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Abstract: The mode of retention of Co(H2O)6
2+ species at the “γ-alumina/aquatic solution” interface is refined using 

simulations, adsorption isotherm, potentiometric mass titrations and mainly proton - ion titrations jointly with diffuse 
reflectance spectroscopy. It was found that the increase in the Co(II) surface concentration affects considerably the kind of 
the Co(II) species deposited. Mononuclear/mono-substituted inner sphere Co(II) complexes are formed at extremely low 
Co(II) surface concentration. A mixed surface state involving mononuclear/mono-substituted and binuclear/bi-substituted 
Co(II) complexes is formed at relatively low Co(II) surface concentration. Only binuclear/bi-substituted Co(II) complexes 
are formed at intermediate Co(II) surface concentration. Finally, oligo-nuclear inner sphere Co(II) species are formed at 
relatively high Co(II) surface concentration, in addition to the bi-nuclear ones. The above species concern a range of 
surface Co(II) concentration extending from zero to 2.7 theoretical surface layers of [Co(H2O)6]2+. The formation of 
Co(II) surface precipitate starts above these theoretical surface layers. The above indicates that one may control the 
surface Co(II) concentration, by adjusting the Co(II) concentration in the impregnating solution, and thus the Co(II) 
surface species formed. This control allows tailoring the preparation of cobalt catalysts supported on γ-alumina and thus 
the development of effective Co/γ-alumina catalysts. 

Keywords: Adsorption, cobalt supported on γ-alumina catalysts, diffuse reflectance spectroscopy, interfacial deposition, 
preparation of supported catalysts. 

INTRODUCTION 

 It is well known that cobalt catalysts are important for 
several industrial applications (e.g. low temperature Fischer-
Tropsch synthesis or dry reforming of methane [1-13]). The 
catalytic activity of these catalysts is strongly related with 
the characteristics of Co phase, and thus with the preparation 
method, mainly with the impregnation-deposition procedure 
followed [14]. In this context the application of equilibrium 
deposition filtration technique, otherwise called equilibrium 
adsorption, results to catalysts with high dispersion of the 
active phase and high performance [14-17]. In the frame of 
this technique the knowledge of species of the active element 
deposited on the surface and the concomitant preparative 
control of these species is of paramount importance [14]. 
 Concerning γ-alumina, macroscopic studies, carried out 
in the context of catalyst preparation, have shown that the 
Co(II) sorption is pH dependent and not affected by the ionic 
strength of the solution [18-21]. Moreover, molecular scale 
investigation, based on adsorption kinetics and diffuse 
reflectance spectroscopy [22, 23], indicated that Co(II) forms 
interfacial mono- or bi-dentate inner sphere complexes at 
low surface coverage and surface precipitate at high surface 
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coverage. The kinetics of adsorption of the Co(II) species on 
the γ-alumina surface is described by the following 
expression rCo,bulk = k′C 2

Co,bulk [23]. This indicates that two 
Co(H2O)6

2+ ions are involved, from the side of the interface, 
in the reaction with the reception sites present on the surface 
of the adsorbent-carrier. It is quite probable that the 
adsorption step involves the simultaneous adsorption and 
dimerization of two interfacial Co(H2O)6

2+ ions through 
(hydr)oxo-bridges. 
 In the present study we refine the mechanism of retention 
of Co(II) species at the “γ-alumina/aquatic solution” inter-
face using, mainly, proton - ion titrations and diffuse reflect-
ance spectroscopy. Specifically, we follow the evolution of 
the various Co(II) species formed at the interface as the 
surface concentration of the Co(II) increases. The study is 
part of the entire efforts of our group to rationalize the 
method of preparation of supported catalysts and shift 
catalyst preparation from the art to the science [24-32]. 

EXPERIMENTAL 

Substances - Materials 

 Cobalt nitrate (Co(NO3)26H2O, Merck, analytical grade) 
has been used for the preparation of the solutions used in the 
adsorption experiments. Sodium nitrate stock solutions, used 
as indifferent electrolyte for regulating the ionic strength, 
were prepared from the respective solid (Merck analytical 
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grade). The indifferent electrolyte is defined as an electrolyte 
the ions of which are not “specifically” adsorbed on the 
support surface. These are simply accumulated electrostati-
cally in the outer Helmholtz plane or in the diffused part of 
the interfacial region developed between the surface of the 
support particles and the impregnating solution. 
 γ-Alumina powder, 90-150 µm was obtained by crushing 
γ-alumina extrudates (AKZO, product code Drum 1696, 
SSA 270 m2 g-1, water pore volume 0.75 cm3 g-1). 

Proton - Ion Titrations 

 The Proton - Ion titrations [33] were performed at  
25.0 ± 0.1°C, ionic strength equal to 0.1 M (adjusted by 
adding sodium nitrate), and pH equal to 7.0. A double-
walled, water-jacketed covered vessel equipped with a pH 
control system involving a glass saturated calomel electrode 
(Metrohm) and a dosimat has been used. The 
aforementioned pH control system allowed the automatic 
adjustment of pH at the desired value (pH=7) during the 
adsorption experiments by adding to the “adsorption vessel” 
NaOH aqueous solution. Nitrogen gas was passed into the 
vessel during the adsorption experiments to prevent the 
dilution of the atmospheric CO2, which would bring about a 
change in the pH. In each experiment small amounts of 
cobalt nitrate solution were added into a suspension  
(150 mL) containing a sodium nitrate solution and 3.0 g of  
γ-Al2O3. The adsorption of Co(II) species proceeds upon the 
equilibration of the suspension. As the adsorption process 
caused a decrease in pH, the pH control system fed the 
suspension with the suitable amount of the NaOH solution to 
keep pH at the value of 7. This amount was recorded for 
each addition time. A suspension sample equal to 1 mL was 
taken at various times during the experiment in order to 
determine the amount of cobalt absorbed. The Co(II) 
concentration was determined photometrically using the 
Nitrosol R-Salz procedure [34]. 

Diffuse Reflectance Spectroscopy 

 The diffuse reflectance spectra of the solid samples, 
obtained after adsorption experiments, were recorded in the 
range 350-800 nm at room temperature using a UV-vis 
spectrophotometer (Varian Cary3) equipped with an 
integration sphere. In all cases, the DR spectra were 
collected on wet samples (just after equilibration of the 
suspension and filtration). γ-alumina impregnated with pure 
water was used as reference. The powder samples were 
mounted in a quartz cell, which provided a sample thickness 
> 3 mm to guarantee the “infinite” sample thickness. The 
Microcal Origin, version 5.0, software was used for the 
spectral deconvolution. Full details for the preparation of the 
wet samples have been reported elsewhere [22]. 

Potentiometric Mass Titrations 

 Potentiometric mass titrations [35, 36] were performed, 
under a N2 atmosphere and temperature (25.0±0.1 °C), for a 
blank solution (0.025 M Co(II), at constant ionic strength 
(0.1 M, regulated by NaNO3) and a suspension of 3.0 g 
Al2O3. The suspension was equilibrated for 20 h in order to 
reach an equilibrium pH value. A small amount of an acid,  

1 M HNO3, was then added to protonate almost all the 
surface sites, and then, the suspension was titrated by adding 
small volumes of a 0.1M NaOH aqueous solution. The pH 
value was recorded after each addition of the basic solution 
as a function of its volume. A similar titrating procedure was 
followed for the blank solution. 

Adsorption Isotherm Experiments 

 The adsorption isotherm experiments were performed at 
25.0 ±0.1 °C, ionic strength 0.1 M (regulated by sodium 
nitrate), and pH = 7.0 at the same apparatus described in 
proton - ions experiments. In each experiment a volume of 
150 mL of cobalt nitrate solution of a given Co(II) 
concentration, varying in the range 0.0005 to 0.025 M, was 
added into the adsorption vessel. The initial pH of the cobalt 
nitrate solutions (5 - 5.5) was regulated at pH 7.0, before  
0.3 g of γ-alumina powder added into the stirred solution. As 
the adsorption process caused a decrease in pH, the pH 
control system fed the suspension with the suitable amount 
of the NaOH solution to keep pH at the value of 7. This 
amount was recorded for each addition time. The appearance 
of the plateau indicated that the adsorption process had been 
practically finished. It is remarkable to note that the higher 
the initial Co(II) concentration in the impregnating solution 
the larger the time required to be obtained a plateau in the 
curve “amount of the added base solution vs time”. The 
Co(II) concentration of the impregnating solution was 
determined photometrically before and after adsorption. The 
determination was based on the Nitrosol R-Salz procedure 
[34]. The surface Co(II) concentration, actually the 
concentration of the supported Co(II) (expressed as 
micromoles of Co(II) per square meter of the support surface 
area) was calculated from the above determined Co(II) 
concentrations and taking into account the initial Co(II) 
concentration in the impregnating solution, the specific 
surface area and the mass of the support in the sample. 

Simulations 

 Simulations for obtaining Co(II) solution speciation were 
carried out using Visual MINTEQ, a computer code for 
calculating chemical equilibriums in aqueous media [37]. 

RESULTS AND DISCUSSION 

Co(II)-Species in Aqueous (Nitrate) Solutions 

 Several Co(II) species are present in the aqueous 
solutions, such as the following: 

[Co(H2O)6]2+, [Co(H2O)5(OH)]+, [Co(H2O)4(OH)2], 
[Co(H2O)3(OH)3]-, Co(OH)2(s), [Co(H2O)5(NO3)]+, 

[Co(H2O)4(NO3)2]. 
 Previous investigations have provided the equilibrium 
constants for the transformations between these species [37]. 
This allows determining the solution Co(II) speciation under 
conditions similar to those of the deposition, proton-ion and 
spectroscopic experiments. The speciation obtained is 
illustrated in Fig. (1). Inspection of this figure shows that the 
[Co(H2O)6]2+ complex predominates in the pH range 4-7.5 
and Co(II) concentration equal to 10-2 M. The formation of 
the precipitate Co(OH)2(s) starts at pH just above 7. Similar 
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speciation was obtained at relatively low Co(II) 
concentration (10-4M). The only difference is that the 
precipitation starts at pH=8.5. Taking into account the above, 
we performed our adsorption, proton-ion and spectroscopic 
experiments at pH=7. 

 
Fig. (1). Speciation of Co(II) in the pH range 4-9 (0.01 M Co(II) at 
0.1 M ionic strength, regulated by NaNO3). The main species 
present in the solution are indicated. The contribution of the 
remaining species is negligible under these conditions. 

 Moreover, taking into account the above speciation we 
assumed that the only cobalt species present in the solution 
under our experimental solution is the octahedral 
[Co(H2O)6]2+ aqua complex (Fig. 2). 

 
Fig. (2). The structure of the [Co(H2O)6]2+ ion. (Green ball: cobalt, 
red balls: oxygen atoms, gray balls: hydrogen atoms). 

 In order to accomplish the picture for the [Co(H2O)6]2+ 
species to be adsorbed it is necessary to focus on the charge 
distribution over the various atoms. A traditional way to 
obtain such a distribution is based on the Pauling valence 
bond. Following this empirical method the charge of this 
complex (+2) is distributed equally in the water ligands 
(+0.33) assigning a zero charge above cobalt. We have 
recently improving this empirical charge distribution by 
performing ab-initio calculations in the frame of the density 
functional theory DFT [27]. The results are illustrated in 
Table 1. 

Table 1. Charge distribution in the [Co(H2O)6]2+ ion obtained 
by performing ab-initio calculations and different 
approaches in the frame of the DFT [27]. 

 

Atom 
Method 

Mulliken Lowdin NPA CHelpG 

Co +0.95 +1.12 +1.42 +1.6 

O -0.56 -0.30 -0.96 -0.93 

H +0.36 +0.23 +0.52 +0.49 

 
 Inspection of Table 1 shows that the adopted approaches 
result to very different charges above the cobalt atom with 
respect to the zero one assigned by the aforementioned 
empirical method. Moreover, the charge distribution 
depends, more or less, on the particular approach adopted. It 
seems plausible adopting the mean charge above the Co 
atom (+1.3) and then equally distributing the remaining 
charge (+0.7) in the six aqua ligands (+0.12). 

Cobalt Uptake of γ-Alumina 

 Fig. (3) illustrates the variation of the surface density of 
Co with the Co concentration in the aqueous solution. Both 
parameters were obtained at equilibrium. Inspection of this 
figure shows the very high capability of γ-alumina to adsorb 
Co(II) species. In fact, the maximum surface density 
obtained (36 µmol m-2) is much higher than that obtained 
using titania under similar conditions (7 µmol m-2) at pH=7.5 
[27]. Moreover, it is important to note that the maximum 
surface density of Co corresponds to a surface coverage 
equal to 11 monomolecular layers of the [Co(H2O)6]2+ ions. 
This strongly indicates Co deposition through surface 
(interfacial) precipitation of Co(II) species, at least for quite 
high values of Co concentration in the aqueous solution. 
Another important observation is the S type of the adsorption 
 

 
Fig. (3). Variation of the surface Co density, ΓCo/µmol m-2, with the 
Co concentration in the aqueous solution, CCo,eq. pH=7, 25 °C,  
I = 0.1 M, volume of impregnating solution = 150 mL and mass of 
γ-alumina = 0.3 g [23]. 
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isotherm. This presumably indicates promotion of the 
adsorption by the cobalt (II) species already adsorbed. We 
shall return to this point in the next subsection where we 
present the structure of the deposited Co(II) species at 
different surface Co(II) concentrations. 

STRUCTURE OF THE DEPOSITED CO(II) SPECIES 
AT DIFFERENT SURFACE CO(II) CONCENTRATIONS 

Very Low Surface Concentration of Co(II) 

 Fig. (4a) illustrates the amount of the hydrogen ions 
released from the surface to the solution against the amount 
of [Co(H2O)6]2+ ions deposited at the interface. The 
experimental data were collected in the range of 0 - 0.018 
theoretical surface layers of [Co(H2O)6]2+. This corresponds 
to experimental points below the first and second point of the 
isotherm (Fig. 3). In this range all the amount of the added 
Co(II) is deposited at the interface. Inspection of this figure 
shows a linear increase of the amount of the hydrogen ions 
released to the solution with the amount of the Co(II) 
deposited at the interface. Let us first explain the origin of 
this curve. Positive charge is accumulated near the surface 
 

 

 
Fig. (4). (a) Proton-ion titration curve obtained for the Co adsorpt-
ion by γ-alumina in 0 - 0.018 theoretical surface layers of  
[Co (H2O)6]2+. The ratio [H+]/[Co2+] is indicated. (b) Diffuse 
reflectance spectrum of a sample with a Co(II) surface 
concentration equal to 0.006 theoretical surface layers of 
[Co(H2O)6]2+. 

 

due to the deposition of the [Co(H2O)6]2+ species. Thus, one 
may expect the removal of hydrogen ions from one or more 
of the charged planes of the compact layer of the interface 
(surface plane, inner or outer Helmholtz plane) [14] and thus 
the increase of solution hydrogen ions concentration. This 
removal is necessary in order to compensate the increase of 
positive charge in the compact layer. Therefore, the linear 
increase in the amount of the removed hydrogen ions with 
the Co(II) surface concentration is rather obvious, provided 
that the same deposition mechanism is followed within this 
Co(II) surface concentration range. 
 The ratio “amount of the hydrogen ions released/Co(II) 
deposited”, [H+]/[Co2+], which is obtained from the slope of 
the above line, is very sensitive to the structure of the Co(II) 
species formed at the interface. The value obtained (0.98) is 
quite large ruling out retention at the interface through 
electrostatic forces and presumably through hydrogen bonds 
[14]. This value strongly indicates formation of a mono-
nuclear, mono-substituted inner sphere complex by replacing 
one water ligand of the [Co(H2O)6]2+ ion with a surface 
oxygen of γ-alumina. The proposed structure is presented in 
Fig. (5), where the (110) crystal face of γ-alumina has been 
used in its hydrated condition, as proposed by Digne et al. 
[38, 39]. According to recent literature it has been estimated 
that this face predominates with 74% of the total surface area 
of γ-alumina [38]. 
 This is corroborated by the charge distribution obtained 
for the [Co(H2O)6]2+ ions. In fact, the formation of a 
coordinative Co-O bond with a surface oxygen causes the 
transfer of a positive charge equal to 1.3 at a distance from 
the surface slightly larger than that of hydrogen of the 
surface hydroxyl. This justifies the removal of a slightly 
lower charge (+0.98), that is the removal of a hydrogen ion. 
The above argument implies negligible influence of the 
interface on hydrogen removal, which seems to be quite 
realistic at pH 7.0. This pH value is very close to the point of 
zero charge of the γ -alumina used in this study (7.5) where 
the effect of the interface is minimal. 
 The formation of a Al-O-Co bridge is also corroborated 
by the DR spectra obtained for samples with Co(II) surface 
concentration in the range 0 - 0.018 theoretical surface layers 
of [Co(H2O)6]2+. A typical example is illustrated in Fig. (4b). 
Inspection of this spectrum shows one main band at 535 nm, 
two small shoulders at 460 and 495 nm and one smaller band 
at 585 nm. This spectrum is very similar but not identical to 
the spectrum of the [Co(H2O)6]2+ ions in the solution [22]. 
Actually, the spectrum of [Co(H2O)6]2+ in the range  
400-800 nm exhibits one main band at about 524 nm and 
two well-defined shoulders at 456 and 625 nm. According to 
the literature, the following assignments are favoured [22]:  
4T1g → 4T1g(P) at 524 nm and 4T1g → 4A2g at 625 nm with 
the shoulder on the short-wavelength side being attributed to 
spin-orbit coupling effects or to transition to doublet states. 
 The main differences observed in the spectrum of  
Fig. (4b) were the extension of the absorption to longer 
wavelengths and the appearance of a band at 585 nm. 
Exhaustive spectroscopic analysis has shown that these 
changes indicate formation of inner sphere complexes [22]. 
In particular, the adsorption at 585 nm was attributed to the 
formation of the bridge Co-O-Al [22]. Thus, the joint  
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application of DR spectroscopy and proton-ion titration 
reveals the formation of a mono-nuclear, mono-substituted 
inner sphere complex [Co(H2O)5(OAl)] at very low Co(II) 
surface concentration. The formation of this mono-
substituted complex was inferred but not directly resulted by 
the application only of DRS [22]. 

Low Surface Concentration of Co(II) 

 Fig. (6a) illustrates the proton-ion titration curve in the 
range of Co(II) surface concentration 0.018 - 0.150 
theoretical surface layers of [Co(H2O)6]2+. This corresponds 
to the first and second point of the isotherm of Fig. (3). 
Again all the amount of the added Co(II) is deposited at the 
interface. 
 One may observe that the ratio [H+]/[Co2+] was increased 
from 0.98 to 1.26. On the other hand the deconvolution of a 
DR spectrum obtained near this range (Fig. 6b) clearly 
shows the occurrence of five peaks. It seems that these peaks 
would be classified into two groups. The first three peaks 
correspond to the main band of Co(H2O)6

2+, whereas the 
other two peaks correspond to the extension of this band to 
longer wavelength values. The band at 635 nm can be 
analyzed into two components, one at 585 nm and the other 
at 640 nm. These could be due to the 4T1g → 4A2g transition 
corresponding to the exchange of the aqua ligands of the 
adsorbed Co(H2O)6

2+ species by two different ligands. So, 
the deconvolution peaks at 585 and 640 nm could be 
respectively attributed to the exchange of aqua ligands by 
AlxOHy (x 1, 2, or 3; y 0 or 1) and Co-O-H (i.e., bridging 
hydroxo) ligands [22]. 
 Therefore, this spectrum indicates formation of bi-
nuclear and/or oligo-nuclear inner sphere complexes. By 
combining the value obtained for aforementioned ratio and 
the DR spectrum we propose a mixed situation for the 
species formed at the interface. This is illustrated in Fig. (7). 
 In fact, the formation of a bi-nuclear, bi-substituted inner 
sphere complex corresponds to a ratio [H+]/[Co2+] = 1.50 
(1.0 for the Co-O-Al bridges and 0.5 for the Co-O(H)-Co  
 

bridge). Thus, a mixed formation of the aforementioned 
species is required for predicting the experimentally 
determined ratio (1.26). 

Fig. (6). (a) Proton-ion titration curve obtained for the Co 
adsorption by γ-alumina in 0.018 - 0.150 theoretical surface layers 
of [Co(H2O)6]2+. The ratio [H+]/[Co2+] is indicated. (b) Diffuse 
reflectance spectrum of a sample with 0.182 theoretical surface 
layers of [Co(H2O)6]2+. 

 

 

 

 

 
Fig. (5). Schematic representation of the mono-nuclear, mono-substituted inner sphere complex formed upon deposition of the [Co(H2O)6]2+ 
ions on the (110) face of γ-alumina surface, at very low surface concentration of Co (0-0.018 theoretical surface layers of [Co(H2O)6]2+). 
(Purple balls: aluminum atoms, red balls: oxygen atoms, blue balls: cobalt atoms, grey balls: hydrogen atoms). 
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Intermediate Surface Concentration of Co(II) 

 Fig. (8a) illustrates the proton-ion titration curve in the 
range of Co(II) surface concentration 0.150 - 1.100 
theoretical surface layers of [Co(H2O)6]2+. This corresponds 
to a range near to the third point of the isotherm of Fig. (3). 
Again all the amount of the added Co(II) is deposited at the 
interface. As already mentioned, the value 1.50 for the ratio 

[H+]/[Co2+] obtained in this surface Co concentration range 
is compatible with the formation of a bi-nuclear, bi-
substituted inner sphere complex (Fig. 9). The DR spectra 
obtained at intermediate surface Co(II) concentrations are 
similar to those illustrated in Fig. (6b) showing the formation 
of both Co-O-Al and Co-O(H)-Co bridges. 
 A typical example is illustrated in Fig. (8b). 

 
Fig. (7). Schematic representation of mono-nuclear, mono-substituted and bi-nuclear, bi-substituted inner sphere complexes formed upon 
deposition of the [Co(H2O)6]2+ ions on the (110) face of γ-alumina surface, at low surface concentration of Co (0.018-0.150 theoretical 
surface layers of [Co(H2O)6]2+). (Purple balls: aluminum atoms, red balls: oxygen atoms, blue balls: cobalt atoms, grey balls: hydrogen 
atoms). 

 
Fig. (8). (a) Proton–ion titration curve obtained for the Co adsorption by γ–alumina 0.150–1.100 theoretical surface layers of [Co(H2O)6]2+. 
The ratio [H+]/[Co2+]  is indicated. (b) Diffuse reflectance spectrum of a sample with 0.580 theoretical surface layers of [Co(H2O)6]2+. 

 
Fig. (9). Schematic representation of bi–nuclear, bi–substituted inner sphere complexes formed upon deposition of the [Co(H2O)6]2+ ions on 
the (110) face of γ–alumina surface, at intermediate surface concentration of Co (0.150–1.100 theoretical surface layers of [Co(H2O)6]2+). 
(Purple balls: aluminum atoms, red balls: oxygen atoms, blue balls: cobalt atoms, grey balls: hydrogen atoms). 
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Relatively High Surface Concentration of Co(II) 

 Fig. (10a) illustrates the proton-ion titration curve in the 
range of Co(II) surface concentration 1.10 - 2.70 theoretical 
surface layers of [Co(H2O)6]2+. This corresponds to a range 
near the fourth point of the isotherm of Fig. (3). Even in this 
case all the amount of the added Co(II) is deposited at the 
interface. Inspection of Fig. (10a) shows that the ratio 
[H+]/[Co2+] is further increased attaining a value equal to 
1.82. Moreover, the DR spectra recorded for samples in this 
Co concentration range (Fig. 10b) show an increase of the 
band at 640 nm with respect to the band at 585 nm (compare 
Figs. 6b, 8b with Fig. 10b). 
 Both observations indicate a mixed situation which 
involves oligonuclear configurations in addition to the bi-
nuclear ones (see for example Fig. 11). 

Quite High Surface Concentration of Co(II) 

 As already mentioned, the Co(II) surface concentration 
equal to 2.70 theoretical surface layers of [Co(H2O)6]2+ 
corresponds nearly to the third point of the isotherm of  
Fig. (3). Inspection of this isotherm shows that much more  
amount of Co(II) is deposited on the surface under 
conditions which do not favor solution precipitation 
(compare Fig. 3 with Fig. 2). This indicates interfacial or 
surface precipitation of the cobalt phase for surface Co(II) 
concentration higher than 2.70 theoretical surface layers of 
[Co(H2O)6]2+. This is reflected in the increasing formation of 
the Co-O-Co bonds with respect to the formation of  
Co-O-Al, manifested by the relatively high absorption at  
640 nm (Fig. 12). 

Fig. (10). (a) Proton-ion titration curve obtained for the Co 
adsorption on the γ-alumina in 1.10 - 2.70 theoretical surface layers 
of [Co(H2O)6]2+. The ratio [H+]/[Co2+] is indicated. (b) Diffuse 
reflectance spectrum of a sample with 2.50 theoretical surface 
layers of [Co(H2O)6]2+. 

 

 

 

 
Fig. (11). Schematic representation of bi-nuclear, bi-substituted inner sphere complexes (left) and oligonuclear configurations (right) formed 
upon deposition of the [Co(H2O)6]2+ ions on the (110) face of γ-alumina surface, at relatively high surface concentration of Co (1.100-2.700 
theoretical surface layers of [Co(H2O)6]2+). (Purple balls: aluminum atoms, red balls: oxygen atoms, blue balls: cobalt atoms, grey balls: 
hydrogen atoms). 
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Fig. (12). Diffuse reflectance spectrum of a sample with 4.10 
theoretical surface layers of [Co(H2O)6]2+. 

 One may conceive the surface precipitation as an increa-
sing tendency for surface polymerization of the deposited 
cobalt species resulting to tri-dimensional clusters of Co(OH)2 
inside the interface. The size of these clusters is limited by 
the size of the interface (nearly about 1-5 nm). Taking into 
account that these clusters are the precursors of the Co nano-
particles formed after drying and activation of the impreg-
nated solids, one may explain the relatively small size of 
these nano-particles obtained following equilibrium deposit-
ion filtration or homogeneous deposition precipitation [40-
43], two techniques which favor surface precipitation. In 
contrast, the application of the conventional dry impregnat-
ion technique, which favors solution precipitation, usually 
results to relatively large Co nano-particles. 
 The deposition of the Co(II) through surface precipitation 
at surface Co(II) concentration higher than 2.70 theoretical 
surface layers of [Co(H2O)6]2+ is also reflected in the potent-
iometric mass titration curves [36] illustrated in Fig. (13). 
 Concerning the impregnating solution one may observe 
an abrupt increase of pH which level of at about 8. The 
horizontal part of the curve corresponds to the solution 
precipitation of the Co(OH)2. In contrast, the horizontal part 
of the curve of the impregnating suspension appears at about 
pH 7, which precludes solution precipitation. This is 
compatible with the surface precipitation inferred by the 
isotherm. The origin of the surface precipitation is mainly 
the quite different values for pH and Co(II) concentration 
inside the interface with respect to the corresponding ones in 
the bulk solution upon impregnation. 

Fig. (13). Variation of pH of the impregnating solution (solid line) 
and the impregnating suspension (dot line) with the volume of the 
added NaOH solution (0.25 M). The concentration of the cobalt 
solution and the mass of the support are indicated. 

 From all the above is clearly shown that the change of the 
Co(II) surface concentration, easily obtained by adjusting the 
impregnation parameters, affects the cobalt species formed at at 
the “γ-alumina/aquatic solution” interface. This is probably due 
to the accumulation of cobalt species in the interface region 
changing the physicochemical parameters of the double layer, 
the known tendency of dimerization of cobalt ions in the  
“γ-alumina/aquatic solution” interface, and the promotion of the 
adsorption by the cobalt (II) species already adsorbed. 
 The evolution of the surface cobalt species with the 
Co(II) surface concentration is illustrated in Table 2. 

CONCLUSION 

 We may conclude that the change of the Co(II) surface 
concentration affects the cobalt species formed at the  
“γ-alumina/aquatic solution” interface. More specifically, the 
formation of mononuclear/mono-substituted inner sphere 
Co(II) complexes occurs at extremely low Co(II) surface 
concentration. A mixed surface state involving mononuclear/ 
mono-substituted and binuclear/bi-substituted Co(II) compl-
exes is formed at relatively low Co(II) surface concentration. 
Only binuclear/bi-substituted Co(II) complexes are formed at 
intermediate Co(II) surface concentration. Finally, oligo-
nuclear inner sphere Co(II) species are formed at relatively 
high Co(II) surface concentration, in addition to the bi-

 

 

Table 2. The various cobalt species formed at the “γ-alumina/aquatic solution” interface for different values of Co(II) surface 
concentrations. 

 

Co(II) Surface Density  
(µmol Co m-2) 

Theoretical Surface  
Layers of [Co(H2O)6]2+ 

H+

Co2+
 Local Structure 

0 - 0.06 0 - 0.018 0.98 mononuclear/mono-substituted inner sphere Co(II) complexes 

0.06 - 0.50 0.018 - 0.150 1.26 mononuclear/mono-substituted and binuclear/bi-substituted inner sphere Co(II) complexes 

0.50 - 3.60 0.150 - 1.100 1.50 binuclear/bi-substituted inner sphere Co(II) complexes 

3.60- 9.00 1.100 - 2.700 1.82 Bi-nuclear/bi-substituted and oligo-nuclear inner sphere Co(II) complexes 
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nuclear ones. The above species contain a range of surface 
Co(II) concentration extending from zero to 2.7 theoretical 
surface layers of [Co(H2O)6]2+. The formation of Co(II) 
surface precipitate starts above these theoretical surface 
layers. The above indicate that we are able to control the 
surface Co(II) concentration and thus the development of 
effective Co/γ-alumina catalysts. 
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