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The interaction of nickel ions with a y-&O3 support was studied using potentiometric titration 
during deposition from aqueous solution and temperature-programmed reduction of calcined sam- 
ples. It was found that in calcined samples of low nickel content, nickel is present exclusively as a 
“surface aluminate.” With higher metal loadings a separate NiO phase was detected. From poten- 
tiometric titration experiments it was concluded that a precursor of the surface spinel, viz., a mixed 
hydroxide surface compound, is already formed in aqueous solution. The initial interaction of 
nickel ions with the alumina support is discussed in terms of specific adsorption of divalent metal 
ions. 0 1987 Academic Press, Inc. 

INTRODUCTION 

Thermal stability of supported catalysts 
calls for a strong interaction between the 
active material and the support. In copre- 
cipitated catalysts this interaction is real- 
ized during the precipitation process, which 
assures an intimate mixing of ions of the 
support and of the active phase. Coprecipi- 
tated catalysts, however, suffer from the 
serious drawback that the pore structure is 
formed during thermal treatment of the cat- 
alyst, thus making control of the pore struc- 
ture virtually impossible (1). In this paper 
we will report on support interactions in Ni/ 
+1203 catalysts prepared by using a well- 
defined 3/-A1203 (Degussa C) as the support 
material. 

The interaction of nickel ions with an 
alumina support has been studied using a 
number of techniques including magnetic 
measurements (24, diffuse reflectance 
spectroscopy (3-5), ESCA (6), ion scatter- 
ing spectroscopy (6), and temperature-pro- 
grammed reduction (7, 8). The above stud- 
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ies all pertain to impregnated catalysts in 
their oxidized state. From these investiga- 
tions it emerged that nickel ions interact 
strongly with the alumina support, leading 
to the formation of a “surface” nickel alu- 
minate. The distribution of nickel ions 
among the octahedral and tetrahedral holes 
of the spine1 was found to be a function of 
the nickel content, the tetrahedral holes be- 
ing preferentially occupied at low loadings. 
At high metal contents (>15 wt%) a sepa- 
rate nickel oxide phase was detected. The 
formation of the surface spine1 and the seg- 
regation of the nickel oxide phase was 
thought to take place during thermal treat- 
ment (873 K) of the catalyst samples (3, 5, 
9). Puxley et al. (9) arrived at the conclu- 
sion that a phase separation between solids 
containing ions of the support on the one 
hand, and of the deposited active phase on 
the other, is a general characteristic of im- 
pregnated catalysts. According to these au- 
thors only a limited amount of mixed oxide 
may be formed by calcination. 

We have undertaken this study to gain 
improved insight into the interactions be- 
tween metal ions and oxidic supports dur- 
ing adsorption/impregnation. Evidence will 
be provided that mixing of the ions of the 
active phase and of the support does take 
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place during the preparation step in aque- 
ous solution due to adsorption of nickel 
ions onto the support and formation of a 
mixed hydroxide surface compound. The 
latter will be shown to be the precursor of 
the surface nickel aluminate. 

To differentiate between processes oc- 
curring in aqueous solution and processes 
taking place during high-temperature calci- 
nation, relevant measurements in the aque- 
ous phase have to be made in conjunction 
with measurements on calcined samples. 
We have therefore made use of potentio- 
metric titration during deposition from 
aqueous solution. This technique has found 
wide acceptance in colloidal and geochem- 
istry (Z&22), but, in spite of its great mer- 
its, it seems to have been only scantily ap- 
plied in the field of catalyst preparation. 
Calcined samples have been subjected to 
temperature-programmed reduction (TPR). 
Information on the structure and morphol- 
ogy of the catalysts was obtained using X- 
ray diffraction (XRD) and electron micro- 
scopic techniques after both the drying and 
calcining steps. 

EXPERIMENTAL 

Apparatus. The potentiometric titration 
experiments were carried out in a double- 
walled Pyrex glass vessel (volume 1 liter). 
The temperature of the solution was con- 
trolled by recirculating the water of a water 
bath between the walls of the vessel. An 
alkaline solution was introduced below the 
surface of the solution by means of a Teflon 
capillary. The rate of the alkali injection 
was kept at 2.86 PmoIfs using a peristaltic 
pump (Gilson Minipuls II). The pH was con- 
tinuously measured using an Ingold combi 
electrode and a Philips PR 9403 mV-pH 
meter. The electrode was calibrated at the 
start of each experiment using Electrofact 
buffer solutions (pH = 4.0 and pH = 7.0 at 
293 K). Vigorous stirring and the special 
design of the vessel eliminated local inho- 
mogeneities as much as possible. Details on 
the experimental set-up and on its perfor- 
mance can be found elsewhere (1.3). By 
varying the rate of alkali injection its influ- 

ence on the results was checked. It was 
verified that a twofold increase of the afore- 
mentioned injection rate did not cause mea- 
surable differences in the titration curves. 
We thus assumed equilibrium to be estab- 
lished during our titration experiments. 

TPR experiments were conducted in a 
combined vacuum/flow apparatus. Samples 
could be evacuated to base pressures of 
typically 1O-4 Pa in a conventional Pyrex 
high-vacuum system. TPR was carried out 
in a 10 ~01% H2/Ar flow. The temperature 
of a cylindrical (i.d. 10 mm) quartz micro- 
reactor could be raised linearly using a 
Eurotherm (type TCS) temperature pro- 
grammer/controller. The hydrogen con- 
sumption was continuously monitored us- 
ing a thermal conductivity detector kept at 
a constant temperature of 308 K. Water va- 
por evolved during reduction was removed 
using a dry ice/acetone cold trap. 

X-ray diffraction (CU&Q,~ radiation) was 
carried out using either a Debye-Scherrer 
camera in combination with a microdensi- 
tometer (Jenoptik MD 100) or in some cases 
a Philips PW 1050 diffractometer. Electron 
microscopy and electron diffraction were 
performed using Jeol 200 C or Philips 420 
electron microscopes. The samples were 
ultrasonically treated in ethanol. Slurries 
were applied onto holey carbon films where 
the ethanol was allowed to evaporate. 
Nickel contents were measured using a 
Wilten 35 1 atomic absorption spectrome- 
ter. N2-BET surface areas and pore size 
distributions were obtained using a Carlo- 
Erba Sorptomatic Series 1800. 

Materials. A nonporous y-Al203 was 
kindly supplied by the Degussa Corp. (De- 
gussa C). The BET surface area was mea- 
sured to be 104 m2/g, in good agreement 
with the manufacturer’s data (24). The ab- 
sence of capillary condensation indicated 
that the alumina did not contain pores 
under 200 nm (radius). All chemicals 
used were of analytical grade. CO?-free 
dimineralized water was used in all experi- 
ments. Purified sodium hydroxide solutions 
were standardized against potassium hy- 
drogen phthalate. All potentiometric titra- 
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tion experiments were carried out under ni- 
trogen to prevent interference of carbonate 
ions. Most experiments reported here were 
performed using nickel chloride. The use of 
nickel nitrate did not induce measurable 
differences. 

Gases used in TPR experiments were 
technical-grade gases purchased from 
Hoek-Loos n.v. Hydrogen and argon were 
purified using successive columns contain- 
ing a deoxo-catalyst (BASF R-3-11) and a 
molecular sieve (Linde 4 A). Oxygen used 
for calcination was of high quality and used 
without further purification. 

Experimental procedure. A nickel chlo- 
ride solution (600 ml, 0.1 iU) was introduced 
into the double-walled vessel. The pH of 
the solution was adjusted to 4.0 and the 
temperature was set to the desired value. It 
was found that an initial pH lower than 4.0 
gave rise to dissolution of the r-A&O,. An 
amount of r-A&O,, corresponding to the in- 
tended metal loading, was then added to the 
solution. After stabilization of the pH the 
injection of alkali (NaOH, 0.78 M) was 
started. At the end of the experiment (ca. 
50 ks) the injection was stopped and the 
precipitate was filtered off and washed with 
demineralized water. The precipitate was 
dried overnight in an oven at 393 K. X-ray 
diffraction and electron microscopy were 
employed to characterize the dried cata- 
lyst. The catalyst was then pressed (150 
MPa), crushed, and sieved to obtain pellets 
of size range 0.15-0.30 mm (diameter). 
Typically 100 mg of the pelleted catalyst 
were introduced into the vacuum system 
and evacuated to a pressure of 3 x low4 Pa. 
The sample was calcined at a heating rate of 
0.083 K/s in 3 kPa oxygen to a temperature 
of 750 K. The sample was held at this tem- 
perature for an hour. Prolonging the calci- 
nation time to 2 h did not cause obvious 
differences in subsequent reduction behav- 
ior. The sample was cooled to room tem- 
perature and pumped to 3 x lop4 Pa. For 
investigation with TPR a flow of 10% H2/Ar 
at a total flow rate of 0.33 ml/s was passed 
through the sample. The linear heating rate 
used in all experiments was 0.145 K/s. 

Samples calcined according to an identical 
schedule were investigated using XRD and 
electron microscopy. 

In some cases nickel contents of samples 
taken in the early stages of preparation 
were determined using atomic absorption 
spectroscopy (AAS). During the titration 
25-ml samples were taken with a pipet at 
predetermined intervals. The samples were 
filtered, washed, and dried as described 
above. Sample destruction was performed 
according to a procedure closely analogous 
to the one described by Juette et al. (25). 
Sample solutions were diluted to obtain 
concentrations between 1 and 10 mg/liter. 
The AAS measurements were carried out in 
an acetylene/air flame at a wavelength of 
232 nm. 

RESULTS 

Potentiometric Titration 

Titration experiments were performed at 
temperatures of 277,298,315, and 362 K. A 
typical set of titration curves, pH versus 
OH/Ni ratio, is shown in Fig. 1. Metal load- 
ings (wt%, defined as the weight ratio 
[nickel/(nickel + A&O,)] x 100%) are indi- 
cated in the figure. The curve designated 
Ni(OH)z refers to the precipitation of nickel 
hydroxide in the absence of the support. 
From the height of the plateau and the 
known nickel concentration the solubility 
product of nickel hydroxide can be evalu- 
ated. The value obtained at 298 K (Ksp = 
10-r5.‘j) lies well within the range reported 
previously (16). It can be seen that initially 
all curves recorded with suspended alumina 
deviate from the Ni(OH)2 curve. It is evi- 
dent that nickel ions are consumed in a pro- 
cess not leading to nickel hydroxide, as the 
solubility product of Ni(OH)2 is not reached 
here. At high nickel contents the curves co- 
incide with the Ni(OH)* curve from the 
points marked by arrows in Fig. 1. With 
increasing metal loadings these points of 
coincidence move to smaller OH/Ni val- 
ues. Clearly, in these catalysts nickel hy- 
droxide is also formed. The amount of 
nickel hydroxide in these samples can be 
calculated from the amount of alkali con- 
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FIG. 1. Titration curves for various metal loadings obtained with alkali injection at 315 K. Injection 
rate: 2.68 umol NaOH/s: initial nickel chloride concentration: 0.1 M. Arrows indicate points of coinci- 
dence with the curve of’unsupported Ni(OH)2. 

sumed from the points of coincidence to the 
endpoints of the titration (the point of in- 
flection in the final steep pH increase). It 
should be noticed that although a “com- 
pound” different from nickel hydroxide is 
formed initially, the OH/Ni stoichiometry 
of this compound is almost equal to 2 as is 
evidenced from the fact that all titration 
curves have their endpoints at OH/Ni ra- 
tios of about 2. The amount of nickel depos- 
ited in a form different from nickel hydrox- 
ide can thus be calculated from the amount 
of alkali consumed from the start of the ti- 
tration up to the point of coincidence with 
the Ni(OH)z curve. 

Although all samples with metal loadings 
lower than about 13 wt% contain negligible 
amounts of nickel hydroxide, only the low- 
est metal loading shows a plateau charac- 
teristic of the occurrence of a single pro- 
cess. This initial interaction of nickel ions 
with an alumina support has been investi- 
gated further and the results are presented 
in Fig. 2. Here the amount of nickel taken 
up by the alumina (adsorbed) is plotted as a 
function of pH. The figure includes data 
points derived from titration curves (trian- 
gles) assuming an OH/Ni stoichiometry of 2 
for the adsorption process. Also indicated 
in Fig. 2 are the adsorbed amounts deter- 

mined by AAS. The highest point corre- 
sponds to a metal loading of about 2.5 wt%. 
The solid curve is a fit based on a coordina- 
tive adsorption model (see Discussion). 

Finally, it was observed that the samples 
of a low nickel content had a light blue 
color, whereas those of high nickel content 
exhibited the typical green color of nickel 
hydroxide. 

- 
PH 

FIG. 2. The pH dependence of adsorption of NP+ 
ions onto y-A&O, at 298 K (initial nickel concentra- 
tion: 0.1 M, 92.5 g Al*OJdm’). 
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FIG. 3. TPR profiles of catalysts prepared at 315 K 
(flow: 0.33 ml/s 10% HJAr, heating rate: 0.145 K/s). 

Temperature-Programmed Reduction 

In Fig. 3 the TPR profiles of the calcined 
samples are shown. Again the numbers in- 
dicate the nickel loadings. At low loadings 
one high temperature (800 K) reduction 
peak is observed. At higher loadings a two- 
peak reduction pattern is displayed. This 
pattern is very similar to results obtained 
previously (7, 8). The reported peak max- 
ima show some scatter, however, most 
probably due to differences in the employed 
calcination procedure. As was done by 
Zielinski (7), the low-temperature peak was 
attributed to NiO reduction by comparison 
with the reduction behavior of a physical 
NiOly-Al203 mixture. The above author as- 
cribed the high-temperature peak to the re- 
duction of nickel that had reacted with the 
alumina to a presumably nonstoichiometric 
nickel aluminate. The latter will be referred 
to as “fixed nickel” in the following, as op- 
posed to “free nickel” (NiO). 

It can be seen that the high-temperature 
peak shifts to lower temperatures when 
nickel oxide is present in the samples. We 
attribute this temperature shift to the cata- 
lytic effect of metallic nickel on the reduc- 
tion of the nickel aluminate. Amoldy and 

Moulijn (17) observed similar shifts study- 
ing the Co/y-Alz03 system, which is closely 
related to the system considered here (2). 
However, the influence of an intrinsic ef- 
fect on reducibility due to the well-estab- 
lished fact that nickel in tetrahedral holes is 
more difficult to reduce than nickel in octa- 
hedral holes cannot be excluded. 

The TPR profiles were deconvoluted as- 
suming symmetrical peaks. The results are 
presented in Fig. 4: Both the amounts of 
nickel found as free nickel and as fixed 
nickel are shown as a function of the total 
nickel content. Open squares represent the 
results of the TPR measurements. Also in- 
dicated (full squares) are the amounts of 
free nickel (Ni(OH)J and fixed nickel cal- 
culated from the titration curves as elabo- 
rated in the previous paragraph. The good 
agreement between the results obtained in 
aqueous solution and by TPR of calcined 
samples is evident. The amounts of nickel 
deposited as fixed nickel are collected in 
Table 1 as a function of the preparation 
temperature. It is seen that this amount de- 
creases with increasing temperature. It also 
follows from Table 1 that quantities deter- 
mined with potentiometric titration are in- 
variably slightly higher than the TPR 
results. A possible explanation for this dis- 
crepancy can be found in the employed de- 
convolution procedure which is not without 
ambiguity. 

i‘ I 
10 20 30 LO 50 

Ni content. wt% 

FIG. 4. Composition of catalyst samples prepared at 
315 K (open squares; TPD data; full squares: potentio- 
metric titration data). 
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TABLE 1 can be ascribed to the Ni/Al member of a 
Amounts of Nickel Deposited as Fixed Nickel as a group of compounds generally known as 

Function of the Preparation Temperature Feitknecht compounds (9). These com- 
pounds have the general formula: 

& 
By TPR By potentiometric 

(j.bmol/m*) titration Mez+Me:+(OH-),+,-,, A;- * nH20, 
(~mol/m2) 

where Me2+ = Mg2+, Mn2+, Fez+, Co2+, 
271 33.5 38.5 Ni2+ Cu2+ Zn2+, etc.; 
298 24.9 ’ 29.9 Me3+ = AP+: Fe3+,‘Cr3+, etc.; 
315 23.6 27.2 
361 15.1 16.4 

AZ- = CO:-, SO:-, or twice as 
many NOT, OH-, Cl-, Br-. 

Nofe. Estimated relative errors: 5%. The Ni/Al member occurs naturally as the 
mineral takovite (18). According to Ah- 

Structure of the Catalysts 
mann (19), the structure should be de- 
scribed in terms of brucite-like layers in 

X-ray diffractograms of dried uncalcined which some of the divalent metal ions have 
catalysts have been collected in Fig. 5. As been replaced by trivalent ones. The excess 
expected from the potentiometric titration charge is compensated by an interlayer of 
results, reflections due to Ni(OH)2 lines are anions. This interlayer also contains water. 
totally absent in the pattern of the 10 wt% The distance between adjacent brucite lay- 
catalyst. They can clearly be seen in that of ers is around 0.78 nm. The indexing of the 
the 50 wt% sample. With both catalysts X-ray pattern depends on the stacking of 
new reflections due to d spacings of 0.78, the brucite layers, leading to either rhombo- 
0.39, and 0.257 nm are present. These lines hedral or hexagonal order. From the 

\b 

FIG. 5. X-ray diffractograms of dried, uncalcined catalysts prepared at 315 K. (a) pattern of the y- 
A&O3 support, (b) pattern of a 10 wt% catalyst, (c) pattern of a 50 wt% catalyst (d spacings in di are 
indicated). 
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FIG. 6. (a) Electron micrograph of a 50 wt% catalyst prepared at 315 K, showing needle- and plate- 
like structures. (b) Electron micrograph of a 10 wt% catalyst prepared at 315 K. Bars in the right-hand 
comers indicate 100 nm. 

present data this information can obviously Ni/Al mixed hydroxide (notably the idc en- 
not be derived. However, the observed tity of the anions in the interlayer) is I lot 
lines are most probably due to inter-brucite known, it will be referred to generally as 
layer reflections, for example the (0031), 1 the Feitknecht compound in the followit w 
= 1, 2, 3 reflections of the rhombohedral In Fig. 6a an electron micrograph of a 50 
cell. As the chemical composition of the wt% catalyst is shown. Notice the need Ile- 
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FIG. 7. Dark-field image of a 10 wt% catalyst prepared at 315 K. Tilt angle corresponds to the 0.78- 
nm reflection. The bar in the right-hand comer indicates 100 nm. 

and plate-like structures. The plate-like 
structures are totally absent in the 10 wt% 
catalyst (Fig. 6b). As both nickel hydroxide 
and the Feitknecht compounds, due to their 
sandwich-like lattices, are known to give 
rise to shape anisotropy, the absence of 
platelets and needles was somewhat sur- 
prising at first. To determine where the 
Feitknecht compound was located use was 
made of the dark-field technique. Here the 
image is not formed by transmitted elec- 
trons but, in tilting the incident beam, by 
electrons which satisfy distinct diffraction 
conditions. In Fig. 7a dark field image, us- 
ing a tilt angle corresponding to the 0.78-nm 
reflection, is shown. As large parts of the 
alumina surface are contrasted, a close 
contact between the alumina and the 
Feitknecht phase is suggested. Another in- 
dication for strong interaction between the 
Feitknecht phase and the alumina support 
can be obtained from ion-exchange studies. 
Feitknecht compounds are known to ex- 
change incorporated anions really, accom- 
panied by changes in brucite layer spacing 

(20). It was found that leaving a 10 wt% 
catalyst sample in a 0.1 M sodium sulfate 
solution at 333 K for over 250 ks did not 
lead a significant changes in brucite layer 
spacing. From these observations and from 
the fact that (MO) reflections are not de- 
tected in the X-ray diffractograms, we con- 
clude that the Feitknecht phase is present 
on the alumina surface in the form of a thin 
layer. 

Calcined samples containing less than 15 
wt% Ni did not reveal any diffraction lines 
due to NiO. These lines could be readily 
distinguished in the samples of higher 
nickel content. No significant evidence of 
the presence of NiA1204 could be derived 
from X-ray data, in contrast to the results 
obtained by Lo Jacono et al. (3). This could 
possibly be due to the low calcination tem- 
perature used in our experiments (750 K 
versus 873 K (3)). The decomposition of the 
Ni/Al Feitknecht compounds at low tem- 
peratures is known to yield very poorly 
crystallized, defective nickel aluminate 
(21). 
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FIG. 8. Representation of the consecutive steps of a 
coordinative adsorption model (cf. Ref. (27)) 

DISCUSSION 

The specific adsorption of divalent metal 
ions on amphoretic surfaces has received a 
great deal of attention over the years (22). 
The word “specific” is used here to indi- 
cate that adsorption constants differ within 
a group of cations of the same valency. An 
obvious implication of this specificity is 
that not only electrostatic but also coordi- 
native interactions are involved in the ad- 
sorption process. A number of models to 
describe specific adsorption have been pro- 
posed (22-26). It is generally assumed that 
the oxide surface consists of a distinct num- 
ber of hydroxyl groups (sites). The essence 
of most models is an ion-exchange process 
in which cations upon adsorption replace 
bound protons at the surface sites. Models 
differ inter alia in the treatment of the se- 
quence of events which takes place, for in- 
stance, the adsorption of hydrolyzed cat- 
ions (25) versus the surface hydrolysis of 
adsorbed cations (26). No consensus on the 
details of the adsorption process has been 
reached as yet. 

Very recently a model has been proposed 
claiming to yield good fits of the experimen- 
tal data in the concentration range of inter- 
est to catalyst preparation (27), whereas 
other models seem to be applicable only at 
very low metal ion concentrations. We will 
apply this model to our results. Although 
details are to be found in the original paper 
and references therein, a brief outline 01 
the proposed adsorption mechanism will 
now be given. The double-layer model is 
represented in Fig. 8, where AlOH: is 
the protonated surface hydroxyl group; 
-A10M+(H20)n-1 and -A10MOH(H20L2 
are two kinds of surface complex formed by 
adsorption of M(H20)i+ and surface hydro- 

lysis of the -AlOM+(H*O),-I species, re- 
spectively. KI and Kz are the equilibrium 
constants for these steps. K,, is the acidity 
constant of the surface hydroxyl groups. As 
&, is taken to be independent of coverage, 
the model is expected to produce good fits 
for low coverages only. It can be seen from 
Fig. 8 that this model satisfies the observed 
OH/Ni stoichiometry of 2. 

The intrinsic equilibrium constants can 
be related to measurable quantities (ad- 
sorbed amounts, bulk concentrations and 
surface potential) according to 

K’; 
exp(&lkT) 

[H+l 

+K?%” 1 
exp(e$JkT) 2 

[H+l I 
[M*+l,d ewCWdkT) 

= [-A10H][M(H20);+] ’ (I) 

For a derivation of this expression and de- 
scription of the symbols the reader is re- 
ferred to the Appendix. The amounts ad- 
sorbed as a function of pH were determined 
experimentally as described in the previous 
paragraph (Fig. 2). Thus, if the intrinsic 
acidity constant of alumina, the total num- 
ber of surface sites, and the surface poten- 
tial as a function of pH are known, Kyt and 
Kp can be evaluated. The intrinsic acidity 
constants was taken to be 1.585 x lo-’ ac- 
cording to Ref. (27), and the total number 
of surface sites 1.3 X lO*l/g y-Al203 from 
our measurement of the surface area and 
the assumption of 12.5 OH-/nm* (28). The 
surface potential is more dimcult to estab- 
lish as specific adsorption obviously in- 
duces deviations from a behavior according 
to the Nernst law. From results of Co*+ ad- 
sorption we estimated I,!I~ to be 75 mV at pH 
= 6.0 and to be independent of pH in the 
narrow pH range under consideration. 
Results of the fitting procedure are shown 
in Figs. 9 and 10. In Fig. 9 it is shown that 
the parabolic relation dictated by Eq. (1) is 
indeed obeyed. From the coefficients of the 
quadratic equation the equilibrium con- 
stants can thus be obtained. After Hachiya 
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FIG. 9. Plot of {[MZ+]~/([A10H][M(H20)~])} 
exp(2e$,/kT) versus [H+]-I exp(e$,lkT). 

et al. (27) the equilibrium constants have 
been plotted as a function of the first hy- 
drolysis of the metal ion (29). Our values 
for nickel adsorption (pZ@ = 4.0 t 0.2 
and pK$” = 7.4 ? 0.2) have been supple- 
mented to their Figure (Fig. 10). As can 
be seen from Fig. 10 a fair correlation 
with the hydrolysis constant is obtained. 
It is noteworthy to mention here that an 
error of 25 mV in the surface potential 
gives rise to changes in pKp and pK?’ 
values of about 0.3. 

Notwithstanding the admittedly rather 
crude estimation of the surface potential, 
valuable insight can be gained from the 
above approach, viz., the decisive impor- 
tance of pH during adsorption/impregna- 
tion. As has been pointed out by Acres et 
al. (.30), the pH is seldomly measured in 
catalyst preparation studies and its influ- 
ence is very often overlooked. With the aid 
of the data collected in Fig. 10 the extent of 
adsorption of different cations at given pH 
values can now be estimated. For example, 
the adsorption of Co2+ ions onto y-A1203 at 

pH = 3 is shown to be completely negligi- 
ble. Thus, one would not expect to obtain 
highly dispersed catalysts under these con- 
ditions, as corroborated by the experiments 
reported by van ‘t Blik (31). 

We now turn to the maximum amount of 
nickel that is taken up by the alumina. As 
has been stated in the above, models de- 
scribing metal ion take-up quantitatively 
fail at high coverages, because one of the 
premises, viz., homogeneity of surface 
sites, is not correct. Indeed, the heteroge- 
neity of the surface, and possibly even mul- 
tilayer adsorption, should be taken into 
consideration at high adsorption densities. 
The heterogeneity of the surface, i.e., a 
gradual change of the acidity constants of 
the hydroxyl groups, is reflected in the form 
of the titration curves. A smooth pH in- 
crease, indicative of, for example, a cov- 
erage-dependent acidity constant, is ob- 
served at high metal loadings. As no models 
seem to be available for high adsorption 
densities, we will discuss our results on a 
qualitative basis. In Table 2 the amounts 
deposited as fixed nickel have been tabu- 
lated. The good agreement between the 
various experimental techniques is appar- 
ent. Especially, the good agreement be- 
tween our potentiometric results and 
results obtained on calcined samples de- 
serves further attention, strongly suggest- 
ing that a precursor of the surface spine1 is 

13 - 

Cu ?b Zn CoNiMn 

67 6 9 10 11 12 ' 
PKh 

FIG. 10. Logarithmic plot of K:‘K$’ (open symbols) 
and Kp versus the hydrolysis constant. Squares de- 
note our results for nickel adsorption. 



TABLE 2 

Amounts of Nickel Deposited as Fixed Nickel at 298 
K: Comparison of results from various techniques 

compound on the alumina support is illus- 
trated in the right-hand side of Fig. 11. 

Amount deposited 
as fixed nickel 

(~mol/mZ) 

Technique Ref. 

34.9 

26.6 
24.9 
29.9 

ESCA 
ISS 
TPR 
TPR 
Potentiometric 

titration 

(‘3 

(7) 
This work 
This work 

already formed in aqueous solution and 
not, as has been suggested earlier, by an 
interdiffusion process during calcination. 

The “crystallite size” of the Feitknecht 
phase was estimated from X-ray line broad- 
enings using the Scherrer equation. War- 
ren’s correction for the instrumental line 
broadening was employed (33). From the 
line broadening of the (003 I) reflections, the 
average dimension along the alumina sur- 
face (compare Fig. II) was estimated to be 
around 5 nm. The dimension perpendicular 
to the alumina surface (“layer thickness”) 
is beyond determination as no reflections 
having nonzero h or k values were ob- 
served. Comparison of the amounts of 
nickel deposited as Feitknecht compound 
with the total number of surface sites avail- 
able yields a nickel ion/surface site ratio of 
about 1.5. We propose that a Feitknecht 
compound is formed due to multilayer ad- 
sorption of nickel ions with the possible in- 
corporation of aluminum atoms from the 
alumina. At a very distinct and remarkably 
reproducible (Table 2) metal loading forma- 
tion of the Feitknecht phase ceases and a 
separate nickel hydroxide phase precipi- 
tates. We speculate that the Feitknecht 
phase becomes progressively more difficult 
to form as coverage increases. At a certain 
loading the pH level corresponding to the 
solubility product of nickel hydroxide is 
reached and Ni(OH)z is precipitated. How- 

We recall that a Feitknecht compound 
could be detected by diffraction experi- 
ments after the drying step. From electron 
microscopy and ion-exchange studies we 
concluded that the Feitknecht phase is de- 
posited onto the alumina support in the 
form of a thin layer. As a consequence of 
this evidently strong interaction of the 
Feitknecht phase with the alumina, one 
would expect distinct epitaxial relations to 
exist between the two solid phases. From 
the dark-field experiments we conclude that 
the basal planes of the Feitknecht com- 
pound are perpendicular to the alumina sur- 
face. This can be appreciated by realizing 
that due to the short wavelength of elec- 
trons, diffraction can only be observed if 
the incident beam is almost parallel to the 
lattice planes. As large parts of the alumina 
surface are displayed brightly in the 
dark-field images, the (0031) planes of the 
Feitknecht compound must be perpendicu- 
lar to the surface. In Fig. 11 a possible epi- W3nm 

taxy, in accordance with the above results, 
is presented. It is assumed that the y-A&O3 
predominantly exposes (100) planes (32). In MS 

the upper part of the left-hand side of the (:I 

H 
/OH 

M 

0 
k--L 

AH’ 
0 

figure the position of the octahedral holes is 
depicted, while the lower part shows the 
adsorption of NP ions onto the r-A&O, 
(100) plane. Aluminum vacancies are de- 
noted by Al*. The growth of the Feitknecht Feitknecht compound onto y-A&O3 (see text). 

HOI OH j HO (OH j HO [OH 

I I I 

’ ..I ” t 
A,-O-AI-0-AI-O-AI-O-A,-o-*I 

,’ ;a, :: ; .,:“:.,;.’ ‘: :, 
I t 

: p .: / f 
(1 0 

-AI-O’AI-O-AI- 
, ,” f. 

AI-O-A41~0-A,-O-A,*O-A,~0~~, 

FIG. 11. Adsorption of Ni2+ ions and desorption at a 
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ever, the question why this occurs at the 
particular metal loading quoted in Table 2 
remains unresolved. Also the interpretation 
of the temperature dependence of the 
amount deposited as Feitknecht compound 
is difficult on the basis of the present data. 
If our explanation for the occurrence of a 
distinct coverage of the Feitknecht phase is 
correct, the observed decrease with tem- 
perature (Table 1) is due to a decrease of 
the stability of the Feitknecht phase rela- 
tive to nickel hydroxide. Without additional 
information on the temperature depen- 
dence of the stability of clay minerals, like 
Feitknecht compounds, prediction of de- 
posited amounts, other than by interpola- 
tion of empirical data, is not possible. 

As a final remark we would like to men- 
tion that Feitknecht compounds and related 
clay minerals seem to be more general than 
is commonly realized. They have been de- 
tected, sometimes unknowingly, in Ni/ 
Al203 (9), Ni/TiOz (34), Ni/Si02 (35), and 
Fe/MgO (36, 37) catalysts. Investigations 
of the way these compounds originate and 
decompose are of great interest to the study 
of oxide-supported catalysts. 

CONCLUSIONS 

(i) Potentiometric titration is a valuable 
tool for acquiring information on interac- 
tions taking place in aqueous solutions. 

(ii) The initial interaction between nickel 
ions and a y-AlzOj support can be quantita- 
tively described using a coordinative ad- 
sorption model. 

(iii) The surface nickel aluminate re- 
ported by many authors is formed during 
calcination by decomposition of a mixed 
hydroxide precursor (Feitknecht com- 
pound). 

(iv) The amount of Feitknecht compound 
is limited to a maximum. This maximum 
amount decreases with increasing tempera- 
ture of preparation. In samples containing 
more metal than corresponding to the maxi- 
mum of the Feitknecht phase a separate 
nickel hydroxide phase is formed. 

APPENDIX 

NOMENCLATURE 

;: 
Ki 
Kj”’ 

[II 
[Us 
+s 

elementary charge 
Boltzmann constant 
equilibrium constant of step i 
intrinsic equilibrium constant of step i 
concentration of component I 
surface concentration of component I 
surface potential at the plane of ad- 

sorption 

The equilibrium constants K,, K2 and K,, 
are defined in the usual way according to 

K, = [-AlOM(HzO);-,I[H+l 
[-AIOH][M(H20)2+] (A-1) 

n 

K 
2 

= [-AlOMOH(H,O),-dH+l 
[-AlOM(H20>,‘_,1 (A-2) 

K,, = [-AlOH][H+]/[AlOH:]. W-3) 

As adsorption on charged surfaces is in- 
volved, the concentrations of ionic species 
at the solid/liquid interface will differ from 
their concentrations in the bulk liquid 
phase. Provided M2+ and H+ are adsorbed 
on the same plane, their bulk concentra- 
tions can be related to surface concentra- 
tions via similar Boltzmann distributions: 

MH20)2+ 1 = [MVW2+ 1. n 
eip;ZeJl,/kT) (A-4) 

[H+] = [H+], exp(etj,/kT). (A-5) 

Equilibrium constants can now be rewritten 
in terms of intrinsic equilibrium constants, 
i.e., equilibrium constants in the absence of 
an electric field, by substituting (A-4) and 
(A-5) in Eqs. (A-l)-(A-3): 

KI = Kp exp(-eJIslkT) (A-6) 

K2 = KY exp(e$,lkT) (A-7) 

K,, = KE exp(e$,lkT). (A-8) 

Using the equalities 

[M2+lad = [-A10M(H20>;-,I 
+ [ - AlOMOH(H20),-71 (A-9) 
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[-AlOH] = [-AlOH], 13. 

- [-AlOH:] - [M*+],,, (A-10) 

[ -AlOH:] 14. 
I,? 

[-AlOH], - [M*+] 1.7. 
(A-11) 16. 

.” 
I/. 

and combining (A-l)-(A-3) and (A-6) and 
(A-7) leads to 18. 

in1 ewWkW + KincKi”f expW,lkT)* 
Kl 

19. 

[H+l I 2 W+l 20. 

[M*+l,d exp(e$,lkT) 
21. 

= [-AIOH][M(H20);+]’ (A-12) 
22. 
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