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Abstract

The precipitation and aging steps used for the preparation of high loading silica supported nickel catalysts were
simultaneously analyzed with the aid of statistical design of experiments. Empirical models relating catalyst final properties
and preparation variables were developed. It was found that the precipitation step determines the final catalyst nickel content,
and that at low nickel concentrations high metallic area per gram of reduced nickel may be attained with the precipitated
precursor without performing the aging step. When it is performed, the aging step has a strong influence on final catalyst
properties, such as specific surface area, metallic area per gram of nickel and degree of reduction. Therefore, catalyst aging
may be an effective method to control dispersion, reducibility and active phase accessibility. The importance of the aging step
was shown to increase with the aging temperature, which is linked to the larger rates of silicate formation at high temperatures.
A semi-empirical model was developed to describe the final catalyst specific surface area as a function of the rate of silicate
formation. This model is able to describe changes of the catalyst surface area fairly well and allow the proper manipulation of
preparation conditions in order to maximize the catalyst specific area, leading to maximum catalyst activities. © 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

Silica supported nickel catalysts are used exten-
sively in many industrial processes such as hydroge-
nation of edible oils and aromatics in distillate fuels.
As all these catalysts require optimized physical and
chemical properties, a great deal of research has been
reported with the aim of developing controlled cata-
lyst preparations. Continuous efforts are made and
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literature presents numerous works relating prepara-
tion methods, catalysts structure and catalytic beha-
vior [1-4]. Studies developed by Schuit and van
Reijen [5], Coenen and Linsen [6,7] and Geus et al.
[8,9] may be regarded as fundamental landmarks in
this field.

The ‘“‘change-one-factor-at-a-time method” [10—
13] was used previously to study the characteristics
of high loading nickel catalysts used for hydrogena-
tion of edible oils. The influence of the carrier textural
properties, nickel loading and precipitating agent on
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the metallic dispersion and on the metal-silica inter-
action was investigated using deposition precipitation
(DP) methods [10,11]. The influence of the precipita-
tion temperature and aging conditions, that determine
the nuclei formation rate, the growth of nickel crystal-
lites and the rate of nickel silicate formation, were also
studied [12]. As it is well known that hydrogenation of
edible oils is a structure insensitive reaction [6,7], the
catalytic activity depends mostly on the metal surface
area and catalyst site accessibility. Therefore, the
aging step was then optimized in order to allow the
obtaining of a satisfactory metal surface area and good
accessibility to the catalysts sites (pore diameters
above 50 A) [13]. The results obtained demonstrated
that the metallic area and textural properties are
strongly affected by the aging conditions and that
the DP method can allow the preparation of very
different catalysts by just adjusting aging time and
temperature. The nickel silicate formation was ana-
lyzed and the nickel antigorite silicate identification
was performed by DRX, ATG, XPS and TPR [13].
However, as each variable effect was studied inde-
pendently of the other ones, variable interactions
could not be detected in these previous studies and
global optimization of catalyst preparation could not
be carried out. Besides, as variables were not allowed
to vary simultaneously, no attempts were made to
build a mathematical model to describe the catalyst
preparation.

Although statistical techniques have been success-
fully applied in the field of quality engineering, the
vast majority of the experimental work performed for
the preparation of catalysts uses the ‘“‘change-one-
factor-at-a-time”’ method. According to this method,
effects are analyzed by varying one variable (factor)
and keeping all other variables fixed at a specified set
of conditions. The open literature has only few reports
on the use of statistical design of experiments to
catalyst preparation. Rouiller and Assaf [14] used a
central composite design to investigate the influence
of the preparation conditions on the metallic area and
catalytic activity to cyclohexane desidrogenation of
the Ni/Al,O; catalyst. Baker et al. [15] used a Placket—
Burmman matrix to study the preparation of Cu/Co/
Zn/Al catalysts. Lima et al. [16] successfully applied
mixture designs to investigate the influence of the
composition on the catalytic properties of Cu/ZnO/
Al,O;5 in the water gas shift reaction. Dawson and

Barnes [17] applied the Taguchi method to optimize
the preparation of a copper—carbon catalyst.

The popularity of the “change-one-factor-at-a-
time” method can be explained by its simplicity
and the few numbers of experiments needed to study
the influence of the factor (if k factors are analyzed, a
minimum number of k41 experiments would have to
be carried out). However, in practice many more
than k41 experiments are usually needed. The sim-
plicity of this method is misleading and can lead to
unreliable results and wrong conclusions [18]. If one
has a set of variables (e.g. A, B, C, D) and estimates the
effect of A, keeping B, C and D at fixed values, the
observed effect is guaranteed to be correct only when
B, C and D are constant and equal to the fixed values.
So, there is no guarantee whatsoever that the effect of
A will remain the same when one of the other condi-
tions changes. Besides, this method does not allow the
observation of possible non-linear interaction effects
among variables, as variables do not change simulta-
neously.

It is well known in heterogeneous catalysis that
variables can interact with each other and produce
unexpected results. Given the complex set of physical
and chemical phenomena that occur during catalyst
preparation, preparation variables, such as precipita-
tion temperature, concentration of salts, aging time
and temperature, calcination temperature, etc., prob-
ably interact among themselves, which may lead to
unexpected results. The use of statistical experimental
designs, especially factorial designs, can lead to much
more consistent results in this case, as single variable
effects are obtained as averages over the whole experi-
mental region of interest, as all other factors change
simultaneously. The use of proper statistical experi-
mental designs also allows the computation of non-
linear interactions, which may then be compared to the
single variable effects, as interactions are often more
important than single effects.

The “change-one-factor-at-a-time”  strategy
usually lets the researcher free to select the experi-
mental conditions for experimentation, and decisions
rely greatly on previous experience. By using statis-
tical design of experiments, experimental conditions
are specified in order to maximize the amount of
information (effects are computed with minimum
uncertainty) that can be obtained with minimum
experimental effort. As optimum experimental condi-
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tions depend on the modeling approach, it is assumed
that the researcher is also interested in providing
quantitative interpretation for variable effects. Given
the target model and the experimental region of
interest, optimum experimental conditions may be
tabulated as functions of the number of experiments
in a table called matrix of experiments or design
matrix.

The methodology that one may use to investigate
catalyst preparation procedures using the statistical
design of experiments can be described in the follow-
ing steps:

1. Selection of the response variables to be investi-
gated. In heterogeneous catalysis these variables
usually are final physico-chemical properties that
characterize the catalyst performance (e.g. metal-
lic area, surface composition, etc.) or a specific
reaction rate per catalyst unit.

2. Identification of the preparation variables that may
influence the selected response variables.

3. Selection of a target model and maximum number
of experiments. The target model may be derived
theoretically (which is rare in the catalyst field) or
empirically, usually presenting the form:

n n n
y=b+ Zan‘x; + Z Z AyjXiXj, (1)
i=1 i=1 j=2,j>i
where the independent variables (x;) are the pre-
paration variables, usually normalized to be within
the interval [—1,1] as

Y= Il ((Zmax + Zmin)/z) ’ (1b)

(Zmax - Zmin)/2

where z are the actual variable values and the
subscripts max and min stand for the maximum
and minimum values used for experimentation; the
dependent variable (y) is the selected response; n is
number of independent variables; b is the indepen-
dent term; a;; and a;; are the regression coefficients
related to the main effects and to the second-order
interactions, respectively. The maximum number
of experiments must be larger than the number of
model parameters.

4. Selection of adequate number of levels (allowed
experimental values) for each preparation variable.
Usually two levels are enough to begin a study.

5. Selection of the matrix of experiments based on the
target model, the number of preparation variables

regarded as relevant, the number of levels for each

preparation variable, and the maximum number of

experiments that can be carried out.

6. Inclusion of additional central point experiments
(usually 3-5 replicates) to allow the estimation of
the experimental error.

7. Carrying out of selected experiments.

8. Analysis of experimental data using regression
procedures. If the values of the variables x; are
normalized in the range [—1,+1], the effects of the
single variables and their interactions can be com-
pared to each other in order to allow the identifica-
tion of most significant effects and the
interpretation of the experimental results.

9. Discarding of variables that are not significant
and building of a mathematical model that relates
the response and the statistically significant vari-
ables.

10. Checking whether the model is able to represent

the response y within the experimental error.

If some sort of optimization is intended, the model
can be used to allow the selection of the experimental
conditions which leads to the maximization (minimi-
zation) of the specified objective function. In this case,
an additional validation experiment should be carried
out to confirm the prediction or allow the correction of
the model and the prediction of a new optimum
experimental condition.

In this work a rigorous study of the deposition—
precipitation (DP) method is developed for high load-
ing nickel catalyst using FC Celite as support and
bicarbonate ions as precipitating agent. Preparation
variables were investigated simultaneously in order to
determine their relative influence and identification of
possible interactions. Research efforts are concen-
trated on the study of the simultaneous influence of
precipitation and aging conditions (keeping calcina-
tion and reduction conditions constant) on the final
nickel loading, specific surface area, reducibility and
metallic surface of the Ni/SiO, catalyst. The main
objective here is selecting the preparation conditions
that allow the maximization of the catalyst metallic
surface area, while keeping good accessibility to
catalyst sites (pore diameters above 50 A), leading
to maximum catalyst activity [10-13]. Preparation
variables that are believed to influence the final phy-
sico-chemical properties of the Ni/SiO, catalyst are
shown in Fig. 1.



180 M. Nele et al./Applied Catalysis A: General 178 (1999) 177-189

PRECIPITATION

salt ™
\ salt concentration

CALCINATION

temperature™.  precipitating agent

\._gas compostion

\ ! duration™.
. concentration ~
precipitating agent . temperature
“.support P
" ‘ \‘ FINAL
/ ” | PROPERTIES
" gas flow
p duration
" duration
temperature p
7 _gas compostion
temperature -~
REDUCTION

Fig. 1. Preparation variables for Ni/SiO, catalysts.

2. Experimental
2.1. Preparation of the catalysts

Catalysts precursors were prepared using a deposi-
tion—precipitation method. The precipitation of nickel
was induced by slow addition of NaHCO; to a slurry
containing the silica carrier (a diatomaceous earth FC
Celite-Manville, 1% of alumina, 42 m2/g and
Ve=1.1 cm®/g) and nickel nitrate solution. Different
precipitation and aging conditions were used. The list
of variables investigated is shown in Table 1. The
design matrix is shown in Table 2 (experimental
conditions are normalized in the range [—1,+1]).

Table 1
Real and coded values of experimental variables

After precipitation, the material was aged, filtered,
washed and dried at 373 K (20 h). Afterwards, it was
calcinated in two stages: in the first stage it was
calcinated at 573 K during 3 h (573 K) and in the
second stage at 723 K during 2 h.

2.2. Design of experiments

The relative importance of single variable and
interaction effects was investigated by using a Taguchi
design, which is a fraction of the full factorial design.
A design matrix with 16 experiments and six variables
was selected as shown in Table 2. Four central experi-
ments (experiments 17-20) were added to the design

Variable Coded variable Lower value (—1) Central value (0) Upper value (+1)
Nominal nickel content (%) Ni" 30 40

Precipitation temperature (K) " 330 363

Aging temperature (K) Td" 330 363

Aging time (h) ta" 10 20

Agitation w Low Mean High

NiNOjs concentration (M)* Conc” 0.4 0.6 0.8

in the slurry.
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Table 2
Matrix of experiments

Experiment  Ordering® Ni" 7Tp" Ta" 1" W' Conc”

1 10 -1 -1 -1 -1 -1 -1
2 4 -1 -1 -1 +1 -1 +1
3 16 -1 -1 +1 -1 41 -1
4 6 -1 -1 +1 +1 +1 +1
5 14 -1 +1 -1 -1 -1 -1
6 1 -1 +1 -1 +1 -1 +1
7 20 -1 +1 +1 -1 +1 -1
8 15 -1 +1 +1 +1 +1 +1
9 5 +1 -1 -1 -1 41 +1
10 9 +1 -1 -1 +1 41 -1
11 19 +1 -1 +1 -1 -1 441
12 12 +1 -1 +1 +1 -1 -1
13 2 +1 +1 -1 -1 +1 +1
14 7 +1 +1 -1 +1 +1 -1
15 18 +1 +1 +1 -1 -1 +1
16 13 +1 +1 +1 +1 -1 -1

17,18,19,20  3,8,11,17 0 0 0 0 0 0

# After randomization.

matrix in order to allow the evaluation of the experi-
mental error. Experimental conditions were selected in
order to allow the computation of the interaction
between aging time and aging temperature (assumed
to be very important a priori). However the main
effects of agitation and nickel nitrate concentration
may be confounded with the interactions between
nominal nickel content and aging temperature and
nominal nickel content and aging time, respectively
(W'=-Ni"ta", Conc’=—Ni" Ta").

Final properties regarded as relevant to describe the
catalyst performance were final nickel content (%Ni),
specific surface area (BET), reducibility (%R), metal-
lic surface per gram of nickel (Snigni) and metallic
area per gram of reduced nickel (Sni/enio). Models
with the general form of Eq. (1a) are then sought to
correlate these variables (hereafter called responses)
with the preparation variables.

2.3. Characterization

The nickel content (%) of the catalytic precursors
(NiO/Si0;,) was determined by atomic absorption
(Perkin Elmer 1100B) after dissolution in a HNOs/
HF solution. Specific surface areas were measured by
nitrogen adsorption at liquid nitrogen temperature
(77K) in an ASAP-2000 Micrometrics equipment

after sample outgassing for 2h, in vacuum. The
reducibility was estimated through temperature pro-
grammed reduction (TPR). The reduction was carried
out in an argon—hydrogen mixture (1.5%) up to 773K,
with a heating rate of 10 K/min. The hydrogen con-
sumption during TPR was expressed as a reduction
degree (%R), with the assumption that the transition
observed is Ni** to Ni’. At the end of a TPR experi-
ment, the metallic dispersion was measured from the
adsorption and desorption peaks generated by quickly
cooling (823 K down to room temperature) and heat-
ing (room temperature up to 773 K) the reduced
sample in argon-hydrogen mixture (heating/cooling
rates about 100 K/min). Nickel metallic areas were
calculated assuming a stoichiometry of 1 H/surface
nickel at room temperature. The geometric area of a
surface nickel atom was taken as 6.3 A. The nickel
area (Syj/gnio) is referred to the reduced nickel.

3. Results and discussion

Experimental responses are shown in Table 3. Cat-
alysts are labeled in the form wNi,_,_,, where w is the
nickel nominal content, x is the precipitation tempera-
ture, y is the aging temperature and z is the aging time.
A first look on Table 3 shows that the set of preparing
conditions gives birth to materials with significantly
different properties. The specific surface area of pre-
pared materials ranged from 36 to 327 m*/g and the
metallic area per gram of nickel ranged from 10 to
71 m?/gNi.

Estimates for model parameters and parameter
variances were obtained with standard linear regres-
sion procedures [19]. Standard statistical tests of sig-
nificance (z-test of student) were used to allow the
evaluation of parameter significance. Whenever para-
meter significance was smaller than 5%, the parameter
and respective effect would be removed from
Egs. (1a) and (1b).

The first response analyzed was the final nickel
content. Regression results obtained are shown in
Table 4.

The model relating the final nickel content and the
statically significant preparation variables is:

%Ni; = (27.4 + 0.4) + (11.2 £ 0.5)Ni*
+(1.7+0.5)Tp* + (1.1 £0.5)Conc*,  (2)
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Table 3
Experiment results”
No. Catalysts Response
% Ni %R BET (m%g) Si (m?/g Ni)
1 20Nis08.298-0 11.4 81 38 60
2 20Ni59g8.298-20 17.8 71 45 54
3 20Ni208.363-0 9.9 82 36 54
4 20Ni508.363-20 17.3 23 195 18
5 20Ni3637298—0 16.7 90 54 71
6 20Ni363-208-20 17.8 72 72 40
7 20Niz63-363-0 16.9 85 54 52
8 20Ni363-363-20 19.0 17 229 10
9 40Nis9g.298-0 36.8 97 54 25
10 40Nis08.298.20 39.6 98 54 47
11 40Nis08.363-0 35.2 97 47 29
12 40Nis08.363-20 344 49 327 25
13 40Ni343.298-0 40.4 95 70 29
14 40Ni363.298.20 41.5 100 81 28
15 40Ni343.363-0 40.7 100 57 29
16 40Ni363.363-20 36.9 50 325 42
17 30Ni330-330-10 27.3 91 100 44
18 30Ni330-330-10 30.9 91 134 37
19 30Ni330-330-10 28.8 85 98 50
20 30Ni330-330-10 29.4 76 109 38
Maximum 42 100 327 71
Mean 27 81 109 39
Minimum 10 17 36 10

“WNiy.,..: w is the nominal nickel content, x is the precipitation temperature, y is aging temperature and z is the aging time.

Table 4
Linear regression analysis: results for final nickel content (Nig)

Coefficient (a;) Standard error (s)

Level of significance

Independent term 27.4 0.4 >95%
Ni" 11.2 0.5 >95%
Tp" 1.7 0.5 >95%
Ta" —0.7 0.5 <95%
ta” 1.0 0.5 <95%
w' 0.7 0.5 <95%
Conc.” 1.1 0.5 >95%

so that non-linear effects are not necessary to describe
this response. The excellent agreement between the
model and the experimental results can be seen in
Fig. 2. The error bars were calculated based on the
results obtained with the central experiments. Errors
were assumed to be constant throughout the experi-
mental region.

From Egq. (2) it may be concluded that the final
nickel loading depends mainly on precipitation con-

ditions. The total amount of nickel present in the slurry
(nominal nickel content) is, obviously, the more
important variable and shows a direct relation with
the final nickel content. The remaining precipitation
variables, temperature and nickel nitrate concentration
also exert a direct influence upon the final nickel
content. The influence of the former is related to
the increase of the nuclei formation. The influence
of the latter is related to the increase of the effective-
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Fig. 2. Comparison between (@) Observed and () predicted
final nickel contents.

ness of the precipitation due to faster reaching of the
conditions of super saturation at higher concentra-
tions. As aging variables are not important to describe
the final nickel content, there is no reason to believe
that the interaction between nominal nickel content
and aging temperature (Ni'7a") is important in this
case.

Similar regression analysis was applied to the other
responses. In these cases, however, the interaction
between aging time and aging temperature (the most
significant variables for specific surface area and
reducibility) could not be dropped from Egs. (1a)
and (1b). Estimates for model parameters and para-
meter standard errors are shown in Table 5.

The final regression equations relating the prepara-
tion variables and the responses are:

Table 5
Linear regression analysis. Results for remaining responses.
BET %R SNi/eNi
a; s a; s a; s
b; 108.9% 43 77.5% 1.5 39.0 1.8
Ni* 18.3* 49 10.3* 1.7 —6.5" 2.0
Tp" 9.1 4.9 0.7 1.7 -0.7 2.0
Ta" 50.1 4.9 —12.6" 1.7 —6.1* 2.0
ta" 57.4% 4.9 —15.4* 1.7 —5.3% 2.0
w* —12.0° 49 -08 1.7 -55* 20
Conc® —12.5° 4.9 -3.9% 1.7 -9.0* 2.0
Ta' " 529° 49  —127° 17 -34 20

“Statistically significant effects (level of confidence 95%).

BET = (108.9 4 4.3) + (18.3 &+ 4.9)Ni*
+ (50.1 + 4.9)Ta" + (57.4 + 4.9)ta*
+ (12.5 £ 4.9)Conc* — (12.0 + 4.9)W*
+(52.9 +4.9)Ta" ta*, 3)

%R = (77.5 4 1.6) + (10.3 + 1.7)Ni*
— (126 £ 1.7)Ta* — (15.4 + 1.7)ta’
+(4.0£1.7)Conc* — (12.841.7)Ta" ta*,  (4)

Sxi = (39.0 &+ 1.8) — (6.5 + 2.0)Ni*
— (6.1 £2.0)Ta" — (5.3 +2.0)ta"
+ (5.5 +2.0)W* — (9.0 & 2.0)Conc". (5)

For these responses, the effect of nominal nickel
content, aging time and aging temperature are impor-
tant so that the effect of their interactions may also be
important. This means that if Conc” is replaced by
Ni" 7a", and W' is replaced by Ni* 7a" in Egs. (3)-(5),
the same results are obtained. So, calculated effects for
nominal nickel concentration (Conc”) and agitation
(W*) cannot be discriminated from interactions
between nominal nickel content and aging time
(Ni" 1a") and between nickel content and aging tem-
perature (Ni" Ta") with this experimental set.

The equations containing both interactions are:

BET = (108.9 £4.3) + (18.3 £ 4.9)Ni"
—(50.1 £4.9)Ta" — (57.4 £ 4.9)ta"
+(12.5 £ 4.9)Ni* ta* + (12.0 £ 4.9)Ni* Ta*
+ (529 +4.9)Ta" ta”, (6)

%R = (77.5 £ 1.6) + (10.3 + 1.7)Ni"
— (126 £ 1.7)Ta" — (15.4 £ 1.7)ta"
+ (3.9 £ L.7)Ni* ta* — (12.7 £ 1.7)Ta" ta”,
(N
Sni = (39.0 £ 1.8) — (6.5 + 2.0)Ni*
— (6.1 £2.0)Ta" — (5.3 £2.0)ta”
+ (5.5 £2.0)Ni" Ta* + (9.0 £ 2.0)Ni* ra". (8)
The usual procedure used to discriminate con-
founded variables is enlarging the original design
matrix or running an entirely new experimental design
containing only the confounded variables, which
means at least eight new experiments in our problem.

However, an alternative approach is used here, based
on a very simple model discrimination strategy. Mod-
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Table 6

Response values obtained with Eqgs. (3)—(5) and Eqs. (6)—(8) used for model discrimination

Experiment Variables Difference between models
Ni* Tp" Ta" ta" w Conc” 2)—(5) (3)—(6) 4)—(7)

21 -1 -1 -1 -1 —1 -1 0 0 0
22 -1 -1 -1 1 1 1 12 0 11
23 -1 1 1 -1 1 1 13 8 18
24 -1 1 1 1 —1 -1 37 8 29
25 1 -1 1 -1 -1 1 12 0 0
26 1 -1 1 1 1 -1 12 0 11
27 1 1 -1 -1 1 -1 37 8 18
28 1 1 —1 1 —1 1 13 8 7

els constituted by Egs. (3)—(5) and Egs. (6)—(8) can be
used to predict the output values of the response
variables for the eight experimental conditions of
the new design matrix built for the confounded vari-
ables. Experimental conditions where differences
between the two rival models are maximized are then
carried out, as shown in Table 6.

As maximum differences between the rival models
were found in experiments 23, 24 and 27, these
experiments were selected and performed. As shown
in Table 7, the model containing the interactions led to
much better predictions for all responses, in a very
large range of specific surface area, degree of reduc-
tion and metallic area, indicating that this is the best
model. The agreement between calculated and experi-
mental specific surface area, degree of reduction and
metallic area can be seen in Figs. 3-5 for the whole
experimental grid. It is important to note that all the
calculated values are in very close agreement with the
experimental values and within the experimental error.

The final model constituted by Eqs. (6)—(8) seems
to indicate that the variables nickel loading, aging time
and aging temperature (and their interactions) are the
most important ones and determine the main final

350 + £ £
300

NP

§15°Tj {
100 ii
Dot

Experiment

Fig. 3. Comparison between (@) observed and () predicted
specific surface areas.

catalyst properties, namely specific surface area, redu-
cibility and metallic area. The variables metal loading
(concentration of a reactive species), temperature and
time are natural variables used to describe the evolu-
tion of chemical reactions, suggesting that a chemical
reaction may be occurring during the aging step. The
formation of nickel silicate during the aging step has
already been pointed out by other researchers [20,21].
Formation of nickel silicates [10,11,13] would be
responsible for the formation of a new phase on the

Table 7
Experimental and predicted values for response values used for model discrimination
Experiment BET PR SNi
Eq. 3) Eq. (6) Experimental Eq. 4) Eq.(7) Experimental Eq. (5) Eq. (8) Experimental
23 264 227 189 79 87 93 30 48 43
24 18 31 54 30 23 16 49 20 14
27 85 48 47 107 99 100 47 29 26
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catalyst, modifying the catalyst texture and increasing
the surface area of material considerably. So, the rising
of the specific surface area can be related to the nickel
antigorita formation, which is favored by higher nickel
content, aging temperature and time (which explains
the direct relation between nickel loading, aging
temperature and time with the specific surface area
(BET)).

The decreasing of the reducibility of the catalyst
containing silicate supports the assumption of nickel
silicate formation, as bulk nickel oxide and nickel with
a low metal support interaction are easier to reduce
than nickel silicate. Therefore, changes of surface area
and reducibility would follow opposite trends. This
behavior is described by Eq. (7), which shows an
inverse relation between aging time, aging tempera-

ture and reducibility, suggesting that high tempera-
tures and aging time may increase the rate of silicate
formation and cause a decrease of the catalyst redu-
cibility (%R). The role of the nickel content is more
complex, as nickel may be present as nickel silicate
and nickel oxide. At low nickel contents Eq. (7)
indicates that the nickel content has a negative effect
on catalyst reducibility, which may indicate that most
of the nickel present leads to the formation of nickel
silicate. However, at high nickel contents, the nickel
content has a positive effect on catalyst reducibility,
which may indicate that an increasing amount of
nickel leads to the formation of nickel oxide, simul-
taneously increasing the catalyst reducibility.

Eq. (8), which relates metallic nickel surface area
and the aging variables, may also be interpreted in
terms of a competition between nickel silicate and
bulk nickel oxide formation. The metallic area
decrease with nickel nominal content would be due
to the formation of bulk nickel oxide, which is easily
reduced, but produces poorly dispersed metallic
nickel. On the other hand, the inverse relation between
metallic area and aging time and temperature may be
again interpreted in terms of nickel silicate formation,
which is hardly reducible. The interactions between
nickel loading and aging time and temperature, how-
ever, indicate that these variables may be fine tuned in
order to allow the production of larger metallic areas,
improving the metallic nickel dispersion caused by the
nickel silicate formation.

In order to eliminate the effects related to the
reduction step from our analysis — the formation of
different nickel species with different reactivities
towards hydrogen — the analysis is continued in terms
of metallic surface area per gram of metallic nickel
(S

The metallic surface area per gram of metallic
nickel (Sy;) can be obtained by dividing the metallic
area per gram of nickel by the degree of reduction
(Egs. (7) and (8)):

SN
Ni %R

The behavior of the metallic area per gram of Ni’
predicted by Eq. (9) was found to be very interesting.
At high nickel concentrations, aging at low tempera-
ture does not lead to significant changes of the metallic
area because the temperature is too low for reaction to

€))
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Fig. 6. Effect of aging at high temperature (72 =363 K) and long
time (ta'=+1) ( ) and no aging (----- ) on the metallic
surface area per gram of Ni‘® at different nominal nickel
concentrations.

take place at any significant extent. However, at high
temperatures the aging step causes an exponential
increase of the metallic area as the aging time
increases, demonstrating the positive effect of the
nickel silicate formation on the metallic nickel dis-
persion.

The metallic area of the catalyst can be controlled
solely by the precipitation step, if no aging step is
carried out (Fig. 6). At no aging (ta'=—1, Ta'=+1)
the metallic area is high at low nickel concentration
and decreases fast as the nickel loading increases. In
this situation, the metallic area is strongly controlled
by the nickel content (which can be tuned by the
precipitation conditions). If the catalyst is aged, e.g. at
363 K (Ta"=+1) and during 20 h (ta"=+1), the effect
of nickel is not only associated with the precipitation
step but also with the nickel silicate formation. This
way, the deleterious effect of increasing nickel loading
during the precipitation step on the metallic area is
compensated by the silicate formation, also dispersing
the more reducible nickel species. It is interesting to
observe the effect of aging time on the metallic area
(Sy;) (Fig. 7). At low temperatures, aging time does
not produce appreciable changes on the catalyst metal-
lic area, while at high temperatures the change on the
catalyst surface area is dramatic. This effect is due to
the slow reaction rates of silicate formation at low
temperatures.

In order to find the maximum metallic area per gram
of reduced nickel (Sy; (m*/gNi%), Eq. (9) was maxi-
mized in the experimental region of interest. Two

S/, (mIgNi°)

, Ta’=363 K) and
low (----- , Ta=298 K) aging temperatures on the metallic surface
area per gram of Ni® of a high nominal nickel concentration
catalyst (Ni"=+1).

close maximum values (with and without aging, as
shown in Table 8) may be found at low nickel con-
centrations. This means that at low nickel concentra-
tions high metallic area can be achieved during the
precipitation step; otherwise, similar results can be
achieved by tuning the aging conditions. As it can be
seen, model predictions are confirmed experimentally.
It is worth mentioning that the common feature for
both samples is the absence of microporosity and good
accessibility to the metallic sites (average diameter
pore, dp, above 50 A as shown in Table 8).

If similar metallic areas (within experimental error)
may be obtained with and without the aging step, from
the industrial catalysis point of view it seems that the
aging of the precursor may be a waste of time and that
the precipitation conditions must be carefully con-
trolled. Besides, the catalyst prepared without aging
can be reduced more easily, leading to economy of
energy in the process. On the other hand, if the catalyst
is prepared to be used in demanding environments
(which favors metallic sinterization), aging may be
very helpful because it produces nickel species that are
more stable to sintering. This is not the case of edible
oil hydrogenation. Another point that should be men-
tioned is that the metallic area increases sharply as the
nickel content decreases; therefore, substantially
higher metallic area are expected at lower nickel
contents.

In order to obtain more insights on the silicate
formation, a simple model was developed based on
more than statistical foundations. Let us represent the
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Table 8

Optimized catalysts®

Variables Predicted Experimental

Ni* Ta" ta’ %R Sk (m*/gNi) St (m*/gNi®) %R Sni (m*/gNi) Sy (m*/gNi®) dp (A)
-1 +1 +1 23 20 87 24 18 73 61

-1 -1 -1 86 71 83 81 60 73 99

*The remaining variables (Conc”, Tp" and W") were kept at their —1 level.

reaction of silicate formation by
Ni + Sup — P, (10)

where Ni represents the nickel species, Sup is the
support and P is the reaction product, the silicate.
Assuming that this reaction follows a first-order
kinetics regarding the nickel concentration and
unknown order (n) regarding the silica concentration,
the rate of silicate formation may be described as
9P INi][Sup]". (11)
dr

The support concentration was constant in all pre-
parations, so that it can be grouped with the original
kinetic constant. As the real nickel concentration (Ni’)
in the solution is not known, it is assumed that the
nickel concentration is proportional to the catalyst
nickel loading. This additional unknown proportion-
ality constant may also be grouped with the original
constant k’. So, Eq. (11) becomes
dp .
o k[Ni]. (12)

The nickel is consumed during the nickel silicate
formation, so that its concentration should not be
regarded as constant.

The nickel consumption may be written as
dNi
— = —k[Ni]. 13

m [Ni] (13)

The integration of this equation gives us the nickel
concentration during the reaction

Ni = Nig exp(—kt), (14)

where Nig is the total initial nickel loading in the
catalyst and ¢ is the reaction time. If Eq. (14) is
inserted into (Eq. (12)), after integration the resulting

equation is

. AE
P = Nij [l — exp <—A exp (ﬁ) t)] , (15)

where A is the pre-exponential factor; AE is the
activation energy; R is the universal gas constant,
and T is the reaction temperature.

It is difficult to measure the amount of silicate
produced, so that the catalyst surface area will be
used to infer the amount of silicate formed. Let us
assume that the final surface area may be described as
a sum of two terms: the initial surface area of the
catalyst and a contribution that depends on the amount
of silicate formed. Then assuming that a linear rela-
tionship is valid

BET = S, + P, (16)

where S is the catalyst initial specific surface area,
and « is a proportionality constant. Substituting
Eq. (15) into Eq. (16)

BET = Sy + a-Niy {l — exp (—A exp (25) t)} .
a7

The initial catalyst area may be approximated by
the carrier surface area or estimated as an additional
parameter of Eq. (17). Both procedures lead to very
similar results; therefore, it is preferred here to use the
surface area of the carrier as the catalyst initial surface
area (S§p=42 mz/g).

The activation energy obtained by non-linear
regression was equal to 12.2 kcal/mol, a value that
lies within the range of expected values for chemical
reactions. The parameter v was found to be 9, which
explains the sharp increase in the surface area of the
catalyst. At high temperatures, as time increases
Eq. (17) approaches an asymptote (Figs. 8 and 9),
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Fig. 8. Comparison between the values (@) observed and ()
predicted by the phenomenological model.

indicating that large specific surface areas may be
obtained at aging times smaller than 15h and that
aging times larger than 15 h do not produce appreci-
able changes on the surface area. At low temperatures,
the surface area increases linearly and slowly with
time (Fig. 10). The assumption of constant nickel
concentration during the reaction was checked; how-
ever, it led to significantly poorer results, indicating
that the amount of nickel consumed during the reac-
tion is significant and must be taken into account. The
agreement between the surface area calculated by the
Eq. (17) and the experimental results is very good and
can be checked in Fig. 8.
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Fig. 9. Surface area evolution at high temperatures: ( ) high
nickel content Ni'=+1; low nickel content (- - - - - - INi“=+1.
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Fig. 10. Surface area evolution at low temperatures: ( ) high
nickel content Ni"=+1; (- - - - - - ) low nickel content Ni"=+1.

Although this is a very simple model (17), based on
some strong hypothesis, it gives some interesting clues
on the phenomena that take place during the aging
step. However, more fundamental experimental
results are needed to validate the model proposed here.

4. Conclusions

Statistical experimental design was used to study
the preparation variables related to the precipitation
and aging step simultaneously. It was found that the
aging step is of fundamental importance for the final
catalyst properties, if silicate formation takes place at
significant extents. This reaction is favored by high
aging temperatures, aging times and nickel loadings.
At low temperatures, silicate formation does not take
place at significant rates and does not change signifi-
cantly the catalyst properties.

The behavior of the metallic area per gram of nickel
was found to be very interesting. Two different max-
imum metallic areas can be attained: at strong aging
conditions (ta=+1, Ta=+1) and at no aging. The
results were confirmed experimentally, demonstrating
that high metallic areas may be obtained during the
precipitation step, so that the aging step can be
avoided if the precipitation step is carried out carefully
and the catalyst is to be used in warm reaction con-
ditions (e.g. edible oil hydrogenation). Otherwise
aging may be very helpful to produce more stable



M. Nele et al./Applied Catalysis A: General 178 (1999) 177-189 189

nickel species and adjusting the final catalyst proper-
ties.

A very simple phenomenological model was suc-
cessfully developed to describe some important fea-
tures of the reaction phenomena, indicating that the
surface area approaches an asymptote as aging tem-
perature and aging time increase. Slow changes of the
surface area may be expected at low temperatures.
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