
HAL Id: hal-03129981
https://ifp.hal.science/hal-03129981

Submitted on 3 Feb 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Mathematical modeling and Magnetic Resonance
Imaging experimental study of the impregnation step: A

new tool to optimize the preparation of heterogeneous
catalysts

Leonor Catita, Elsa Jolimaitre, Anne-Agathe Quoineaud, Olivier Delpoux,
Christophe Pichon, Jean-Marc Schweitzer

To cite this version:
Leonor Catita, Elsa Jolimaitre, Anne-Agathe Quoineaud, Olivier Delpoux, Christophe Pichon, et al..
Mathematical modeling and Magnetic Resonance Imaging experimental study of the impregnation
step: A new tool to optimize the preparation of heterogeneous catalysts. Microporous and Mesoporous
Materials, 2021, 312, pp.110756. �10.1016/j.micromeso.2020.110756�. �hal-03129981�

https://ifp.hal.science/hal-03129981
https://hal.archives-ouvertes.fr


1 

 

Mathematical modeling and Magnetic Resonance Imaging experimental study of the 

impregnation step: a new tool to optimize the preparation of heterogeneous catalysts  

L. Catita
a,*

, E. Jolimaitre
a
 A.-A. Quoineaud

b
, O. Delpoux

a
, C. Pichon

a
, J.-M. Schweitzer

a 

a
IFP Energies Nouvelles, Rond-point de l’échangeur de Solaize BP3, 69360 Solaize (France) 

b
Axens North America, 1800 St. James Place, Suite 500, TX 77056 Houston (United States) 

*Corresponding author: leonor.duarte-mendes-catita@ifpen.fr (Tel. +33(0) 4 37 70 32 77) 

Abstract 

Optimization of supported heterogeneous catalysts requires a careful control of their synthesis 

conditions and in particular of the metal impregnation step. This paper presents a theoretical and 

experimental study of both dry and diffusional impregnation of Ni/γ-Al2O3 catalysts. The advanced 

characterization technique Magnetic Resonance Imaging was used to monitor in-situ the 

impregnation step, which provided the necessary information to develop the model. The model 

accurately describes the active phase distribution during impregnation by taking into account 

capillarity (in the case of dry impregnation), diffusion in the fluid phase and adsorption/desorption 

phenomena. It was demonstrated that the adsorption of nickel ions on the alumina surface is 

extremely fast, favoring the removal of metal ions from the fluid phase. As a consequence, the 

limiting step of impregnation is the diffusion of nickel ions in the fluid phase. A good agreement 

between experimental and simulated results was achieved by adjusting only two parameters, 

namely total concentration of the active sites and adsorption equilibrium constant. By neglecting 

capillary action and using the same optimized parameters, the model also allowed describing 

diffusional impregnation, which illustrates its robustness. This model can predict the distribution 

of the active phase in the support as a function of the impregnation conditions and can therefore be 

applied as a new tool to optimize the impregnation step of heterogeneous catalysts.   

Keywords: Adsorption, Alumina, Capillarity, Catalyst, Diffusion, Impregnation, Modeling, 

Magnetic Resonance Imaging (MRI), Nickel, Porous media 
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Abbreviations  

EPMA: Electron Probe Micro Analysis; MRI, Magnetic Resonance Imaging; NMR, Nuclear 

Magnetic Resonance 

Highlights 

 Impregnation step of nickel supported catalysts is studied using an innovative approach 

combining in-situ characterization by Magnetic Resonance Imaging and model simulation 

of the impregnation step.   

 The impregnation model can be applied either in the context of dry or diffusional 

impregnation using  the same optimized parameters, which illustrates its robustness. 

 This model can be used to predict the final metal distribution profile as a function of 

impregnation solution and support properties, which enables a better control of the 

impregnation step of heterogeneous catalysts.  
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Nomenclature 

Parameter Description Units 

* Active site - 

C
b
 Concentration of nickel in the impregnation solution mol.m

-3
 

C
p
 Concentration of nickel in the fluid phase inside the pore mol.m

-3
 

C
*
 Concentration of nickel in the adsorbed phase mol.kg

-1
 

De Effective diffusion coefficient m
2
.s

-1
 

Dm Molecular diffusion coefficient m
2
.s

-1
 

Ds Surface diffusion coefficient m
2
.s

-1
 

e Average thickness  m 

Kads Adsorption equilibrium constant m
3
.mol

-1
 

kads Rate constant for adsorption  m
3
.mol

-1
.s

-1
 

kdes Rate constant for desorption s
-1

 

L Catalyst pellet length m 

qt Total concentration of active sites (OH groups) mol.kg
-1

 

q* Concentration of free active sites (OH groups) mol.kg
-1

 

R Radial coordinate - 

rk Net rate of adsorption reaction  mol.kg
-1

.s
-1

 

Ro Pellet radius m 

Rp Pore radius m 

SBET Specific surface area m
2
.g

-1
 

TR Repetition time s 

tc Contact time with the impregnation solution s 

�̅� Penetration rate of liquid m.s
-1

 

Z Distance travelled by liquid into the pore m 
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Greek letters 

Parameter Description Units 

γ Interfacial tension N.m
-1

 

ε Porosity of the solid - 

θ 

Wetting angle of the wetting 

fluid on the surface of the 

capillary 

rad 

µ Dynamic viscosity Pa.s 

ρs Catalyst structural density kg.m
-3

 

τ Tortuosity - 
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1. Introduction 

Supported metallic catalysts are widely used in heterogeneous catalysis since they provide high 

surface-to-volume ratio, leading to high catalytic activity at low metal loadings. During their 

preparation, support pellets are first impregnated with a solution containing the metal precursors of 

the active phase, followed by a step of ageing and thermal treatments (drying and/or calcination) 

[1]. 

Among these stages, impregnation is the key step for the genesis of the active phase. Depending 

on the operating conditions applied, the metal particle size, the aggregation state and the nature of 

the metal species in interaction with the surface can be modified [2]. A common method used at 

industrial scale to introduce the impregnation solution is dry impregnation, so-called incipient 

wetness impregnation. This method comprises filling the pore volume of the support with the 

corresponding volume of the precursor solution. Impregnation can also be performed in diffusional 

conditions, which consists in pre-filling the pore volume with water before contacting it with the 

impregnation solution (also called “wet” impregnation) [2,3]. 

In dry impregnation, metal-ions are transported into the porous support through capillarity and 

diffusion, while in wet/diffusional impregnation no capillary action occurs and the transport of the 

ions is only done by diffusion. For both methods, metal-surface interactions through electrostatic 

adsorption, formation of inner sphere surface complexes, surface polymerization, precipitation and 

dissolution of the support can take place [4]. Different parameters such as, the quantity of active 

sites, pore space geometry, solution pH, solution viscosity and initial metal concentration can 

affect the metal distribution profile at the end of impregnation.  

A detailed study of the phenomena mentioned above requires the use of precise characterization 

techniques. In the literature, Magnetic Resonance Imaging (MRI) has been applied to monitor in-

situ the impregnation step of supported monometallic catalysts in a non-invasive and non-

destructive manner through an indirect method [5–10]. In this approach, paramagnetic and 

diamagnetic species, such as Ni
2+

,
 
Co

2+
 and Mo

6+
 are extensively used due to their influence on the 

1
H NMR signal of water solvent as image contrast agents. Moreover, MRI yields low acquisition 

times (in the order of seconds to several minutes) and a spatial resolution in the order of tens of 

microns [11]. 
1
H MRI images can also reflect the local concentration of the metal ion leading to 
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quantitative distribution profiles of metal ion inside the catalyst pellet after impregnation. 

Bergwerff et al. [9] provided an empirical relation between 
1
H NMR signal intensity and Co

2+
 

concentration in the impregnation solution. Based on this relation, quantitative Co
2+

 distribution 

plots after impregnation of a γ-Al2O3 were obtained. The same study was performed for the 

quantification of Ni
2+ 

transport in γ-Al2O3 catalysts after impregnation [6]. Yet, none of these 

studies propose a theoretical impregnation model to interpret the experimental data.  

Mathematical models have been reported in the literature to describe dry impregnation. Two main 

approaches are used to describe the capillary stage, based either on the Washburn equation or 

Dracy’s law [12–16]. To describe the diffusion-adsorption mechanism, mass transfer in the pores 

is represented by Fickian diffusion, while adsorption is mainly described by the Langmuir 

equation or by a chemical reaction in the cases of irreversible adsorption [17–19]. Wet/diffusional 

impregnation is described through the diffusion-adsorption mechanism considered above [20–22]. 

Some of these models are coupled with experimental data. However, the active phase distribution 

in the catalyst is always analyzed after the solid has been subjected to a high temperature drying or 

calcination step, which can induce redistribution effects. Moreover, it is not possible to measure 

precisely the dynamics of the concentration front propagation. 

Some studies were specifically dedicated to the impregnation of γ-alumina with aqueous nickel 

solutions. Komiyama et al. [23] described the radial concentration profiles in sphere-shaped 

catalysts and concluded that the initial metal concentration controlled the final distribution profile. 

Assaf et al. [24] proposed a mathematical model of the impregnation process of nickel-on-alumina 

catalysts taking into account capillarity, diffusion in the fluid phase and adsorption of nickel ions. 

They concluded that the concentration of the impregnation solution and the time of contact were 

the two main parameters that impacted the metal distribution profiles. Once again, in both 

examples, one cannot differentiate the thermal treatments effects from the impregnation effects as 

the catalysts were dried and/or calcined. 

The present work focuses on nickel based catalysts supported on γ-Al2O3, since they are widely 

used in heterogeneous catalysis, particularly in hydrogenation reactions. One of the challenges 

during the preparation of these catalysts is to increase the metal dispersion as well as the 

reducibility of Ni
2+ 

species in order to improve the catalytic activity. Both of these phenomena can 
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be controlled during the preparation process, especially during the impregnation step. Therefore, 

understanding the physicochemical phenomena that take place during impregnation and the critical 

parameters that affect this step is essential. 

This study aims to determine the key parameters that control the impregnation of Ni
2+

 solution on 

γ-Al2O3 support using an innovative approach combining in-situ characterization and model 

simulation of the impregnation step.  Hence, 
1
H MRI is applied to follow in-situ the transport 

dynamics of the metal precursor inside the support during two different impregnation protocols : 

dry and diffusional impregnation. Based on the experimental results, a mathematical model that 

can be used either in the context of dry or diffusional impregnation is proposed. The impregnation 

model takes into account the transport of nickel ions by capillary forces (in the case of dry 

impregnation), diffusion into the support pores and adsorption/desorption on the active sites of the 

support.    

2. Materials and Methods 

2.1. Impregnation method 

A pre-shaped γ-Al2O3 support in the form of trilobal extrudate, prepared by kneading-extrusion of 

boehmite powder, with 1.2-1.3 mm diameter and 3-6 mm of length was chosen as support. 

Mercury porosimetry and nitrogen adsorption-desorption methods were applied for textural 

characterization. This support is characterized by a total porous volume of 0.6 cm
3
/g and a specific 

surface SBET of 250 m
2
/g. The tortuosity (𝜏) of the support (equal to 2.5) was determined by 

1
H 

PFG-NMR technique applied to toluene inside the porosity of the support as described in [25]. The 

point of zero charge (PZC) is 8-8.5. 

Nickel nitrate (Ni(NO3)2.6H2O) of 98.5% purity (Sigma-Aldrich, CAS number 13478-00-7) was 

used as the metal precursor. Impregnation solutions were prepared by dissolving the desired 

quantity of the metal precursor in a certain volume of deionized water. The concentration of nickel 

in the impregnation solution ranged from 0.05 to 0.2 M, which corresponds to a %wt of metal 

from 0.25 (0.10 Ni atoms/nm
2
)

 
up to 0.95 (0.39 Ni atoms/nm

2
) in the final nickel-based catalysts. 

The pH of the solutions varied from 5 to 6. 
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The first impregnation method called “dry” impregnation was carried out by contacting a non-

wetted alumina extrudate with the impregnation solution containing the active element for 30s, the 

excess solution being removed by wiping as reported in [10]. Right after impregnation, the catalyst 

pellet was introduced in a capillary tube with 1.7 mm diameter and then in a 5 mm NMR tube, as 

described in Figure 1. The capillary tube ensured that the sample was vertically positioned and 

parallel to the z direction of the main magnetic field and the z gradient of imaging. The diffusion 

process continued inside the NMR tube. This method allows one to be as close as possible to the 

traditional incipient wetness impregnation protocol, even if the volume of impregnation solution 

used here does not exactly correspond to the pore volume of the support. Yet, both protocols 

consist in contacting a non-wetted pellet with an ionic aqueous solution, which implies a first step 

governed by capillary forces. Therefore, the physico-chemical phenomena that take place are the 

same.  

 

Figure 1 – Protocol of “dry” impregnation using a non-wetted support  (closest of the traditional incipient 

wetness impregnation)  

In the second impregnation method used is this work called “diffusional” impregnation, the 

alumina extrudate was first saturated with water (same solvent as the impregnation solution) and 

then contacted with the impregnation solution according to the method described above, as 

represented in Figure 2. 

 

Figure 2 – Protocol of “diffusional” impregnation using a pre-wetted support 



10 

 

2.2. Magnetic Resonance Imaging experiments 

The transport of nickel ions inside γ-alumina was monitored through an indirect approach by 

measuring the 
1
H MRI signal of water inside the porosity of the support. The paramagnetic effect 

of the metal on the 
1
H MRI signal induces contrast in MRI images, which allows visualizing its 

distribution on the porous support.  

MRI experiments were performed in a Bruker Avance 400MHz (
1
H) spectrometer. The 

spectrometer was equipped with a 5mm imaging probe (Micro5) and xyz gradient amplifiers 

(300×300×300 G/cm) at 60A current, which allowed selecting the voxels of interest. Experiments 

were carried out at a temperature of 17°C.  

Axial-oriented 
1
H MRI images were obtained using a Single Point Imaging (SPI) sequence [26] 

with a field of view (FOV) of 3×3×1 mm and 64×64×8 acquisition points, resulting in a voxel size 

of 47 µm× 47 µm×125 µm. A slice thickness of 1 mm was defined. For each MRI experiment, 8 

images were obtained, each one corresponding to a certain position along the z axis of the pellet. 

An excitation pulse of 90° and 22.5 µs was set. The encoding time was defined to 200 µs, while 

the repetition time (TR) was varied from 10 to 20 ms in order to adapt the total scan time to the 

transport rate of nickel ions during impregnation. This resulted in a total scan time between 5 to 11 

minutes. Due to the imposed value of the repetition time, which is lower than T1 relaxation time of 

water protons near nickel ions, images were T1-weigthed. T1 values were determined  using a 

RAREVTR (Rapid Acquisition with Relaxation Enhancement with variable repetition time TR) 

sequence [27].  Proton T1 of pure water inside γ-alumina system was 370 ms, while this value was 

decreased to approximately 15ms in the presence of nickel ions at the lowest concentration used.  

Paravision 5.1 software was used for MRI images acquisition.   

2.3. Electron Probe Microanalysis measurements 

Electron Probe Microanalysis (EPMA) measurements allows one to localize and to carry out a 

semi-quantification of the elements. Before EPMA measurements, catalysts were calcined at 

450°C for 2h. For EPMA analysis, catalysts were embedded in a prepolymerized epoxy resin and 

polished to their diameter. A carbon coating was deposited at the surface of each sample. Analyses 

were performed on a JEOL JXA 8100 electron microprobe at 20 kV and 200 nA. Nickel was 
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quantified using the Kα lines, with a detection limit of 160 ppm. The average distribution profile 

along the cross section was recorded by measuring between three to five different profiles along 

different 3-fold symmetry axes of the pellets. The analysis step was approximately 50 µm, 

excluding the cases where the metal was in an egg-shell profile,  for which an analysis step of 10 

µm in each side of the crust was set. 

2.3. Mathematical modeling of the impregnation step 

The impregnation model developed in this work takes into account the following phenomena: 

capillarity, diffusion in the fluid phase, surface diffusion and surface interaction 

(adsorption/desorption).  

Figure 3 describes the different phenomena involved in both impregnation methods. In the case of 

non-wetted support (dry impregnation protocol), during the contact time between the solution and 

the pellet, the impregnation solution penetrates into the porous support by the action of capillary 

forces. Simultaneously to this convective flow, diffusion of nickel ions in the fluid and in the 

adsorbed phase (surface diffusion) as well as adsorption/desorption of the solute by the pore walls 

also occur. Once the support is removed from the solution, one can consider that the catalyst 

particle is completely wetted. From this step, the transport of solute into the support pores is only 

done by diffusion (in the fluid and adsorbed phase), while adsorption of the solute occurs 

simultaneously. This stage is called the diffusion-adsorption stage.  

In the context of diffusional impregnation, no capillary action takes place, since the support was 

pre-saturated with water before impregnation. Therefore, only the diffusion-adsorption stage is 

considered.  
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Figure 3 – Physicochemical phenomena involved in the impregnation (capillarity only for dry impregnation) 

(adapted from [3]) 

The mathematical model was developed based on the following assumptions:  

a) Due to the difficulty to solve the equations for a trilobic shape, a cylindrical particle with 

an equivalent diameter defined as follows 𝐷𝑒𝑞 =
4.𝑉

𝑆
 (i.e., same volume over external 

surface ratio) was assumed [28]; 

b) The impregnation solution is considered as an incompressible and Newtonian fluid; 

c) Properties of the impregnation solution (surface tension, wetting angle and viscosity) are 

the same as those of water, since nickel diluted solutions were used; 

d) Flow of the impregnation solution in the pore is laminar and therefore, the velocity profile 

can be characterized by Poiseuille’s law; 

e) The gravity force is negligible compared to capillary and friction forces; also the impact 

of air bubbles on the penetration of water for dry impregnation was neglected [29,30];  

f) Only radial concentration gradients inside the pellet are considered (no axial 

concentration gradients); 

g) Diffusive mass transfer inside the particles is represented by Fickian diffusion, with an 

effective diffusion coefficient 𝐷𝑒  in the fluid phase and a surface diffusion coefficient 𝐷𝑠 

in the adsorbed phase. In order to take into account the effect of the porous network in the 

the molecular diffusion regime, the effective diffusion coefficient 𝐷𝑒  is corrected by two 

textural parameters: the porosity ε of the solid and the tortuosity τ as follows : 

𝐷𝑒 =
𝐷𝑚𝜀

𝜏
 (Eq. 1) 



13 

 

 Where 𝐷𝑚 corresponds to the molecular diffusion coefficient of nickel ions ; 

h) According to the acidic pH of impregnation solution, only one type of nickel species is 

presented, namely nickel ions in the form of hexa-aqua complex, [Ni(H2O)6]
2+ 

[31]; 

i) Adsorption of the nickel ions is represented by a first order reversible reaction involving 

two OH surface sites [32] (see (Eq. 2)): 

𝑁𝑖 + 2 ∗ 
𝑘𝑑𝑒𝑠
←   

𝑘𝑎𝑑𝑠
→    𝑁𝑖 ∗2 (Eq. 2) 

Where ∗ represents the active site (OH group), 𝑁𝑖 ∗ corresponds to Ni chemisorbed on two surface 

sites and 𝑘𝑎𝑑𝑠 and 𝑘𝑑𝑒𝑠 refer to the rate constants for adsorption and desorption, respectively. 

j) The total concentration of adsorption sites is 𝑞𝑡; 

k) All surface sites have the same energetics for adsorption;  

l) There is no interaction between adsorbed molecules. 

Thus, the mass balance of nickel ions in the fluid phase along the crossed section area of a 

cylindrical catalyst particle, having a 𝑅𝑜 radius, yields the following equation [33,34]: 

𝜀 ∙
𝜕𝐶𝑝

𝜕𝑡
=
𝐷𝑒
𝑟
∙
𝜕

𝜕𝑟
(𝑟 ∙

𝜕𝐶𝑝

𝜕𝑟
) +

𝜀

𝑟 ∙ 𝜏
∙
𝜕

𝜕𝑟
(𝑟 ∙ �̅� ∙ 𝐶𝑝) + 𝑟𝑘 . 𝜌𝑠. (1 − 𝜀) (Eq. 3) 

Where, 

𝜀 ∙
𝜕𝐶𝑝

𝜕𝑡
 corresponds to the accumulation term, in which ε is the porosity, 𝐶𝑝 is the concentration of 

nickel ions in the fluid phase inside the pore and 𝑡 is time; 

𝐷𝑒

𝑟
∙
𝜕

𝜕𝑟
(𝑟 ∙

𝜕𝐶𝑝

𝜕𝑟
) corresponds to the diffusive term, in which 𝐷𝑒  is the effective diffusion coefficient; 

𝜀

𝑟.𝜏
∙
𝜕

𝜕𝑟
(𝑟 ∙ �̅� ∙ 𝐶𝑝) corresponds to the convective flow, in which τ is the tortuosity of the solid and �̅� 

is the penetration rate of the liquid that is obtained through the Washburn model [35]; this term is 

neglected in the case of diffusional impregnation (�̅� = 0). From the Washburn model one can 

obtain the distance 𝑧(𝑡) that the impregnation solution reaches into the pore as a function of time. 

A detailed description of how z(t) is calculated, is given in Supplementary Data (Appendix A).  

Assuming that at 𝑡 = 0, 𝑧 = 0, one gets:  
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𝑧 = √
𝑅𝑝 ∙ 𝛾 ∙ 𝑐𝑜𝑠𝜃

2 ∙ 𝜇
∙ 𝑡 (Eq. 4) 

with 𝑅𝑝 the pore radius, 𝛾 the surface tension, 𝜃 the wetting angle and 𝜇 the viscosity of the 

impregnation solution. 

In (Eq. 3),  𝑟𝑘 . 𝜌𝑠. (1 − 𝜀) corresponds to the kinetic term, where the net rate of adsorption 𝑟𝑘 is 

given by [33]: 

𝑟𝑘 = 𝑘𝑎𝑑𝑠𝐶
𝑝 𝑞∗

2 − 𝑘𝑑𝑒𝑠𝐶
∗    (Eq. 5) 

where, C
*
 is the concentration of nickel in the adsorbed phase. 

At equilibrium, the net rate of adsorption is zero (𝑟𝑘 = 0). Therefore, the adsorption equilibrium 

constant 𝐾𝑎𝑑𝑠 is given by: 

𝐾𝑎𝑑𝑠 =
𝑘𝑎𝑑𝑠
𝑘𝑑𝑒𝑠

=
𝐶∗

𝐶𝑝𝑞∗
2
=

𝐶∗

𝐶𝑝(𝑞𝑡 − 2𝐶∗)2
 (Eq. 6) 

 

 

Note that (Eq. 6) cannot be expressed in the form of the Langmuir adsorption isotherm since two 

surface sites are involved during adsorption.  

For the mass balance in the adsorbed phase (see (Eq. 7) [34]), the effective diffusion coefficient De 

is replaced by the surface diffusion coefficient (𝐷𝑠). 

𝜕𝐶∗

𝜕𝑡
=
𝐷𝑠
𝑅𝑜

∙
𝜕

𝜕𝑟
(𝑟 ∙

𝜕𝐶∗

𝜕𝑟
) + 𝑟𝑘 (Eq. 7) 

The boundary conditions at the center of the pellet are: 

𝜕𝐶𝑝

𝜕𝑟
|
𝑟=0

= 0, ∀ 𝑡  

𝜕𝐶∗

𝜕𝑟
|
𝑟=0

= 0, ∀ 𝑡  

At the surface of the pellet (i.e, outside of the pores), the boundary conditions depend on the 

impregnation stage: 
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 First stage (contact with the impregnation solution): 𝐶𝑝|𝑟=𝑅𝑜 = 𝐶𝑏 , ∀ 𝑡, where 𝐶𝑏 is the 

concentration of nickel in the impregnation solution. 

 Second stage (after retrieving the pellet from the impregnation solution): 

 𝐶𝑝|𝑟=𝑅𝑜 = 0, ∀𝑡 

𝜕𝐶𝑝

𝜕𝑟
|
𝑟=𝑅𝑜

= 0, ∀𝑡 

The initial conditions for the first stage (contact with the impregnation solution) are: 

𝑡 = 0:  {
𝑧 = 0

𝐶∗ = 0, ∀ 𝑟
𝐶𝑝 = 0, ∀ 𝑟 

 

The initial conditions for the second stage (𝑡 > 𝑡𝑐, where 𝑡𝑐 is the contact time with the 

impregnation solution) are simply the state of the system at the end of the first stage. 

Material balances were solved using a cylindrical discretization meshing. The size of the 

equivalent cylindrical particle depends on the equivalent diameter that respects the volume-to-

surface (V/S) ratio. Simulations were made for each time step needed to acquire an MRI image. 

3. Results  

3.1. MRI experimental measurements  

Figure 4 shows the 
1
H MRI images recorded on γ-alumina pellets at several points in time after dry 

impregnation with various nickel concentrations. These images show T1 contrast, which exhibits 

the water 
1
H signal influenced by Ni

2+
 ions in the neighborhood of water molecules. As a 

consequence, the dark area corresponds to a low concentration of metal ion (T1 longer - weak 
1
H 

signal intensity), while the bright area (shown in orange) corresponds to a higher concentration of 

these ions (T1 shorter - strong 
1
H signal intensity). Initially, nickel ions are only observed close to 

the edges of the pellet. As time elapses, an evolution of the bright area is observed, which 

corresponds to a progression of Ni
2+

 ions inside γ-alumina. In these examples, a non-uniform 
1
H 

MRI signal is observed in the entire pellet even after several hours of impregnation with 0.05M 

[Ni
2+

] solution, which is interpreted as an egg-shell distribution of nickel ions. On the contrary, for 

a 0.2M [Ni
2+

] solution, a homogeneous metal profile is observed.  
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Figure 4 – 1H MRI images recorded on γ-alumina pellets at several points in time after dry impregnation with 

(a) 0.05M [Ni2+] (b) 0.08M [Ni2+] (c) 0.1M [Ni2+] and (d) 0.2M [Ni2+] solutions. These images correspond to 

the center of the pellet.  

As expected, the transport of Ni
2+

 ions is favored by high metal concentrations in impregnation 

solution. These MRI experiments suggest that: in a first stage, the water solvent is transported 

together with the metal ions into the empty pores by capillary flow and diffusion. This observation 

is in agreement with the study of Espinosa et al. [6]. Second, surface interaction is not negligible 

as it seems to hamper the transport of the metal ions through the porous support. Such interaction 

can be a result of an adsorption reaction through the formation of covalent bonds. 

1
H MRI images were also acquired at different extrudate lengths along the z-axis as illustrated in 

Figure 5.  In order to avoid the influence of “edge effects” of the pellet on the MRI image, these 

slices were obtained close to the pellet center, which explains the similarity of the images. One can 

observe that close to the pellet center, the axial concentration profiles remain constant regardless 

the position in the z axis, proving the assumption that the transport of nickel ions mainly takes 

place in the radial direction.  
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Figure 5 - 1H MRI images corresponding to transport of 0.05 M [Ni2+] solution within the porosity of a γ-

Al2O3 pellet at different positions along the z axis (z=0 corresponds to the pellet center) after 11 minutes of 

dry impregnation (L corresponds to the pellet length) 

Additionally, for dry impregnation experiments, the radial intensity profiles of the MRI images 

were compared with the average concentration profiles obtained by EPMA (see Supplementary 

Data – Appendix B). Both techniques show the presence of nickel ions in the same positions of the 

catalyst pellet regarding the spatial resolution of each technique. 

Impregnation was also carried out with pre-wetted supports. Figure 6 shows 
1
H MRI images 

obtained from a pre-wetted extrudate after impregnation with 0.1M [Ni
2+

] solution at several 

points in time. The results show that in diffusional conditions the transport of nickel ions into the 

porosity is much slower than in dry conditions (see Figure 4 (c)).  

 

Figure 6 - 1H MRI images recorded on γ-alumina pellet at several points in time after diffusional 

impregnation with 0.1M [Ni2+] solution. These images correspond to the center of the pellet. 

3.2. Model implementation 

3.2.1. Evaluation of the mass transfer limiting steps  

The textural properties of the support, the fluid phase properties and the molecular diffusion of 

nickel ions in water were evaluated using classical characterization techniques or extracted from 

literature. Their values are reported in Table 1.  
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Table 1 – Characteristic parameters for simulation of impregnation profiles 

Parameter Value 

Pellet radius, 𝑹𝒐 (m) 0.00056 

Pellet length, 𝑳 (m) 0.0045 

Pore radius, 𝑹𝒑 (m) 4.7 × 10
-9 

Porosity, 𝜺  0.65 

Structural density, 𝝆𝒔 (kg/m
3
) 3600 

Tortuosity, 𝝉  2.5 

Surface tension, 𝜸 (N.m) 72 × 10
-2 

[36] 

Viscosity, µ (Pa.s) 1 × 10
-3 

[36] 

Wetting angle, 𝜽 (rad) 1.05 [36] 

Molecular diffusion coefficient of nickel 

ions, 𝑫𝒎 (m
2
/s) 

7.05 × 10
-10 

(at 25°C)
 
[37] 

Regarding (Eq. 3), (Eq. 6) and (Eq. 7), four other parameters required for simulation of 

impregnation profiles are still unknown: rate constant for adsorption 𝑘𝑎𝑑𝑠, surface diffusion 

coefficient 𝐷𝑠, adsorption equilibrium constant 𝐾𝑎𝑑𝑠 and total concentration of the active sites 𝑞𝑡. 

(Eq. 4) was used to predict the advancing front of water during the capillary stage. Figure C.1 in 

Supplementary Data indicates that after only 4 seconds of impregnation, water is already present in 

the entire porosity, showing that capillarity is nearly an instantaneous phenomenon. Even so, 

experimental results reported in Figure 4 show an egg-shell profile of nickel ions after several 

minutes of impregnation. The fact that nickel ions are not transported together with the capillary 

flow of water can be explained by an extremely fast adsorption reaction. For this reason, the rate 

constant for adsorption 𝑘𝑎𝑑𝑠 can be considered as non-limiting and therefore a very high value of 1 

m
3
/(kg.s) was assumed. 

Based on these results, impregnation seems to be limited either by surface diffusion of nickel in 

the adsorbed phase or diffusion of nickel ions in the fluid phase. 
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In order to investigate in more detail the presence of a surface diffusion mechanism, simulations 

were carried out to obtain the concentration profiles in the adsorbed and fluid phases with and 

without surface diffusion. Figure 7 and Figure 8 report the model predictions for nickel 

concentration profiles after 11h of dry impregnation with a 0.05M [Ni
2+

] solution. For these 

simulations, surface diffusion coefficient (𝐷𝑠) was considered equal to 10−12 𝑚2/𝑠, while random 

(not optimized) values of adsorption equilibrium constant 𝐾𝑎𝑑𝑠 and total concentration of the 

active sites 𝑞𝑡 were used. Regardless the values of (𝑞𝑡, 𝐾𝑎𝑑𝑠), one can observe that in the presence 

of surface diffusion, nickel concentration profiles in the adsorbed and fluid phase are broadened, 

while in the absence of this mechanism, sharp profiles are obtained. These results emphasize the 

totally different behavior of the system depending on the limiting mass transfer mechanism: 

 When surface diffusion is very slow, the dynamics of the system is solely controlled by 

fluid phase diffusion. However, the effective fluid phase diffusion coefficient is impacted 

by adsorption: molecules that diffuse towards the center of the pellet are immediately 

adsorbed on the surface, which slows down the advance of the concentration front. 

Hence, the effective diffusivity is much smaller than the molecular diffusivity. The same 

effect can be encountered for the diffusion in macro/mesopores surrounding nanocrystals 

of zeolites [38]. 

 If surface diffusion is non-negligible, then both the adsorbed and the fluid phase follow 

the normal trend for diffusion phenomena: the molecules in both phases diffuse until the 

concentration gradients (i.e. the driving force for diffusion) get negligible, that is, until 

the concentration is homogeneous at any position in the pellet. Yet, it should be 

mentioned that the adsorption equilibrium constant could slow down the advance of the 

concentration front in both cases.  

Consequently, the experimental results in Figure 4 (a), which depicts a “frozen” stiff concentration 

front located in a thin layer at the support surface are not compatible with a surface diffusion 

mechanism.  
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Figure 7 - Model simulations for nickel concentration profiles after 11h of dry impregnation using 0.05M 

[Ni2+] solution: metal concentration profiles in the (a) adsorbed and (b) fluid phase as a function of the pellet 

radius with and without surface diffusion  (𝒒𝒕, 𝑲𝒂𝒅𝒔)=(0.11, 5500)  

 

Figure 8 - Model simulations for nickel concentration profiles after 11h of dry impregnation using 0.05M 

[Ni2+] solution: metal concentration profiles in the (a) adsorbed and (b) fluid phase as a function of the pellet 

radius with and without surface diffusion (𝒒𝒕, 𝑲𝒂𝒅𝒔)=(0.05, 41833) 

Therefore, the controlling mechanism of impregnation process is the diffusion of nickel ions in the 

fluid phase. The effective diffusivity (𝐷𝑒) depends on the molecular diffusion of nickel ions (𝐷𝑚), 

tortuosity (𝜏) and the concentration of metal ions in the fluid phase (𝐶𝑝). The latter is strongly 

affected by the total concentration of the active sites (𝑞𝑡) and the adsorption equilibrium constant 

(𝐾𝑎𝑑𝑠). Among these parameters, only 𝑞𝑡 and 𝐾𝑎𝑑𝑠 were unknown. These parameters were 

estimated from the comparison of experimental nickel distribution profiles observed in MRI 

images with those obtained from the impregnation model as explained in the following section. 
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Additionally, as can be seen in Figure 7 and Figure 8, the concentration profiles in the adsorbed 

and fluid phase are similar. As a result, for the following simulations only the global position of 

the front will be shown. 

3.2.2. Parameter estimation 

𝑞𝑡 and 𝐾𝑎𝑑𝑠 were obtained by optimizing the best fitting of experimental and simulation results of 

the average thickness profile (𝑒) ensuring a normal distribution of residuals with minimization of 

the objective function presented in (Eq. 8): 

∑(𝑒𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 − 𝑒𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙)
2
 (Eq. 8) 

Five experiments for both dry and diffusional impregnation were used for parameter estimation 

and two experiments were used for parameter validation. 

The optimal values of 𝑞𝑡 and 𝐾𝑎𝑑𝑠 were estimated based on a three steps optimization procedure. 

The variation range (minimal and maximal values) were fixed using preliminary simulations. First, 

a latin hypercube simulation design was implemented, in order to explore the input parameter 

space and evaluate the sensitivity of the objective function with respect to the two parameters. 

Then, a response surface of the objective function was built from the simulation results obtained 

on the design, and finally an optimization procedure was performed on this response surface in 

order to obtain the optimal parameter values that minimize the objective function (see Table 2). 

This procedure allows one to save computational time by reducing the number of simulations: the 

optimization procedure is very fast due to the use of the response surface in replacement of the 

simulator. All this procedure was implemented using an IFPEN in-house optimization tool [39]. 
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Table 2 – Design plan of simulation and optimization results  

Latin hypercube design simulations 

𝒒𝒕 (mol.kg
-1

) 𝑲𝒂𝒅𝒔 (m
3
.mol

-1
) 

∑(𝒆𝒔𝒊𝒎𝒖𝒍𝒂𝒕𝒊𝒐𝒏

− 𝒆𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍)
𝟐
 

0.05 41833 0.93 

0.075 1000 0.47 

0.0856 25914 0.09 

0.1 25500 0.07 

0.125 50000 0.12 

0.15 9167 0.34 

0.175 33667 0.57 

0.2 17333 0.73 

Optimal parameters from surface response modeling 

𝒒𝒕 (mol.kg
-1

) 𝑲𝒂𝒅𝒔 (m
3
.mol

-1
) 

∑(𝒆𝒔𝒊𝒎𝒖𝒍𝒂𝒕𝒊𝒐𝒏

− 𝒆𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍)
𝟐
 

0.11 5500 0.06 

Figure 9 shows the model predictions (using optimal parameters) for nickel distribution profiles at 

several points after dry impregnation for various nickel concentrations, whereas Figure 10 

illustrates model simulations for diffusional impregnation. 
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Figure 9 – Model predictions using optimal parameters for nickel distribution profiles at several points in 

time after dry impregnation for various nickel concentrations. 

 

Figure 10 - Model predictions using optimal parameters for nickel distribution profiles at several points in 

time after diffusional impregnation for 0.1M [Ni2+]. 

Figure 11 shows the comparison between simulated data (continuous line) and experimental 

results (points) obtained by MRI, for the average thickness profile of nickel ions along the radial 

distance in the pellet. The tendencies are globally respected: the higher the concentration, the 

faster the nickel concentration front penetrates into the extrudate. Also, the model predicts well the 

slower kinetic for diffusional impregnation compared to dry impregnation (respectively the purple 

and orange curves). However, some discrepancies can be seen, particularly for intermediate 
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concentrations. This can be probably be explained for instance by an over simplification of the 

adsorption equilibrium constant, as discussed further on. 

 

Figure 11 – Comparison between experimental and simulated data using optimal parameters (𝒒𝒕, 𝑲𝒂𝒅𝒔) = 

(0.11, 5500) in case of (a) dry impregnation for different nickel concentrations: 0.05M [Ni2+] (in grey), 0.08M 

[Ni2+] (in green), 0.1M [Ni2+] (in orange), 0.2M [Ni2+] (in blue) and (b) diffusional impregnation with 0.1M 

[Ni2+] (in purple) 

Table 3 summarizes the parameters obtained through model simulations.  

Table 3 – Model parameters 

Parameter Value 

𝒌𝒂𝒅𝒔 (m
3
/(kg.s)) 1 

𝑫𝒔 (m
2
/s) 0 

𝒒𝒕 (mol/kg) 0.11 

𝑲𝒂𝒅𝒔 (m
3
/mol) 5500 

3.3. Validation of the impregnation model 

The parameters reported in Table 1 and Table 3 were used to validate the impregnation model. 

Figure 12 and Figure 13 illustrate the 
1
H MRI images recorded on γ-Al2O3 extrudates at several 
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points in time after dry impregnation with 0.07M [Ni
2+

] solution and after diffusional impregnation 

using 0.2M [Ni
2+

] solution together with the corresponding model simulations. The evolution of 

nickel distribution profiles show the same trend both in experimental and simulated results. For 

both examples, non-uniform profiles were obtained, which is evidenced by a higher intensity near 

the edges, corresponding to the presence of nickel ions and a low signal near the core of the pellet 

(absence of nickel ions). 

 

Figure 12 – 1H MRI images at the center of the pellet (top) and model simulations (bottom) recorded on γ-

Al2O3 support at several points in time after dry impregnation with 0.07M [Ni2+] solution 

 

Figure 13 - 1H MRI images at the center of the pellet (top) and model simulations (bottom) recorded on γ-

Al2O3 support at several points in time after diffusional impregnation with 0.2M [Ni2+] solution 

It should be noted that the same parameters predict the metal distribution profile for both dry and 

diffusional impregnation, which illustrates the robustness of the model.  

3.4. Model parametric sensitivity 

The impact of the two parameters 𝑞𝑡 and 𝐾𝑎𝑑𝑠 on the objective function (Eq. 8) is depicted in 

Figure D.1 in Supplementary Data. Whereas the objective function displays a clear minimum for 
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parameter 𝑞𝑡, it is not the case for the adsorption equilibrium parameter 𝐾𝑎𝑑𝑠. Therefore, the  

parameters 𝑞𝑡 and 𝐾𝑎𝑑𝑠 were varied of respectively 10% and 50% in order to analyze their 

influence on the nickel distribution profiles. Figure 14 and Figure 15 show the results of these 

simulations for the case of dry impregnation with a 0.05M [Ni
2+

] solution.  

According to Figure 14, a variation of only 10% of 𝑞𝑡 (represented in orange) significantly impacts 

the nickel distribution profile. By decreasing 𝑞𝑡, the average profile thickness of the advancing 

front of nickel ions increases. Indeed, for low values of 𝑞𝑡, more nickel ions remain in the fluid 

phase, which favors their transport inside the pellet. On the contrary, the variation of 𝐾𝑎𝑑𝑠 has only 

a very small impact on the distribution profiles (see Figure 15).  

 

Figure 14 – Simulations of nickel distribution profiles for dry impregnation with 0.05M [Ni2+] obtained by 

varying the optimal 𝒒𝒕 (represented in grey) in ± 10% (represented in orange : solid line corresponds to -10% 

and the dashed line to +10%) and in ± 50% (represented in blue: solid line corresponds to -50% and the 

dashed line to +50%). The points in grey correspond to the experimental data. For these simulations 𝑲𝒂𝒅𝒔 = 

5500 m3.mol-1. 
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Figure 15 - Simulations of nickel distribution profiles for dry impregnation with 0.05M [Ni2+] obtained by 

varying the optimal 𝑲𝒂𝒅𝒔 (represented in grey) in ± 50% (represented in blue: solid line corresponds to -50% 

and the dashed line to +50%). Simulations for irreversible adsorption (in purple) and neglecting adsorption 

(in green) are also shown.  The points correspond to the experimental data. For these simulations 𝒒𝒕 = 0.11 

mol.kg-1.  Simulations by varying the 𝑲𝒂𝒅𝒔 in  ± 10% are not shown here: no influence was observed in this 

range of variation.  

Still, one can see in Figure 15 that for irreversible adsorption (represented in purple), the model 

predicts no evolution of the concentration front with time, in contradiction with experimental 

observations. And, as expected, neglecting adsorption (represented in green) induces a too much 

faster progress of the concentration front towards the pellet center. Hence, even though the value 

of 𝐾𝑎𝑑𝑠 cannot be accurately evaluated from these experiments, it is clear that the adsorption 

isotherm is highly favorable but not irreversible. 

4. Discussion 

Overall, a satisfactory agreement between experimental and simulated data is achieved, meaning 

that most of the hypotheses adopted in the model are verified within the experimental conditions 

studied. The proposed model demonstrates that the limiting impregnation step is the effective 

diffusion of nickel ions in the fluid phase, which is strongly impacted by the adsorption of nickel 

ions on the surface. As also observed experimentally, the model demonstrates that by increasing 
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the metal concentration in the pores, nickel ions migrate deeper within the pellet, eventually 

reaching the pellet center. The metal concentration can be increased by preparing a more 

concentrated impregnation solution or by choosing the dry impregnation mode. Indeed, capillary 

forces push a large amount of nickel forward during the first seconds after contacting the non-

wetted pellet with the aqueous solution. Thus, the initial nickel concentration in the pores provides 

the necessary driving force to overcome the competition between adsorption and bulk diffusion.  

The differences observed between the average thickness profile of nickel ions obtained from 

simulated and experimental data in Figure 11 can be attributed to several simplifying assumptions 

adopted for the mathematical modeling of the impregnation step. These can be firstly attributed to 

the simplification of a cylindrical geometry instead of a trilobic geometry of the catalyst.  

Secondly, the quadratic form of the kinetic term in (Eq. 5), which is a direct consequence of the 

assumption that one nickel ion Ni
2+

 occupies two OH
-
 sites (see (Eq. 2)) on the alumina surface, 

induces an “non-classical” adsorption isotherm shape, i.e. different from the well-known isotherms 

such as Langmuir or Freundlich. Moreover, this assumption does not take into account the 

constrain that the two OH
- 
groups have to be located in close proximity, so that the Ni

2+
 cation can 

link to both of them. 

Thirdly, the optimal value found for the total concentration of adsorption sites corresponds to a 

surface density of 0.26 OH groups/nm
2
, which is lower than the surface OH coverage known for γ-

alumina. According to Digne et al. [40], γ-alumina surface exhibits a preferentially exposed (110) 

surface with a surface OH coverage of approximately 11.8 OH/nm
2
 at 573K, whereas the (100) 

plane of γ-alumina exhibits a surface coverage of 8.8 OH/nm
2
 at the same temperature. In the 

present study, the OH surface coverage should be even higher as impregnation was performed in 

an aqueous medium and at ambient temperature. These results suggest that not all the OH groups 

contribute to the adsorption reaction, which indicates a selective affinity of nickel ions for the γ-

alumina OH sites depending on their nucleophilic character.  

It has commonly been assumed in the literature that alumina surface is characterized by a strong 

heterogeneity of OH groups, each of them with their own chemical environment and adsorption 

properties (namely, enthalpy of adsorption) [41]. Upon impregnation with an acidic solution, 
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surface charge of γ-alumina is slightly positive as a result of protonation of hydroxyl groups. Due 

to the buffering effect of alumina, the pH of the solution inside the pores tends to rise towards a 

value of 8, according to the point of zero charge of support. According to the MUSIC model 

proposed by Hiemstra et al. [42], for a pH approximately equal to 8, negatively charged OH 

groups ([(AlOh)OH2]
-0.25

) and neutral ([(AlOh)2OH]) predominate in the (110) surface of γ-alumina, 

even if some protonated OH groups are still present ([(AlOh)OH2]
+0.5

) [43,44]. Therefore, the 

optimal value found for 𝑞𝑡 seems to correspond to the quantity of the most reactive OH basic and 

neutral sites, which are responsible for the formation of covalent bonds with nickel ions [32,45–

48]. Note that in Figure 11, model simulations are closer to experimental data for low nickel 

concentrations (0.05M [Ni
2+

]). Apparently only one type of surface sites contribute to the 

adsorption reaction in the case of 0.05M [Ni
2+

], which explains the good agreement between 

experimental and simulation results. For higher concentrations, the slight discrepancies observed 

indicate that different types of surface OH sites are involved in the adsorption reaction.   

In line with these findings, one can conclude that the optimal value found for 𝐾𝑎𝑑𝑠 rather 

corresponds to an average value of each 𝐾𝑎𝑑𝑠 characteristic of each OH group. It should be noted 

that even assuming an average value of 𝐾𝑎𝑑𝑠, a good agreement between experimental and 

simulated data was achieved.  

Based on the impregnation model, the following description of the phenomena that take place 

during dry impregnation of nickel based catalysts is proposed. During the contact time between 

impregnation solution and the support, water travels into the entire porosity of the support thanks 

to capillary action. Nickel ions in the form of hexa-aqua complexes [Ni(H2O)6]
2+

 are not 

transported together with the capillary flow of water due to a fast adsorption reaction. First, metal 

ions are adsorbed by exchanging one or more water ligands of the [Ni(H2O)6]
2+ 

complex
 
with the 

most reactive surface oxygen atoms of the negatively charged group (AlO
-
) leading to inner-sphere 

surface complexes. Besides, deprotonation reaction of one adjacent neutral hydroxyl group occurs 

in order to stabilize Ni
2+

 ions through the formation of ion-pairs (Ni
2+

-O
-
Al) [32]. The large value 

of 𝐾𝑎𝑑𝑠 estimated by the model explains the removal of nickel ions of the fluid phase. Second, 

nickel ions can be electrostatically adsorbed in the less reactive OH basic sites (having a weaker 

nucleophilic character). In the diffusive layer, [Ni(H2O)6]
2+ 

ions diffuse according to their 
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concentration gradient. One can conclude that impregnation is governed by the available nickel 

ions that remain in the fluid phase. Thus, for low nickel concentrations, egg-shell profiles are 

obtained. For more concentrated solutions, more nickel ions are available to diffuse within the 

support and eventually reach the pellet center.  

In case of pre-wetted supports, the main difference in relation to non-wetted supports is the 

quantity of nickel ions that penetrate into the pellet. For the same nickel concentration in the 

impregnation solution, the quantity of nickel introduced in the support will be much higher in the 

case of dry impregnation because part of the metal ions will be transported by capillarity into the 

pores along with water. For diffusional impregnation, nickel ions penetrate into the pores only by 

diffusion, which is a much slower process than capillarity, therefore the total quantity of nickel 

ions deposited in the support is smaller. Therefore, the impregnation method (i.e., the absence or 

presence of capillarity) directly impacts the diffusion flux and consequently, the final distribution 

profile: since the quantity of nickel ions that penetrates into the support is higher for non-wetted 

supports, and knowing that the concentration gradient is the driving force for diffusion, the 

diffusive flux will be higher for dry impregnation. This results in a thicker final distribution profile 

for the same nickel concentration in the impregnation solution as illustrated by MRI results in 

Figure 4 (c) and Figure 6. Besides this difference in the rate of the diffusion flux,  the same surface 

interaction phenomena described for dry impregnation are also valid for diffusional impregnation. 

Figure 16 shows a schematic picture of the different types of nickel-alumina surface interactions 

based on the Three Layer Model [49]. 
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Figure 16 - Schematic picture about phenomena that take place in the interface region during impregnation of 

γ-alumina with a nickel solution: diffusion in the fluid phase and surface interaction (electrostatic interaction 

and chemical adsorption) using Three Layer Model (adapted from [4,32,50]) 

Finally, the parametric sensitivity of the mathematical model shows that the concentration of 

adsorption groups (𝑞𝑡) is the key parameter to control the final metal distribution profile. An 

increase in 𝑞𝑡 favors the removal of metal ions from the fluid phase decreasing the available nickel 

ions to diffusive through the pellet. Therefore, the overall mass transfer decreases and non-uniform 

nickel profiles are obtained.  

5. Conclusion 

In this study, a mathematical model to describe impregnation process of Ni/γ-Al2O3 catalysts was 

developed based on in-situ characterization using Magnetic Resonance Imaging. The proposed 

model couples the phenomena of capillarity, bulk diffusion and adsorption/desorption kinetics. A 

good agreement between experimental and simulated data was achieved using only two adjustable 

parameters (total concentration of the active sites of the support and adsorption equilibrium 

constant). By neglecting the contribution of the Washburn model and using the same optimized 
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parameters, the same model describes well diffusional impregnation, which illustrates its 

robustness.  

Model predictions showed that the controlling mechanism of the impregnation process is the 

diffusion of nickel ions in the fluid phase, while the total concentration of the active sites is the key 

parameter that rules the final nickel distribution profile within the support  pellet.  

The present model can be applied to improve the impregnation step of the nickel based catalysts, 

in a way that generates the appropriate active phase profile, which can be either uniform or limited 

at the outer shell of the support, depending on the catalytic reaction. Also, the model can be used 

to optimize the support properties (surface and textural properties) according to the desired final 

metal distribution profile.  

Finally, the impregnation model can be extended to more complex impregnation solutions 

(bimetallic solutions containing or not organic additives) taking into account a competitive 

adsorption phenomenon and a precise characterization of the nature of the different OH surface 

sites of alumina. This extended model will be a very useful tool to highlight the key parameters 

and physicochemical phenomena that control the impregnation process of such complex solutions.  
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Supplementary Data 

Appendix A 

Upon dry impregnation, replacement of fluid inside the pore space (called capillary) by 

impregnation solution takes place through the action of capillary forces. Figure A. 1 shows a 

schematic picture of a cylindrical pore with radius Rpore in contact with the impregnation solution.  

 

Figure A. 1 - Capillary in contact with wetting fluid 

The evolution of the distance travelled by the liquid into the pore (z) as a function of time (t) 

depends on three different forces: capillary force, �⃗�𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 , friction force , �⃗�𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛  and gravity 

force, �⃗⃗�, which is negligible compared to the first ones [1]. 

The formation of bubbles that can occur in closed end pores was neglected (the gas phase is 

supposed to evacuate instantly from the pores). 

The following paragraphs explain how to obtain z(t) based on Washburn model. 

The linear momentum balance with respect to a control volume is given by the following equation 

[1]: 

(𝑆𝑢𝑚 𝑜𝑓 𝑓𝑜𝑟𝑐𝑒𝑠 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒)

= (𝑅𝑎𝑡𝑒 𝑜𝑓 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 𝑜𝑢𝑡 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒)

− (𝑅𝑎𝑡𝑒 𝑜𝑓 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 𝑖𝑛𝑡𝑜 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒)

+ (𝑅𝑎𝑡𝑒 𝑜𝑓𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 𝑤𝑖𝑡ℎ𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒) 

Eq. A. 1 

 

Recalling the conservation of linear moment and Newton’s second law, Eq. A. 1 results in:  

∑�⃗� =
𝑑(𝑚. �⃗�)

𝑑𝑡
 

Eq. A. 2 

Where,  
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Σ�⃗� is the sum of forces acting on control volume,  

𝑚 corresponds to mass,  

𝑣 ⃗⃗⃗ ⃗ corresponds to velocity   

𝑡 stands for time.  

The evolution of the solution front is a result of capillary and friction forces Eq. A. 2 can be 

written as: 

𝑑(𝑚. �⃗�)

𝑑𝑡
= �⃗�𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 + �⃗�𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛  

Eq. A. 3 

Capillary force applied in the cross section (S) of the cylindrical pore is based on Young-Laplace 

equation (∆𝑃𝐿𝑎𝑝𝑙𝑎𝑐𝑒) and is defined in Eq. A. 4. 

𝐹𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 = ∆𝑃𝐿𝑎𝑝𝑙𝑎𝑐𝑒 ∙ 𝑆 =
2 ∙ 𝛾 ∙ 𝑐𝑜𝑠𝜃

𝑅𝑝𝑜𝑟𝑒
∙  𝜋 ∙ 𝑅𝑝𝑜𝑟𝑒

2  ↔ Eq. A. 4 

𝐹𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 = 2 ∙ 𝜋 ∙ 𝑅𝑝𝑜𝑟𝑒 ∙ 𝛾 ∙ 𝑐𝑜𝑠𝜃 Eq. A. 5 

Where,  

𝑅𝑝𝑜𝑟𝑒 stands for the pore radius,  

𝛾 is the interfacial tension, 

𝜃 is the wetting angle of the wetting fluid on the surface of the capillary.  

To define the friction force, a linear momentum balance within the control volume schematized in 

Figure A. 2, which represents the section of a cylindrical tube of radius R and length L is required. 

The following assumptions are adopted [51]: 

 Incompressible, continuous, Newtonian and viscous fluid flowing at steady state 

within a cylindrical tube  

 Fully developed fluid, which means that velocity profile does not change along the 

flow direction (in this case, z)  

 

Figure A. 2 - Control volume for a flow within a cylindrical tube of radius R [51] 

r r+dr t

t+dt

z

P1 P2
v

𝑅𝑝𝑜𝑟𝑒
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The momentum balance equation is based on Eq. A. 1. Since the velocity profile does not change 

along z direction, the resulting force acting on the system is zero. This resulting force is composed 

of: 

 Viscous friction forces (related with shear stress tensor τ), due to radial motion of 

momentum at a molecular scale 

 Pressure forces (P) exerted at the extremities  

 Gravity force, which is negligible compared to the first ones [51] 

Additionally, the accumulation term is also zero.  

Therefore, the linear momentum balance with respect to the control volume schematized in Figure 

A. 2 is given in Eq. A. 6. 

(𝑃1 − 𝑃2) ∙ 2 ∙ 𝜋 ∙ 𝑟 ∙ 𝑑𝑟 + 2 ∙ 𝜋 ∙ 𝑟 ∙ 𝑧 ∙ 𝜏 − 2 ∙ 𝜋 ∙ (𝑟 + 𝑑𝑟) ∙ 𝑧 ∙ (𝜏 + 𝑑𝜏) = 0 Eq. A. 6 

With, 

𝜏 + 𝑑𝜏 = 𝜏 +
𝑑𝜏

𝑑𝑟
𝑑𝑟 Eq. A. 7 

Rearranging Eq. A. 6 the following relation (Eq. A. 8) is obtained, where ∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝑃1 − 𝑃2: 

𝑑(𝑟 ∙ 𝜏) =
∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 ∙ 𝑟 ∙ 𝑑𝑟

𝐿
 Eq. A. 8 

Where, 

𝜏 =
∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 ∙ 𝑟

2𝐿
+
𝐶𝑡𝑒

𝑟
 Eq. A. 9 

The first boundary condition is given by:  

𝑟 = 0: 𝜏 ≠ ∞  

Thus, shear stress is defined in the following equation. 

𝜏 =
∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 ∙ 𝑟

2𝐿
 Eq. A. 10 

This relation is valid for all viscous fluids in laminar flow in a cylindrical tube. As one of the 

hypothesis stated is that the fluid is a Newtonian one, the shear stress is given by: 

𝜏 = −𝜇 ∙
𝑑𝑣

𝑑𝑟
 Eq. A. 11 

Where,  

𝜇 is the shear viscosity of the fluid  



41 

 

𝑑𝑣 𝑑𝑟⁄  is the velocity gradient that corresponds to the deformation rate of a fluid element. 

Combining Eq. A. 10 and Eq. A. 11 and integrating between radius, r and pore radius, Rpore: 

∫ 𝑑𝑣
𝑣𝑤𝑎𝑙𝑙

𝑣𝑟

= ∫ −
𝑅𝑝𝑜𝑟𝑒

𝑟

∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 ∙ 𝑟 ∙ 𝑑𝑟

2 ∙ 𝜇 ∙ 𝑧
 Eq. A. 12 

To solve integral given by Eq. A. 12, a second boundary condition is necessary.  

𝑟 = 𝑅𝑝𝑜𝑟𝑒: 𝑣 = 0 

Therefore, Eq. A. 12 gives: 

𝑣(𝑟) =
∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛

4 ∙ 𝜇 ∙ 𝑧
∙ (𝑟2 − 𝑅𝑝𝑜𝑟𝑒

2 ) Eq. A. 13 

The average velocity is given by: 

�̅� =
∫ ∫ 𝑣

𝑅

0
(𝑟). 𝑟𝑑𝑟𝑑𝜃

2𝜋

0

𝜋𝑅2
 Eq. A. 14 

Hence, the average velocity results in Eq. A. 14, which corresponds to Hagen-Poiseuille equation 

that relates the average flow velocity with the pressure drop due to friction.  

�̅� =
∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 ∙ 𝑅𝑝𝑜𝑟𝑒

2

8 ∙ 𝜇 ∙ 𝑧
 Eq. A. 15 

Finally, friction force (Ffriction) applied in the cross section (S) of the cylindrical pore is defined in 

Eq. A. 16: 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = ∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 ∙ 𝑆 
𝐴
⇔  

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 8 ∙ 𝜋 ∙ 𝜇 ∙ 𝑧. �̅� Eq. A. 16 

 

The friction force is more important as velocity increases. It is also proportional to the length z of 

the tube. Eq. A. 17 is then used to calculate the capillary impregnation dynamics, in which �̅� 

represents the penetration rate, which is given by the following equation: 

�̅� =
𝑑𝑧

𝑑𝑡
 Eq. A. 17 

 

Washburn model [2] is used to calculate the penetration rate. This model is valid for low 

Reynolds number (𝑅𝑒 < 1) and viscous fluid. It is also assumed that the flow of the impregnation 

solution in the pore is characterized by Poiseuille steady stated. Therefore, the small inertia effects 

are neglected. According to Washburn model, becomes: 

𝑑(𝑚. �⃗�)

𝑑𝑡
= �⃗�𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 + �⃗�𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 0 

Eq. A. 18 

Combining Eq. A. 5, Eq. A. 16 and Eq. A. 18, one obtains: 

2 ∙ 𝜋 ∙ 𝑅𝑝𝑜𝑟𝑒 ∙ 𝛾 ∙ 𝑐𝑜𝑠𝜃 − 8 ∙ 𝜋 ∙ 𝜇 ∙ 𝑧. �̅� = 0 Eq. A. 19 
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Combining Eq. A. 17 and Eq. A. 19, it results: 

𝑑𝑧2

𝑑𝑡
=
𝑅𝑝𝑜𝑟𝑒 ∙ 𝛾 ∙ 𝑐𝑜𝑠𝜃

2 ∙ 𝜇
 Eq. A. 20 

 

Assuming that 𝑧(0) = 0, the distance z that the impregnation solution travels into the pore is 

given by: 

𝑧 = √
𝑅𝑝𝑜𝑟𝑒 ∙ 𝛾 ∙ 𝑐𝑜𝑠𝜃

2 ∙ 𝜇
∙ 𝑡 Eq. A. 21 

 

[1] N. Midoux, Mécanique et rhéologie des fluides en génie chimique, Tec & Doc, 1993. 

[2] E.W. Washburn, The Dynamics of Capillary Flow, Physical Review 17 (1921) 273–283 

Appendix B 

In order to validate the metal distribution profiles observed by 
1
H MRI, the same impregnated 

samples were characterized by EPMA technique. To this end, the radial intensity profiles of MRI 

images and the average metal concentration profiles obtained by EPMA were compared. The 

radial intensity profiles as a function of the distance from the edge of the support were obtained 

through image processing as described in [3]. These profiles were then corrected by a constant 

factor in order to take into account the relaxation times dependence as well as by a scaling factor 

applied by the MRI software in each image, as described in the following paragraphs.   

First, the software ImageJ  is used to export MRI image data into 16bit.tiff files. From these data, 

an IFPEN software for image processing [4] is used to calculate on each image the radial intensity 

profiles as a function of the distance from the edge of the support. For each distance, a minimum, a 

maximum and an average intensity are computed, and provide associated profiles. In this study, 

the measured intensity profiles are referred as the apparent intensity (I) profiles as they do not take 

into account neither relaxation times dependence nor normalization carried out by Paravision 

software.  

These apparent intensity profiles (I) are corrected with K factor (see Eq. B. 1 [5]) in order to take 

into account the relaxation times dependence.  

I = I0 𝐾 Eq. B. 1 

In Eq. B. 1, I0 is the signal that would be measured immediately following a 90° pulse and K is 

defined according to Eq. B. 2: 
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K = e−tp 𝑇2
∗⁄ 𝐺(

𝑇𝑅

𝑇1
, 𝛼) Eq. B. 2 

Where tp corresponds to the encoding time, T2
*
 corresponds to the transverse relaxation and 

𝐺(𝑇𝑅 𝑇1⁄ , 𝛼) describes the signal attenuation from the Ernst-angle excitation pulse, 𝛼 (see Eq. B. 

3). 

𝐺 =
1 − E

1 − 𝐸2
sin(α) Eq. B. 3 

Where, 

cos(α) = 𝐸 = 𝑒−𝑇𝑅/𝑇1 Eq. B. 4 

In Eq. B. 4, TR corresponds to the repetition time and T1 corresponds to the longitudinal 

relaxation. 

Additionally, the apparent intensity profiles (I) are also corrected by the scaling factor of each 

image applied by Paravision software (Visu Core Data Slope parameter). The mathematical 

equation to obtain average radial intensity profiles (I0) is shown in Eq. B. 5.  

𝐼0 =
𝐼 × 𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟

𝐾
 Eq. B. 5 

The comparison between average concentration profiles obtained by EPMA and the corrected 

radial intensity profiles (I0) obtained by MRI is shown in Figure B. 1. The shaded area delimits the 

maximum and minimum radial intensity profiles. Both techniques show the presence of nickel ions 

in the same positions of the catalyst pellet regarding the spatial resolution of each technique. Slight 

differences may be observed due to the signal to noise ratio of MRI images, since the sensitivity of 

MRI technique is lower than EPMA. Yet, no quantitative information about the evolution of the 

concentration profile of nickel ions inside the pellet can be obtained through this approach.  
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Figure B. 1 - Comparison between average metal concentration profiles by EPMA (spatial resolution of 50 

µm) and radial intensity profiles I0 obtained through image processing of MRI images (spatial resolution 

resulting from image processing is increased to 14µm/pixel by means of high quality spline interpolation [6]). 

Both analyses were carried out in the same γ-alumina pellet at equilibrium state after dry impregnation 

corresponding to approximately (a) 12h in the case of with 0.05M [Ni2+] solution and (b) 30 min in the case 

of 0.2M [Ni2+] solution. Shaded area delimits the maximum and minimum radial intensity profiles (I0). 

[3] L. Catita, A.-A. Quoineaud, D. Espinat, C. Pichon, O. Delpoux, Impact of Citric Acid on the 

Impregnation of CoMoP/γ-Al2O3 Catalysts: Time and Spatially Resolved MRI and Raman 

Imaging Study, Topics in Catalysis (2018) 1474–1484. 

 [4] M. Moreaud, F. Cokelaer, Flowing Bilateral Filter: Definition and Implementations, Image 

Anal Stereol 34 (2015) 101–110. 

[5] S. Gravina, D.G. Cory, Sensitivity and Resolution of Constant-Time Imaging, Journal of 
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Appendix C 

 

Figure C. 1 - Evolution of advancing front of water calculated from (Eq. 4) as a function of time: z 

corresponds to the distance travelled by liquid into the pore (m) and Rp to the porous radius (m) 

Appendix D 

 

Figure D.1 - Influence of the parameters (a) 𝒒𝒕 and (b) 𝑲𝒂𝒅𝒔 on the objective function (see (Eq. 8) 

Tables 

Table 1 – Characteristic parameters for simulation of impregnation profiles 

Table 2 – Design plan of simulation and optimization results  

Table 3 – Model parameters 
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Figure Captions  

Figure 1 – Protocol of “dry” impregnation using a non-wetted support  (closest of the traditional 

incipient wetness impregnation) 

Figure 2 – Protocol of “diffusional” impregnation using a pre-wetted support 

Figure 3 – Physicochemical phenomena involved in the impregnation (capillarity only for dry 

impregnation) (adapted from [3]) 

Figure 4 – 
1
H MRI images recorded on γ-alumina pellets at several points in time after dry 

impregnation with (a) 0.05M [Ni
2+

] (b) 0.08M [Ni
2+

] solutions (c) 0.1M [Ni
2+

] solutions and (d) 

0.2M [Ni
2+

] solutions. These images correspond to the center of the pellet. 

Figure 5 - 
1
H MRI images corresponding to transport of 0.05 M [Ni

2+
] solutions within the 

porosity of a γ-Al2O3 pellet at different positions along the z axis (z=0 corresponds to the pellet 

center) after 11 minutes of dry impregnation (L corresponds to the pellet length) 

Figure 6 - 
1
H MRI images recorded on γ-alumina pellet at several points in time after diffusional 

impregnation with 0.1M [Ni
2+

] solution. These images correspond to the center of the pellet. 

Figure 7 - Model simulations for nickel concentration profiles after 11h of dry impregnation using 

0.05M [Ni
2+

] solution: evolution of nickel concentration profiles in the (a) adsorbed and (b) fluid 

phase as a function of the pellet radius with and without surface diffusion  (𝑞𝑡, 𝐾𝑎𝑑𝑠)=(0.11, 5500) 

Figure 8 - Model simulations for nickel concentration profiles after 11h of dry impregnation using 

0.05M [Ni
2+

] solution: evolution of nickel concentration profiles in the (a) adsorbed and (b) fluid 

phase as a function of the pellet radius with and without surface diffusion (𝒒𝒕, 𝑲𝒂𝒅𝒔)=(0.05, 

41833) 

Figure 9 – Model predictions for nickel distribution profiles at several points in time after dry 

impregnation for various nickel concentrations 

Figure 10 - Model predictions for nickel distribution profiles at several points in time after 

diffusional impregnation for 0.1M [Ni
2+

] 
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Figure 11 – Comparison between experimental and simulated data (using (𝒒𝒕, 𝑲𝒂𝒅𝒔) = (0.11, 5500) 

in case of (a) dry impregnation for different nickel concentrations: 0.05M [Ni
2+

] (in grey), 0.08M 

[Ni
2+

] (in green), 0.1M [Ni
2+

] (in orange), 0.2M [Ni
2+

] (in blue) and (b) diffusional impregnation 

with 0.1M [Ni
2+

] (in purple) 

Figure 12 –
 1

H MRI images at the center of the pellet (top) and model simulations (bottom) 

recorded on γ-Al2O3 pellet at several points in time after dry impregnation with 0.07M [Ni
2+

] 

solution.  

Figure 13 - 
1
H MRI images at the center of the pellet (top) and model simulations (bottom) 

recorded on γ-Al2O3 pellet at several points in time after diffusional impregnation with 0.2M [Ni
2+

] 

solution. 

Figure 14 – Simulations of nickel distribution profiles for dry impregnation with 0.05M [Ni] 

obtained by varying the optimal 𝒒𝒕 (represented in grey) in ± 10% (represented in orange : solid 

line corresponds to -10% and the dashed line to +10%) and in ± 50% (represented in blue: solid 

line corresponds to -50% and the dashed line to +50%). The points in grey correspond to the 

experimental data. For these simulations 𝑲𝒂𝒅𝒔 = 5500 m
3
.mol

-1
. 

Figure 15 - Simulations of nickel distribution profiles for dry impregnation with 0.05M [Ni] 

obtained by varying the optimal 𝑲𝒂𝒅𝒔 (represented in grey) in ± 50% (represented in blue: solid 

line corresponds to -50% and the dashed line to +50%). Simulations for irreversible adsorption (in 

purple) and neglecting adsorption (in green) are also shown. 
 
The points correspond to the 

experimental data. For these simulations 𝒒𝒕 = 0.11 mol.kg
-1

.  Simulations by varying the 𝑲𝒂𝒅𝒔 in  

± 10% are not shown here: no influence of observed in this range of variation.  

Figure 16 - Schematic picture about phenomena that take place in the interface region during 

impregnation of γ-alumina with nickel solution: diffusion in the fluid phase and surface interaction 

(electrostatic interaction and chemical adsorption) using Three Layer Model (adapted from 

[4,32,50]) 

 

 

 


