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Abstract

The reduction step used for preparation of high loading silica-supported nickel (K)/S&falysts was analyzed with
the help of statistical experimental design. Two catalyst precursors prepared by deposition—precipitation (DP) method and
presenting significantly different metal-support interactions were studied. Empirical models were developed for the degree of
reduction and for the metallic area of the Ni/Qi€atalysts as functions of the reduction variables (final reduction temperature,
heating rate, flow rate and hydrogen concentration of the reducing mixture) for each precursor. For the precursor with low
nickel-support interaction, high degrees of reduction were attained regardless of the reducing conditions used; however, oper-
ation conditions exerted a significant influence upon the final catalyst metallic area. For the precursor with high nickel-support
interaction, both the degree of reduction and the final catalyst metallic area were strongly affected by the reducing conditions.
The reducing conditions were then optimized for both catalyst precursors in order to maximize the final catalyst metallic area.
Simulation results were validated experimentally and indicated that optimum reducing conditions may depend significantly
on the nature of the catalyst precursor. Finally, a mixed model was built by the linear combination of the two original models,
allowing the successful optimization of the reducing conditions for a precursor with intermediate nickel-support interaction.
These results suggest that reducing conditions may be tuned at plant site as a function of the metal-support interaction of
catalyst precursors, with the aid of mathematical models built for model catalyst precursors.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction models can be used as tools for optimization of the fi-
nal catalyst properties and fine-tuning of the prepara-
The optimization of the catalyst preparation steps tion variables because they can describe quantitatively
is still a field of intense researdhi—4]. The catalyst how the preparation conditions and catalyst properties
preparation steps involve several simultaneous physic- are related.
ochemical processes that are not well understood and Hydrogenation reactions are of major importance in
the search for more economically/environmentally ef- the chemical industry. For example, more than 90% of
ficient catalysts drives the continuous research in the the catalytic production processes of Ciba Geigy (now
area. Empirical and phenomenological mathematical Novartis) in 1996 were hydrogenations, most of them
using silica-supported nickel (Ni/Sigpcatalysts. Not
* Corresponding author. surprisingly, these catalysts have been intensively
E-mail addressvera@peq.coppe.ufrj.br (V.M.M. Salim). studied in the open literature. Particularly, the works
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developed by Schuit and van Reijgl], Coenen and  of the reducing mixture. The effects of all operation
Linsen[2], Geus et al[3] and Hermans and Geus conditions were investigated simultaneously using
[4] may be regarded as fundamental landmarks in statistical design of experiments, in order to determine
this field. More recent works analyze the effect of the relative importance of each variable, identify pos-
additives (Ca, Ba) and aging upon the final catalyst sible variable interactions and optimize the reducing
propertieg5]; study the preparation of catalysts with conditions, allowing the development of a reducing
controlled pore structurfd]; analyze the fundamental recipe that maximize the catalyst efficiency.
relations between the nature of the nickel-deposited
phase and the catalyst textural proper{ié8]; pro-
pose a method to improve the nickel oxide dispersion 2. Experimental
on the silica by silica-pillared phosphat®3; analyze
the influence of the carrier textural properties, nickel 2.1. Catalysts preparation
loading, precipitating agent and the precipitation and
aging steps on the metallic dispersion and metal-silica  Catalyst precursors were prepared through DP
interaction[10-13] Particularly, the influence of the method at 363K, using NaHGQ0.8 M) as the pre-
precipitation and aging steps upon the final catalyst Cipitating agent, FC celite-manville (1% alumina,
properties was analyzed simultaneously with the help 42n?/g andV, = 1.1cn¥/g) as the carrier and nickel
of statistical method§l14]. It was found that catalyst  nhitrate solution (0.8 M) as the metal source. Precur-
aging is an effective method to control the extent of sors were aged at 363 K for different aging tinie4].
the nickel-support interaction, the metallic area and Two precursors with very different metal-support
the textural catalyst properties. Optimal precipitation characteristics were selected for this study. The
and aging conditions were then proposed. nomenclature iNi;-t-;) used here is similar to the

Recently, efforts have been concentrated on under-one used previouslji4], wherei is the nickel con-
standing the relationships among the preparative con- tent (wt.%),j the precipitation temperature (Kj,the
ditions, the properties of the precursor phases formed aging temperature (K) andthe aging time (h).
and the reducibility of the precursof$5—18] using The precursor 40Nk33630 (45 nP/g and 37 wt.%
the “change one factor at a time method”. Particularly, Ni) is formed basically by supported NiO and
Burattin et al.[19] investigated the influence of the presents a low metal-support interaction. The pre-
reduction conditions on the size of the metal particles cursor 40Nis3-363-20 (325n%/g and 42wt.% Ni) is
and on the extent of reduction and proposed a mech-formed predominantly by nickel silicate (antigorite)
anism of formation of metal particles for catalyst and presents significant metal-support interaction
samples prepared by deposition—precipitation (DP) [4,14]. Fig. 1shows the typical TPR profiles obtained
method. However, these studies have not been focusedat the same conditiong (= 5K/min; Cy, = 1.7%,
upon the optimization of the final catalyst properties. Fu, = 50 cn#/min and7; = 1075K).

In a previous study[14], models developed to
describe the precipitation and aging steps were used2.2. Analysis of reduction step
to optimize the precursor preparation in respect to the
metallic area of the reduced nickel, when precursors The reducibility was evaluated with an ordinary
were subject to standard reduction conditions. In this temperature-programmed reduction (TPR) piece of
communication, the influence of the reduction step equipment. Different final reducing temperatures were
upon the final catalyst properties is investigated to used for each catalyst precursor in order to guarantee
allow the maximization of the final catalyst metallic adequate degree of reduction and minimum sintering.
area. In order to do that, two Ni/Sprecursors pre-  The final reduction temperature was kept constant
senting significantly different degrees of nickel-silica for 20 min before the interruption of the reduction
interaction were prepared using the preparative experiment in all cases.
method previously developed0,11] The reducing The hydrogen uptake observed during the TPR was
variables analyzed were final reduction temperature, expressed as the reduction degre®)%assuming that
heating rate and flow rate and hydrogen concentration the transition observed is i to Ni°. At the end of the
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Table 2
Matrix of experiments
=
S Experiment Run order  g* F, T Ch,
5 1 4 -1 -1 -1 -1
= . 2 7 -1 -1 +1 +1
40Nis633630
€ 3 9 -1 41 -1+
@ 4 2 -1 +1 +1 -1
8 5 12 +1 -1 -1 +1
o . 6 1 +1 -1 +1 -1
T 40N1363-363-20 /_\ 7 3 +1 +1 -1 -1
, . . . . , . 8 6 +1 +1 +1 +1
273 375 475 575 675 775 875 975 1075 9-12 5.11 0 0 0 0
Temperature (K)
Fig. 1. TPR profiles of the 40433630 and 40Nksa-363-20 pre- maximum precision. The matrix of experiments was

cursors B = 5K/min, Cy, = 1.7%, Fy, = 50cn?/min and

Tt — 1075K), designed for four variables and contained eight exper-

iments, as shown iable 2(experimental conditions
are normalized in the range-[L,4-1]). Additionally,
TPR experiment, the metallic dispersion was measured four replicates (experiments 9-12) were performed
based on the adsorption and desorption peaks obtainecat the central point in order to evaluate the experi-
by quickly cooling (823 K down to room temperature) mental error (able 3. Experimental conditions were
and heating (room temperature up to 773K) of the selected in order to allow the computation of the main
reduced sample in #Ar mixture (heating/cooling  variable effectsd;; in Eq. (1) and the variable inter-
rates of 100 K/min). Nickel metallic areas were calcu- actions &;; in Eq. (1) in simple polynomial models
lated assuming a stoichiometry &f/surface nickel (Eg. (1). However, as some variable interactions
at room temperature. The geometric area of a surfaceare confounded (cannot be estimated independently),
nickel atom was taken as 6.345]. The nickel area  additional experiments may be necessary for dis-

(S,(\’”) is referred to the reduced nickel. crimination of important variable interaction effects.
The use of statistical experimental design in cata-

2.3. Experimental design lyst preparation is thoroughly discussed elsewhere
[14].

The main variable effects and the variable interac-  The final catalyst properties regarded as relevant for
tions were investigated by using a Taguchi experimen- evaluation of the performance of the reduction proce-
tal design[14,20] and the list of variables analyzed dure were reducibility (%) and metallic surface per
is shown inTable 1 In short, a Taguchi design is an gram of nickel &yi). These variables (hereafter called
ordered fraction of the full factorial design, which al- responses) were correlated with the reduction vari-

lows the estimation of the parameterskyj. (1) with ables through linear regression analysis.
Table 1
Real and coded values of the experimental variables
Variable Coded variable Lower value-1) Central value (0) Upper valuer-Q)
Heating rate (K/min) B* 5 10 15
Ha/Ar gas flow rate (crivmin) F, 20 35 50
Final reduction temperature (K) T 7773 923 1073
87 998 1123
Ha/Ar gas concentration (% (v/v)) C,jz 1.7 5.1 10.0

aCondition for the 40Njg3-363-0 precursor.
b Condition for the 40Nig3-363-20 precursor.
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3. Results and discussion

The experimental results (responses) for the reduci-

bility tests obtained for the non-aged (4@b-363-0)
and aged (40Nb3-363-20) precursors are shown in
Tables 3 and 4respectively. The reduction conditions
are labeled in the forriR;-x-;, wherei is the heating
rate (8, K/min), j the final temperatureTf, K), k the
Ho/Ar flow rate (Fii,, cnP/min) andl the Hy/Ar gas
concentration €n,, vol%). Tables 3 and 4how that
the set of reducing conditions analyzed gives birth
to materials with very different properties, especially
regarding the metallic surface area.

Catalysts obtained from the non-aged precursor 11

(40Nizg3-363-0) presented high degree of reducibil-
ity in all operation conditions, ranging from 95.5 to

101.6%. These results show that the reduction of the Mean

NiO phase is not significantly influenced by the re-
duction variables within the analyzed experimental

D.L. Bhering et al./Applied Catalysis A: General 234 (2002) 55-64

Table 4
Experimental results for the 400iz-363-20 precursot
Number Reduction Response
%R Sui (m?/g Ni)
1 5Rg73-20-1.7 53.3 21.6
2 5R112320-10 89.4 38.4
3 5Rg73-50-10 95.8 87.1
4 5R112350-1.7 94.9 43.6
S 15Rs73-20-10 73.1 42.9
6 15R112320-1.7 101.4 22.8
7 15Rs73-50-1.7 61.9 39.7
8 15Ri02350-10 101.0 47.3
9 10Ry98-35-5.1 94.5 44.0
10 10Ry9g-35-5.1 93.3 46.7
10Ry98-35-5.1 93.5 44.6
12 10Ry9g-35-5.1 95.0 45.2
Maximum 101.4 87.1
79.5 43.7
Minimum 53.3 21.6

8iRj-: i is the heating rateg), j the final temperatureTf),

range. The precursors are reduced almost completelyk the H/Ar flow rate (F;)) and | the H/Ar gas concentration

even at mild reduction conditions (e.g. all the vari-
ables at their lower levels). This result is supported by
the TPR profile shown ifrig. 1, where it may be seen

(Ciy).

A wide range of metallic surface area (6.0-33%gn

that this precursor is completely reduced at approx- Nj) was obtained, which emphasizes that the choice of

imately 750K. In spite of that, the metallic surface

the reduction conditions is very important for proper

area depended strongly upon the reducing conditions. control of the sintering of the metallic nickel particles.

Table 3
Experimental results for the 40Mi-363-0 precursot
Number Reduction Response
%R Sui (m2/g Ni)
1 5R77320-1.7 98.8 18.3
2 5R107320-10 95.5 9.1
3 5Ry73-50-10 100.6 27.9
4 5R107350-1.7 100.0 6.0
5 15R/73-20-10 101.6 22.0
6 15Ri07320-1.7 100.1 10.3
7 15Ry7350-1.7 99.5 33.8
8 15R102350-10 100.7 15.2
9 10Ry23-35-5.1 99.2 21.3
10 10R23-35-5.1 97.3 19.0
1 10Ry23-355.1 98.5 20.4
12 10Ry23-35-5.1 99.0 19.8
Maximum 101.6 33.8
Mean 99.2 18.6
Minimum 95.5 6.0

8iRj-x: i is the heating ratef), j the final temperatureTf),
k the H/Ar flow rate (F,) and | the H/Ar gas concentration
(CHQ)-

Both the degree of reduction and the reducibility
of the aged precursor (408di-363-20), in contrast, are
very sensitive to the reduction conditiori&ble 4. As
shown inFig. 1, these catalysts can be completely re-
duced only at very high temperatures (998 K), which
may have a deleterious effect on the metallic area, de-
pending on the levels of the remaining reduction con-
ditions. Therefore, the proper choice of the reducing
conditions of this precursor is even more difficult.

Based on the available experimental data, it is pos-
sible to evaluate the importance of each variable ef-
fect and respective interactions quantitatively. This can
be performed by assuming that the experimental re-
sponses (degree of reduction and metallic area) de-
pend on the normalized reduction variables as shown
in Eq. (1)

n n
Z Z aijXiXj

i=1j=2,j>i

n
y=b+) aixi + )
i=1

wherex; are the independent variable$*( F,jz, T,
C{,,), b the independent polynomial coefficiers;;
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the main effect of variablé and &; the interaction  increases, the catalyst metallic area decreases due to
effect between the variablésandj. The polynomial nickel sinterizatiof21]. The heating rate and the gas
coefficients (and respective errors) can be evaluatedflow rate also exert a direct effect on the final cata-
using standard linear least-squares proced@@s If lyst metallic area per gram of nickel. The effect of the
the coefficient error is of the same order of magnitude heating rate may be related to the shorter reduction
of the respective coefficient, then the polynomial co- time, which reduces the time available for metallic
efficient may be discarded based on a statistical test nickel agglomeration and/or to the formation of more
of significance (e.g. Studenttstest). The degree of metallic nickel (and consequently smaller) seeds, as
significance used throughout this manuscript was set reduction temperature increases faster. In both cases,
to 95%. the metallic area is expected to increase, as observed
If Eq. (1)is used to fit the experimental data pre- experimentally. The effect of the gas flow rate can be
sented inTables 3 and 4one will find that some  attributed to the more efficient heat and water removal
interactions are confounded and cannot be evaluatedfrom the catalyst[22], which leads to lower rates
independently. This means that some interactions (for of nickel agglomeration. The hydrogen concentration
instance,Cf_‘|2 - T and g* - F;,“Z) assume the same does not exertany significant influence upon the metal-
values throughout the experimental design matrix. As lic area of this precursor.
a result, when the linear regression is performed the Although none of the variable interaction effects
termsCy, - ;" and B - F, have the same coefficient  were significant within the 95% confidence level set
(a;;'s) and one is not able to determine if the estimated before, the interaction between the final reduction tem-
coefficient §;;) belongs toC,*jI2 -T¢ or B* - F,jz. So, it perature and the gas flow rate was 93% significant and
is impossible to find out which one of the interactions the inclusion of this interaction into the modg&ld. (3)
is really important based solely on the experimen- increased the linear regression correlation coefficient
tal data and on the model. In these cases, it may befrom 0.92 to 0.97. In order to confirm the importance
necessary to perform additional discrimination proce- of this interaction factor, two extra experiments were
dures. A more detailed discussion about confounding performed and model predictions for the metallic area
in design of experiments can be found elsew263. were compared to the values obtained experimentally
Initially, the NiO rich precursor (40Nk3-363-0) Was for both models obtained: with and without the inter-
analyzed.Egs. (2) and (3show how the degree of action term.
reduction and the metallic area per gram of nickel  The two designed experiments maximize the effect

depend on the analyzed operation variables. of the variable interaction upon the metallic area in the
%R — 993+ 05 ) analyzed experimental grid and are not confounded
with the other remaining model effects. Therefore, the

Sni=(190+£1.0) — (7.7+ 1D T designed experiments maximize the model discrim-
1294 l.l)F;iz 4 (284 1.2)p" 3) |1[1sgllgn50apacuy. The results obtained are shown in

Eqg. (2) shows that the operation variables do not af-  Table 5shows that the interaction term improves the
fect the degree of reduction within the experimental predictive capacity of the model significantly and that
range investigated and that the degree of reduction this interaction must be taken into account. Physically,
obtained within the investigated experimental region
may be assumed to be constant with confidence of tape 5
95%. This was already expected since the catalyst Experiments for the evaluation of the importance of the interaction
was completely (or almost completely) reduced in all term Fj, - 7" in Eq. (4)
gxperlments. Therefore, an average degree of re(_qu-,\,umber Reduction ~ Syi (m?/g Ni)
tion can represent the experimental data properly with-
out any additional correction for any variable effect. Eg. (3) Eqg. (4)

. . prediction prediction

Regarding the metallic are&q. (3) shows that

the most important variable effect is the final reduc- 13 SRrrsso17 266 24.1 221
: . . 15Rr732017 26.7 29.3 30.9
tion temperature. As the final reduction temperature

Experimental
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407 Fjj, = +1 and7y* = —1. This optimum condition,
_ 35- I hereafter calleRoy, is part of the original experimen-
5 304 E tal matrix (experimental condition 7 ofable 9. At
E o5 I these conditionsTable 3shows that the experimen-
© ] . . )
O oo E EEIII tal metallic area ob_tamed experimentally was equal to
§ 151 I I Sni = 33.8m?/g Ni about 20% larger than the sec-
g ; I ond best result obtained for experimental condition 3
g 101 § T (Sni = 27.9 mR/g Ni).
57 Similar regression procedures were applied to the
OT——T"—T1T—T1T"71 . aged precursor (40hHa-3s3-20). Due to confounding,

T
0 2 4 6 8 10 12 14

i there are two different equations that are equally able
Experiment

to fit the experimental metallic area data, as shown in

Fig. 2. Comparison between observdll)(and predicted metallic Egs. (5) and (6)
area @) for the 40Njs3-363-0 Precursor.

Sni = (443£2.0) + (124 £ 2.4 F};,

_ * *
this term may be related to the rate of water removal G1+2DT +(AL4+23Cy,
during the reduction reaction. This may be especially —(B5E2D)p" - (62+£2C,, - T (5)
true at lower temperature§'{ = —1), where the use

of a higher gas flow rat¢F; = +1) probably in- o "
creases the water removal réte from the surface, as theSN' =(443+20) +(124+24) Fr,

diffusivity of the water is lower at lower temperature —(G1+£2 DT + (114 £ 23)Cf,

and it guarantees a more efficient reductiéuq. (4) —(65+21)p* — (62+£22)8" F, (6)
presents the empirical model for the metallic area per

gram of nickel, including the interaction effect. The difference betweekqs. (5) and (6)are the

terms C,’f|2 - T and B* - F}jz, which are equal over
SNi=(190+£1.0) + (284 1.2)8* + (29+ 1.1)F§2 the experimental design matriddble 3. As made
—(77+ 11T — 25+ 1.1)F§2 LTy 4 previously, _three new expgriments were designed and
performed in order to maximize the differences of the
The excellent agreement between the model and thetwo rival interactions over the experimental domain.
experimental results can be seenFiy. 2 The er- Results obtained are presentedTiable 6 If model
ror bars were calculated based on the results obtainedpredictions are compared, it is possible to notice that
from replicated experiments at the central point. Er- the model including the interaction teri* - Fy,
rors were assumed to be constant throughout the ex-(Eq. (6) shows better performancEig. 3 shows the
perimental region. excellent agreement obtained between the experimen-
Eqg. (4) was used to find the reducing conditions tal data and the model responses. An attempt to opti-
that would lead to maximum metallic area per gram mize the reduction conditions to this precursor shows
of nickel. AnalyzingEqg. (4) itis possible to conclude  that the optimum reduction condition is placed at the

that the optimum operation conditions g#& = +1, experimental condition 3 of the original experimental
Table 6
Experiments for selection of the significant interaction€is. (5) and (6)
Number Reduction Sui (m?/g Ni) %R

Eq. (5) prediction Eq. (6) prediction Experimental
13 15R12350-1.7 40.9 28.5 32.9 95.6
14 15Rs73-50-10 73.9 61.5 63.0 100.0

15 15Ry73-20-1.7 13.9 26.3 20.0 55.6
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Fig. 3. Comparison between observdll)(and predicted metallic

area @) for the aged 40Nisa-363-20 PreCUrSOT. Fig. 4. Comparison between observdll)(and predicted degree

of reduction @) for the aged 40Nk3-363-20 Precursor.

design matrix inTable 2 (8* = —1, F}j2 = 41,
T = —1 andC}; = +1). Hereafter, this condition
will be calledRs;jj, At these conditionsTable 4shows
that the experimental metallic area obtained exper-
imentally was equal toSyi = 87.1m?/g Ni about
80% larger than the second best result obtained for
experimental condition 8Sf; = 47.3 m?/g Ni).

When all experiments presentediables 4 and 6
are used to build a model for the degree of reduction
of the aged precursor, théfy. (7)is obtained as,

higher values when the flow rate is higher. The qual-
ity of the fitting can be regarded as excellent, as it can
be observed irfrig. 4.

The ultimate goal of this study was to establish op-
timum reduction recipes for high loading nickel silica
catalyst prepared by the DP method. Thus, in order
to test the optimized reduction procedures, two cata-
lysts with very high metallic area per gram of reduced
nickel were selected. Precipitation and aging condi-
tions were set in accordance with the optimum val-
%R = (87.5+ 2.1) + (114 + 2.3)T{" uez presen:gd i(;\ a previo;Js Ztl{dit}]. The {:)rlticursors

and respective degrees of reduction, metallic areas per
+(71+ 2'3)C'ﬁ2 + (61 Z'S)Fﬁz gram of nickel &) and metallic areas per gram of
—(71.3+£23)Cf, - I (7) reduced nickel §};) are shown irTable 7for the re-
ducing conditions used in the previous stutigble 8
shows results obtained for the optimized reducing con-
ditions presented here. Both optimized reducing con-
ditions Rox andRs;j were applied for both precursors.

For the 20Nig3-298-0 precursor, an increase of 70%
in the metallic area is observed when the condiRog
is used for reduction, while the more sev&sg con-
dition leads only to a marginal increase of the metallic

The degree of reduction is the final conversion of the
reaction between the reducible species present in the
catalyst and hydrogen. Thus, the effects of the reduc-
ing conditions on the degree of reduction are related
to the increase of the reduction rate. The effects of
the reduction temperature and hydrogen concentration.
upon the degree of reduction are in accordance with
the expected trend, as reduction rates are expected to
increase with the increase of temperature and of hydro-
gen concentration. The negative interaction between Table 7

these two variables shows that the effect of the hy- Characterization of the two optimum catalyst precurgary
drogen concentration decreases as the reduction tem-Precursor Experimental

perature decreases and that the apparent reaction or- %R Si (m?/g Ni) Sni (m?lg Ni)
der may be lower than one. The effect of the gas flow '
rate is probably related to the water removal from 20Niz632080 81 60 3
the reaction, as the hydrogen concentration is kept at 20~ 23320 24 18 I




62 D.L. Bhering et al./Applied Catalysis A: General 234 (2002) 55-64

Table 8
ExperimentalRox and Rsj for optimum precursors

(573-723K), while the remaining hydrogen uptake
occurs in the temperature range above 723 K. This

Precursor Reduction condition Sy (m?/g Ni) %R suggests that approximately one-third of the nickel
- present in the 20Nk3-363-20 precursor is in the form

20N 101.9 101 _ . e .
562080 E%O: 65.5 100 of nickel oxide and that the remaining two thirds of

2ONi Ro 451 20 nickel is in the form of silicate. Based on this ad-
R A g g ditional piece of information regarding the relative

amount of each reducible phase present in the pre-
cursor, a new reduction condition was designed to
area. As this precursor was not aged, it was composedmaximize the metallic area of both precursors.
mostly of nickel oxide. Therefore, the reducing con- ~ The hydrogen concentration and the gas flow rate
ditions Rox are more appropriate to reduce it. Both were found to affect only the metallic area of the
reduction conditions were able to reduce the catalyst 40Nizs3-363-20 precursor Eq. (6) and therefore,
completely. should be set at their higher levels to maximize the
For the 20Nig3-393-20 precursor, a very significant ~ metallic area. The heating rate influences both precur-
increases of both metallic area and degree of reduc-Sors, but in opposite directions. However, the influ-
tion were observed when tiRs; condition was used ~ ence of the heating rate is higher in the 464iz63-20
for reduction. For the other reduction condition, the precursor. In this case, a low heating rate should be
observed increase of metallic area was smaller and theused to obtain the maximum metallic area. Similar
degree of reduction decreased. Since this catalyst was'éasoning was used for the reduction temperature.
aged and a significant amount of silicate was present, In this case, the minimum reduction temperature in

it was no surprise that thBgj condition was more
suitable for its activation.

Even though theRgj reduction condition allowed
a significant increase of the metallic area of the
20Ni3g3-363-20 precursor, it seems that this was caused
mostly by the increase of the amount of nickel re-
duced, as it can be inferred from the increase of the
degree of reduction. A new attempt to increase the
metallic area of this precursor was then performed.
The TPR profile of this precursorFig. 5 shows
that approximately 33% of the hydrogen uptake oc-
curs in the same range of the 4@Qb§363-0 precursor

H, Consumption (a.u)

" 1 " 1 " 1
350 500 600 700 800 9001000 1150
Temperature (K)

Fig. 5. TPR profile of the 20Nk3-363-20 precursor g = 5K/min,
Ch, = 1.7%, Fu, = 50 cn¥/min and 7y = 1150K).

the experimental design (773 K) should be used. The
results obtained at these operation conditions, how-
ever, were disappointingsg; = 31.8 m?/g Ni, %R =
234 atp = 5K/min, Ch, = 10%, F4, = 50 ml/min
and7; = 773K), as the metallic area decreased and
the degree of reduction remained about 20%.

If an intermediate reduction temperature is calcu-
lated by weighing the amount of each phase present
in the 20Nkg3-363-20 precursor and assuming that the
final reduction temperature had to remain in the lower
level, in accordance witlgs. (4) and (6)then the
following empirical relation can be written,

. _1 )
Tt (20Nig6a-363-200 = §Tf (—=1) (40Nizez363-0)

2 )
+ 57t (—1) (40Nizs3-363-20)

=835K (8)

In this case, the final metallic area and the degree
of reduction obtained for the 20B3-363-20 precursor
were 65.9 /g Ni and 87% (ap = 5K/min, Cy,
10%, Fy, = 50 ml/min and7; = 815K). Therefore,
the metallic area obtained at the new reducing condi-
tions was significantly higher (around 12%) than the
metallic area obtained previously with the optimized
Rsii condition. This seems to indicate that the reduc-
tion conditions may be optimized as functions of the
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specific characteristics of the catalyst precursor, basedempirical models developed for each model precursor

on simple mathematical models built to describe the
behavior of model catalyst precursors.

4. Conclusions

Statistical design of experiments was used to evalu-
ate the relative importance of the operational variables
and optimize the reduction step of the preparation of
high loading Ni/SiQ catalysts. Two precursors with
significantly different levels of nickel-support inter-
action were used and the relative importance of the
operational variables and the optimum reduction con-
ditions for each precursor (to maximize the degree of
reduction and the metallic area of the final catalyst)
were different showing that the proper procedure for
catalyst activation depends strongly on the extent of
the catalyst metal-support interaction.

For the precursor with low nickel-support inter-
action, formed predominantly by supported NiO, the
degree of reduction was not sensitive to the reducing
conditions within the experimental range analyzed.
However, the final metallic area depended strongly
on the operation conditions. Reductiont = +1,

Fjj, = +1and7y" = —1 led to the maximum metallic

area fni = 33.8 m?/g Ni) within the range analyzed
and allowed an increase of 70% of the metallic area
for a similar precursor prepared in a previous study.
For the precursor with high nickel-support interac-
tion, formed predominantly by nickel silicate, both the
metallic area and the degree of reduction were found
to be very sensitive to the operation conditions. The
most important variable to describe the degree of re-
duction was the final reduction temperature because
nickel silicate can only be reduced at high temper-
atures. The most important variables to describe the
metallic area were the flow rate and the hydrogen con-
centration of the reducing mixture, in order to guar-
antee a more efficient water removal from the system.
Reduction atg* = +1, Fj, = +1, I;" = —1 led
to the maximum metallic areasy;; = 87.1m?/g Ni)
within experimental the range analyzed and allowed
an increase of the metallic area for a intermediate pre-
cursor prepared in a previous studiy{ = 65.9 m?/g
Ni and %R = 87 instead ofSy; = 18.0 m?/g Ni and
%R = 24). In this particular case, optimum condi-
tions were found through the linear combination of the

(Nize3-363-0 and Nig3-363-20) analyzed, as the precur-

sor previously prepared contained significant amounts
of both NiO and silicate. This seems to indicate that
the reduction conditions may be optimized as func-
tions of the specific characteristics of the catalyst pre-
cursor, based on simple mathematical models built to
describe the behavior of model catalyst precursors.
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