poriën en verschillende concentraties van [Ni(H2O)6]2+. Echter, voor elk metaalion-
drager systeem moet een nieuwe ijklijn worden opgesteld omdat het NMR signaal 
in de poriën van het dragerlichaam niet alleen afhankelijk is van de concentratie 
van het paramagnetische metaalion uitgangscomplex. Het signaal hangt tevens 
af van de onzuiverheden in de impregnatieoplossing en in de drager, en van de 
textuureigenschappen van de drager (poriegrootte en structuur). De mogelijkheden 
van MRI om de impregnatiestap van andere systemen te karakteriseren is eveneens 
bestudeerd. Dit onderzoek is uitgevoerd aan de hand van de impregnatie van 
[Ni(edtaHx)]2- en de co-impregnatie van [Ni(edtaHx)](2-x)-

 en [Ni(H2O)6]2+.
De 1H-MRI methode kan ook worden toegepast om het transport van 

chelaatcomplexen zoals [Ni(edtaHx)](2-x)- te monitoren. Echter, vanwege de grootte 
van het edta-ligand wordt de paramagnetische invloed van de Ni2+-ionen op de 
relaxatietijden van waterprotonen afgeschermd. Om die reden moet een andere 
contrastbeeld methode worden gebruikt, namelijk T1. Deze afbeeldingsmethode 
geeft eveneens een contrast tussen de gebieden met en zonder Ni2+ complexen, 
maar gebieden met verschillende concentraties van Ni2+ kunnen niet worden 
onderscheiden. Deze methode kan derhalve niet kwantitatief gebruikt worden. De 
mogelijkheden van de 1H-MRI methode om het transport van co-geimpregneerd 
[Ni(edtaHx)](2-x)-

 en [Ni(H2O)6]2+
 te visualiseren is beperkt. In combinatie met UV-Vis-

NIR micro-spectroscopie verschaft deze methode echter zeer bruikbare informatie 
omdat ze samen een semi-kwantitatief inzicht in de lokatie van de twee metaalion-
complexen verschaffen. Op deze wijze is aangetoond dat [Ni(edtaHx)](2-x)- een “egg-
shell” verdeling heeft en [Ni(H2O)6]2+ een uniforme macro-distributie. Bovendien 
verschaft de combinatie van technieken inzicht over de adsorptieprocessen die 
de complexen ondergaan op het alumina-oppervlak en onderling. Op deze wijze 
zijn elektrostatische interacties tussen de twee complexen aangetoond welke 
niet gedemonstreerd hadden kunnen worden met één van deze technieken 
afzonderlijk.

Tenslotte introduceert Hoofdstuk 5 de mogelijkheden van een synchrotron-
gebaseerde techniek om katalysatordeeltjes met een afmeting van enkel millimeters 
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te karakteriseren tijdens de bereiding. Deze methode, TEDDI genaamd, is toegepast 
voor de in situ karakterisering van de calcinatiestap van Ni/γ-Al2O3 pellets. Hiertoe 
is een reactiecel gebouwd die het mogelijk maakte om energie dispersieve spectra 
te meten tijdens de calcinatiestap. Twee verschillende systemen zijn onderzocht, 
[Ni(en)3](NO3)2 en [Ni(en)(H2O)4]Cl2 op γ-Al2O3 katalysatorlichamen. Daarbij is 
de calcinatie uitgevoerd in N2. Deze calcinatiemethode levert metallische Ni-
nanodeeltjes op waarvan de grootte afhankelijk is van de Ni:en verhouding en 
het gebruikte Ni2+ uitgangszout. Daarbij kon de vorming van nikkel-aluminaten 
gedeeltelijk worden vermeden. Het doel van deze experimenten was om de ontleding 
van de uitgangscomplexen en de vorming van de uiteindelijke actieve fase weer te 
geven in 3D of 4D (x, y, z en/of tijd/temperatuur). Deze techniek geeft fluorescentie 
en diffractie data, waardoor Ni2+ kan worden gelocaliseerd samen met andere 
mogelijke kristallijne fasen in het katalysatorlichaam. Uit de verkregen resultaten 
is geconcludeerd dat de calcinatie van [Ni(en)3](NO3)2/γ-Al2O3 metallische Ni-
nanodeeltjes van 5 nanometer oplevert in een egg-shell macro-distributie. Tevens is 
vastgesteld dat de calcinatie van [Ni(en)(H2O)4]Cl2/γ-Al2O3 een brede deeltjesgrootte 
verdeling geeft van Ni nanodeeltjes van gemiddeld ongeveer 30 nm met een uniforme 
macro-distributie.
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Appendix

Appendix A 

UV-Vis Micro-spectroscopy Set-up
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Figure A1. Scheme and photograph of the environmental cell used in UV-Vis-NIR micro-
spectroscopy.
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Appendix B 

UV-Vis Spectroscopic Investigation of the Molecular 
Structure of Ni2+ in Aqueous Solutions in the Presence of 
Edta

1. Niedta1:1 Solutions

Several 1:1 Ni-edta complexes have been reported in literature as a function of 
the pH:[1-6]

Acidic pH: [Ni(1. edtaH)(H2O)]- and [Ni(edtaH2)(H2O)] with one and two 
protonated carboxyl groups, respectively.
Neutral pH: equilibrium between [Ni(2. edta)]2- and pentacoordinated [Ni(edta)
(H2O)]2-. 
Basic pH: [Ni(3. edta)(OH)]3-.

In order to determine the Ni-edta complexes present in the Niedta1:1pH1 and 
Niedta1:1pH7 impregnation solutions, two different pH titration experiments were 
performed, and UV-Vis spectra of all the pH solutions were collected. Multivariate 
curve resolution (MCR) analysis was then carried out with the UV-Vis spectra 
measured in order to construct a speciation plot of Ni-edta complexes (molar 1:1ratio) 
as a function of pH.

The first pH titration was conducted by addition of known amounts of 1 M 
NaOH to a solution containing 0.05 M Ni(NO3)2 + 0.05 M Na2edtaH2 (and 0.7 M NaNO3). 
The initial pH of the Ni-edta solution was 0.5 (acidified by addition of HNO3). UV-Vis 
spectra were recorded after each NaOH addition. Figure A2 shows the pH titration 
curve as a function of the molar OH:Ni ratio. At pH values above the equivalence 
point, it can be assumed that only the complex [Ni(edta)(OH)]3- is present. 
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Figure A3 shows the UV-Vis spectra collected in the acidic pH range of the first 
titration curve. The spectra indicated substantial changes in the molecular structure 
of Ni2+, which were due to the different protonation states of the edta ligand. The Ni2+ 
d-d transition band at around 600 nm, depicted in Figure A3, shows an isosbestic 
point at 689 nm and an increase of the absorption coefficient until pH 1.9. Janjic et 
al.[5] suggested that this isosbestic point corresponded to an equilibrium between 
di-protonated and mono-protonated Ni-edta complexes: [Ni(edtaH)(H2O)]- and 
[Ni(edtaH2)(H2O)]. From pH 1.9 to pH 3.8, the absorption coefficient is constant 
but the maximum absorption shifts to shorter wavelengths. In this range of pH 
values, another isosbestic point is observed at 580 nm (and 685 nm), which has been 
attributed to the equilibrium between [Ni(edtaH)(H2O)]- and [Ni(edta)]2-.[5]
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Figure A2. pH titration curve showing 
the effect of the addition of NaOH to 
a solution containing 0.05 M Ni(NO3)2 
+ 0.05 M Na2edtaH2 (and 0.7 M NaNO3) 
with initial pH 0.5.
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Figure A3. UV-Vis spectra 
recorded on selected 
solutions containing Ni(NO3)2 
and Na2edtaH2 in the pH range 
between 0.5 and 3.8.
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Figure A4. Selected UV-Vis 
spectra of solutions containing 
0.1 M Ni(NO3)2 and edta, in the 
pH range between 1.3 and 
7.8.
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The second pH titration was performed by mixing two solutions containing 
0.1 M Ni(NO3)2 + Na2H2edta, one with pH 1.3 and another with pH 7.8, to pH values 
between 1.3 and 7.8, in steps of 0.5 pH units. In this experiment, the Ni2+ concentration 
was constant in the whole range of pH. Figure A4 shows selected UV-Vis spectra in 
this pH range. The absorption coefficient remains constant up to pH 3 and then 
decreases with increasing the solution pH. An isosbestic point is observed at around 
560 nm which indicated the equilibrium between [Ni(edtaH)(H2O)]- and [Ni(edta)]2-.

Even though the presence of [Ni(edta)]2- and [Ni(edta)(H2O)]2- in equilibrium at 
neutral pH has been reported in literature, these two species cannot be distinguished 
by UV-Vis spectroscopy. The latter will be neglected for this analysis. With the UV-
Vis data obtained from the pH-titration experiments, three main Ni-edta species 
were assumed to be present in the Niedta1:1 solutions: [Ni(edtaH2)], [Ni(edtaH)]- and 
[Ni(edta)]2- with increasing pH.

To conduct the MCR analysis of the UV-Vis spectra measured during the two 
pH titrations, several assumptions were made: the pH region to study was between 
0.5 and 8, since the basic region was not interesting for this study; the number of 
components was based on trial and error, using as little components as possible; 
and, finally, the non-negativity constraint was applied. Moreover, spectra were first 
offset corrected and the number of data points was reduced by smoothing. The MCR 
analysis resulted in three main components, as predicted from the analysis of the 
isosbestic points in the UV-Vis spectra. 

Figure A5 shows the speciation plot of the Ni-edta complexes, as a function of 
pH, derived from the MCR analysis of the UV-Vis spectra measured. 
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Figure A5. Speciation plot 
of the Ni-edta complexes 
as a function of the 
solution pH, derived from 
an MCR analysis of the UV-
Vis spectroscopic data.
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2. Niedta6:1 Solutions

Figure A6 shows the UV-Vis spectra of the Niedta6:1 (pH1 and pH6) solutions 
in the region between 450-850 nm. MCR analysis was used to deconvolute the UV-
Vis band in this region. To do so, the UV-Vis spectra obtained for the three main 
components, namely [Ni(edtaH2)], [Ni(edtaH)]- and [Ni(edta)]2-, in the MCR analysis 
of the Niedta1:1 solutions were considered. Moreover, a fourth component was 
introduced; i.e. the complex [Ni(H2O)6]2+. At pH 1, the deconvoluted band showed 
the presence of 0.50 M [Ni(H2O)6]2+ (Ni2+ d-d doublet at 654 and 720 nm), 0.07 M 
[Ni(edtaH)]- and 0.03 M [Ni(edtaH2)] (band at 590 nm). At pH 6, the species present 
were 0.49 M [Ni(H2O)6]2+ and 0.11 M [Ni(edta)]2-. The maximum concentration of 
[Ni(edta)]2-complex must be 0.1 M, since this is the concentration used of the edta 
salt. This means that there is an uncertainty in the calculated Ni2+ concentration of 
10 %. 
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Figure A6. Visible spectra in the range of 450-850 nm of the solutions (a) Niedta6:1pH1, and 
(b) Niedta6:1pH6. The spectra from the individual components are also shown.
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Appendix C

TEDDI Environmental Cell 

Figure A7. Photographs of the environmental cell used to perform in situ TEDDI 
experiments.

Temperature controller
X-rays in

X-rays out

-Al2O3 pellet
(3 mm)

Heating gun
gas flow

Appendix



154

Corrections of the Scanning Volume

In order to construct 2D maps of the Ni fluorescence or diffraction signals 
(YT, XY and YZ maps), the spectra obtained had to be corrected for the fraction 
of lozenge that is within the pellet (scanning volume). To do this correction, two 
different approaches were used depending on the peak of interest (diffraction or 
fluorescence).

1. Correction of the Diffraction Data

The diffraction peaks of the Ni phases were corrected by normalization 
to the area of the (440) reflection of γ-Al2O3 (at 73.1 keV). This correction can be 
done since the scanning volume is equivalent to the amount of support material 
scanned. In this way, the diffraction peak of interest and the diffraction peak of 
γ-Al2O3 were fitted using gaussian curves (Figures A8b-d), and the area under the 
diffraction peak of interest was normalized to the area under the diffraction peak at 
73.1 keV (reflection (440) of γ-Al2O3). As a result of this correction, the TEDDI images 
were transformed into corrected 2D maps as depicted in Figure A8e. This figure 
illustrates the correction process followed in the case of an XY map of the [Ni(en)
(H2O)4]Cl2/γ-Al2O3 pellet. The same procedure was followed to construct the YZ or 
the YT maps.
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Figure A8. (a) TEDDI image obtained from the XY scanning experiment on [Ni(en)(H2O)4]
Cl2/γ-Al2O3 pellet after calcination at 500 °C. (b) Energy spectrum contained in a pixel of the 
TEDDI image in (a). The diffraction peaks of metallic Ni at 58.0 keV and of γ-Al2O3 at 73.1 keV 
are indicated. (c) and (d) are the fitted peaks at 58.0 (Nio) and 73.1 keV(γ-Al2O3), respectively. 
Peak fitting was performed using EasyEDD software. (a) XY map of the metallic Ni peak after 
normalization to the diffraction line of γ-Al2O3. A rather uniform macro-distribution of Ni 
was obtained.
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2. Correction of the Fluorescence Data

The fluorescence data, however, could not be corrected by making use of the 
diffraction line at 73.1 keV of γ-Al2O3, since the latter is affected by temperature 
whilst the fluorescence signal is not. Moreover, the fluorescence signal is not only 
dependent on the amount of scanning volume within the pellet, but it is also 
dependent on the mass attenuation coefficient; i.e., on the mass thickness and density 
of the sample (ignoring self-(re)absorption based on the assumption that the amount 
of Ni present in the sample is much less than the amount of alumina). Therefore, to 
get reliable fluorescence information, the X-ray fluorescence data should be corrected 
for the fraction of scanning volume within the pellet and also for the thickness of 
the sample. The loss of fluorescence signal due to the attenuation from the sample 
thickness can clearly be visualized in Figure A9. 

This figure illustrates an XY TEDDI image collected on the [Ni(en)(H2O)4]
Cl2/γ-Al2O3 pellet at 25 °C, and the XY map constructed from the fitting of the 
fluorescence peak of Ni at 7.5 keV, without correction for the scanning volume. The 
XY fluorescence map shows the center of the pellet in red color; i.e., more intense 
fluorescence is detected in these areas compared to the outer rim. The higher signal 
in the core of the pellet is, as explained above, due to the larger scanning volume 
on the sample which is bigger in the core than at the edges, as explained in Chapter 
5 (Figure 5.3). Furthermore, the signal detected outside the pellet (green to orange 
regions on the left side of the black circumference in Figure A9b) is, as explained 

Figure A9. (a) TEDDI image obtained from the XY scanning experiment on [Ni(en)(H2O)4]Cl2/
γ-Al2O3 pellet at 25°C. (b) XY map of the fluorescence at 7.5 keV (NiKα) without correction. 
The black circumference represents the pellet.
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previously, an effect of the fraction of scanning volume (or lozenge) that is within 
the pellets when the pellet is already outside the center of this scanning volume. In 
addition to this, the XY maps constructed from the fluorescence signal show hardly 
any signal from the right side of the pellet (blue area inside the black circumference). 
Thus, the XY map looks like a half moon, the lost signal comes from the part of the 
pellet opposite to the detector; namely, the emitted X-rays in that positions are lost 
on their way to reach the detector due to mass attenuation. 

2.1. Method Developed to Correct the Fluorescence Data

The method to correct the fluorescence signal was developed for the Y scan-
line experiments (YT maps). Still, the same principle is applicable to correct the XY 
and YZ maps. In order to correct the fluorescence data, the amount of scanning 
volume on the pellet as a function of the y position was calculated, as illustrated in 
Figure A10c. To correct for the attenuation of the signal due to the material thickness, 
it was assumed that the outgoing X-rays should travel a distance x labeled as “d. to 
detector” which corresponded to the distance between the furthest point from the 
detector of the scanning volume and the edge of the pellet close to the detector, 
as represented in Figure A10a. These two parameters; namely, d. to detector and 
scanning volume on the sample, were calculated taking into account the shape of 
the pellet (cylinder), the shape of the scanning volume (lozenge), and the angle at 
which the detector was located with respect to the X-ray beam (Figures A10a and 
b).
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A correction factor, CT, was calculated for each y position on the pellet, which 
took into account both the amount of scanning volume within the pellet, Cs.v., and the 
attenuation coefficient, Ca.c., as CT = Cs.v. x Ca.c.. The values of the correction factors Cs.v., 
Ca.c. and CT as a function of the y position within the pellet are illustrated in Figure 
A11a. Cs.v. was determined form the variation of the amount of scanning volume 
on the pellet as a function of the y position (Figure A10c). To determine it, it was 
taken into account that the scanning volume, 0.0167 mm3, at the core of the pellet is 
completely on the pellet, as depicted in Figure A10b. The scanning volumes in each 
y position were, then, normalized to this value. To calculate Ca.c., it was assumed that 

Figure A10. (a) Front view of an XZ slice of a pellet with the scanning volume depicted in the 
center (x = z = 0 mm). The scanning volume is represented as the blue diamond-like shape 
with the red dot indicating its center. The distance that the outgoing X-rays should travel 
through is also indicated as “d. to the detector”; (b) top view of a pellet and the scanning 
volume as a function of the y position. (c) d. to detector and amount of scanning volume on 
the pellet as a function of the y position.
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Once the correction factor (CT) as a function of the y position was determined 
(Figure A11a), the raw fluorescence signal of Ni at 7.5 keV (NiKα) in the YT experiments 
was corrected. The 2D maps of the fluorescence signal as a function of T and y 
position presented in Chapter 5 were constructed in this way. Figure A11b illustrates 
the procedure applied. This figure shows the raw fluorescence signal at 7.5 keV (area 
under the fitted curve) as a function of the y position (Sraw) when x = 0 mm. The signal 
is the strongest at the edge because the distance to the detector (d. to detector) is the 
shortest, as depicted in Figure A10c. Moreover, at the edge, the scanning volume on 
the sample is also the smallest. Firstly, if Sraw is corrected for the scanning volume 
(Cs.v.), the signal remains the same in the core of the pellet whilst it became stronger 
at the edges (Sraw x Cs.v. in Figure A11b). If the correction factor for the attenuation 
coefficient is applied, the values Sraw x Cs.v. x Ca.c. are obtained. This signal represents 
the signal that would be measured assuming that there would be no attenuation due 
to the mass thickness. The raw signal profile as a function of y position suggested 
a false Ni egg-shell distribution. Yet, after applying this correction factor CT a less 

at the edges of the pellet, where the d. to the detector was the minimum; i.e. 0.1 mm, 
as illustrated in Figure A10c, this distance was equivalent to 100 % transmission (0 
% attenuation). Then, the d. to the detector for each y position was normalized to 
this value. Finally, CT was calculated as CT = Cs.v. x Ca.c for each y position.

Figure A11. (a) Correction factors Cs.v., Ca.c. and CT as a function of the y position within the 
pellet; (b) Raw fluorescence signal (Sraw) at 7.5 keV of Ni (NiKα) of the [Ni(en)3](NO3)2/γ-Al2O3 

pellet at 500oC as a function the y position (x = 0 mm); and after applying the correction 
factors Cs.v. (Sraw x Cs.v.) and CT (Sraw x Cs.v. x Ca.c.).
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sharp Ni egg-shell distribution is obtained, which is in agreement with the optical 
micrograph of the pellet (Figure 5.6 in Chapter 5).
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Figure A13. TOC illustration from L. Espinosa-Alonso, M. G. O’Brien, S. D. M. Jacques, A. M. 
Beale, K. P. de Jong, P. Barnes, B. M. Weckhuysen, Tomographic Energy Dispersive Diffraction 
Imaging to Study the Genesis of Ni Nanoparticles in 3D within γ-Al2O3 Catalyst Bodies, J. Am. 
Chem. Soc. 2009, submitted.
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