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Abstract: A series of silica-supported Ni-catalyst precursors was synthesized, with
different SiO2/Ni mole ratios between 0.2 and 1.15. The reduction of all the prepared
samples was studied by thermogravimetry (TG) in a hydrogen flow. The results of
the TG analysis were analyzed by the multi-thermal history model-fitting method,
with non-linear regression. The activation energies for the reduction of each sample
were determined. The statistical F-test was performed to discriminate between vari-
ous models. It was found that increasing the SiO2/Ni mole ratio leads to a change in
the reaction mechanism of the nickel reduction, resulting finally in a change from
second order reaction kinetics to three halves order reaction kinetics.

Keywords: non-isothermal kinetics, thermogravimetry, non-linear regression, nic-
kel catalyst, catalyst preparation.

INTRODUCTION

Reduction of supported-Ni in a hydrogen atmosphere

The reduction of Ni in a hydrogen atmosphere is an important step in the syn-

thesis of frequently used Ni hydrogenation catalysts. The synthesis usually in-

volves impregnation or precipitation of a Ni salt on the chosen support, followed

by calcination, reduction and passivation. It was reported previously that good hy-

drogenation catalysts could be obtained if Ni(NO3)2 is precipitated with Na2CO3

onto a SiO2 support (activated diatomite), with subsequent reduction in hydrogen

and passivation in hydrogenation fat (calcination excluded).1

The possibilities for the characterization of the reduced catalysts is limited by

their pyrophoric properties. Hence, after reduction, the catalyst must be passivated

before any further manipulation. On the other hand, the precursor properties could
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be significantely changed during the reduction process, and the properties of the fi-

nal catalyst are strongly dependent on the reduction conditions.

More generally the properties of the final catalyst, such as catalytic activity,

selectivity etc., are strongly dependent on various process parameters used in the

preparation treatment.2,3 When a nickel solution is treated with sodium carbonate,

basic nickel carbonate NiCO3·xNi(OH)2·yH2O is formed. The stoichiometric com-

position of the resulting precipitate varies with the reaction conditions. The result-

ing material decomposes slowly in an intert atmosphere, from 220 oC up to 850 oC,

but nearly complete transformation occurs between 300 oC and 350 oC.4 Several

authors agreed that the thermal decomposition of the basic nickel carbonate to NiO

proceds in two steps, i.e., the evolution of the crystal water in the first step and the

evolution of H2O and CO2 in the second step.5,6

The formation of nickel phyllosilicate during the deposition – precipitation

procedure was systematicaly studied by P. Burattin et al.7 The authors found that

long deposition – precipitation times are favourable for silicate formation, while at

short deposition – precipitation times, the hydroxide is favoured, at least with low

surface area supports.

Bhering et al.3 use a statistical experimental setup to study the reduction step

in the preparation of silica-supported nickel catalysts. These authors differentiated

between precursors with weak nickel-support interactions and ones with strong

nickel-support interactions. The former should be attained by the predominant for-

mation of NiO during the precipitation, aging and calcination phases, while the lat-

ter result when nickel silicate is formed. Short ageing time and high Ni loading are

favourable for NiO formation. The weak interaction samples seem to be com-

pletely reduced even at low temperatures while the strong interaction samples are

reduced to different degrees at different temperatures due to the high temperature

stability of nickel silicate. In both cases, the specific area of the final catalyst de-

pends strongly on the flow rate and hydrogen concentration.

Hence, for highly reducible supported Ni precusors, the formation of silicates

should be avoided. Therefore, low surface area silica supports and fast precipita-

tion procedures should be used,1 resulting in supported basic nickel carbonate.

However, the mechanism of the supported basic nickel carbonate reduction is not

clear, and it is complicated by the fact that reduction occurs in the temperature in-

terval corresponding to teh thermal decomposition of basic nickel carbonate.

Therefore, the reaction kinetics of the reduction process could give a new insight

into the mechanism of the process and lead to improvements of the catalysts.

Kinetics from non-isothermal TG analysis

Due to their complexity, Ni compounds are very interesting objects for analysis.

Furthermore, the significant weight loss occuring during the reduction of Ni com-

pounds makes this system suitable for thermogravimetry (TG) analysis. TG is a conve-
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nient technique for studying the kinetics of processes involving solids, such as

gas–solid reactions, by following the weight changes of the samples with time.8

In TG practice, it is usual to present reaction kinetics by a single-process rate law:
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where w0, w and wf represent the initial mass, actual mass at temperature T and fi-

nal mass of the sample, respectively. The kinetic function f(�) is related to the reac-

tion mechanism. The kinetic function f(�) for various useful kinetic models are

listed in Table I.9

TABLE I. The set of reaction models applied to describe gas–solid reaction kinetics in model-fitting

methods

Kinetic model f(a) g(a) Observations

R2 (1 – �)1/2 2[1 – (1 – �)1/2
] One-half order kinetics; two di-

mensional advance of the reac-
tion interface

R3 (1 – �)2/3 3[1 – (1 – �)1/3
] Two-thirds order kinetics; three

dimensional advance of the
reaction interface

F1 1 – � – ln (1 – �) First order kinetics

F3/2 (1 – �)3/2 2[(1 – �)1/2
– 1] Three halves order kinetics

F2 (1 – �)2
�/(1 – �) Second order kinetics

A2 (1 – �)[– ln (1 – �)]1/2 2[– ln (1 – �)]1/2 Avrami–Yerofeyev equation
for n = 2

A3 (1 – �)[– ln (1 – �)]2/3 3[– ln (1 – �)]1/3 Avrami–Yerofeyev equation
for n = 3

A4 (1 – �)[– ln (1 – �)]3/4 4[– ln (1 – �)]1/4 Avrami–Yerofeyev equation
for n = 4

D3 (1 – �)2/3/[1–(1 – �)1/3
] 3/2[1– (1 – �)1/3

]
2 Jander equation (3D diffusion)

D5 (1 – �)5/3/[1–(1 – �)1/3
] 3/2[1– (1 – �)-1/3

– ]
2 Zhuravlev–Lesokhin–Tempelman

equation

The temperature dependence of the reaction constant is normally expressed by

the Arrhenius equation:

k = A exp �
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where Ea is the activation energy, A the pre-exponential factor and R is the gas con-

stant.
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For the determination of the so-called kinetic triplet (A, Eaf(�)), the model-fit-

ting methods use the integrated form of Eq. (1):
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where � is the heating rate and the expression on the right hand side is known as the

temperature integral, which must be approximated.

It is possible, and also frequently done, to evaluate the kinetic triplet from a sin-

gle experiment using the Eq. (4). However, it is now a well-recognized fact10 that

thermal analysis should not be used for the determination of kinetic parameters if

only one heating rate was employed. Such a practice leads to wide intervals of the ki-

netic parameters determined for the same reaction systems, under different condi-

tions. Moreover, Vyazovkin and Wight11 argued that the model fitting method, when

applied to non-isothermal data, results in highly uncertain kinetic triplets.

Therefore, model-free methods, like the isoconversional methods, are used

frequently to obtained invariant sets of kinetic parameters.12, 13 However, by

correctly applying multi-thermal history model-fitting methods, it is possible to

retrive correct kinetic triplets.14

If the non-linear regression method is combined with model fitting methods,

any set of model reactions can be applied. The kinetic Eq. (1) is integrated numeri-

cally and the simulated results compared with the experimental ones. An optimiza-

tion algorithm is then used to find the best set of kinetic parameters according to

the largest value of the correlation coefficient.15 Such a method is generally quite

applicable, but it should be noted that imagination in the construction of the model

should be limited by known experimental facts.

It is sometimes forgotten that the highest correlation coefficient does not nec-

essarily means that the best model is chosen. In fact, usually several models give an

acceptably good fit. In order to quantitatively evaluate the quality of the fitting of

the experimental data obtained with different models, the statistical F-test is usu-

ally used. Therefore, the F value was calculated as the ratio of the variances:

F =
( / )

( / )min

RSS f

RSS f

(5)

where RSS is the residual sum of the squares, f is the number of degrees of freedom,

depending on the number of experimental points, and the subscript min denotes the

minimum value of the RSS/f among the different models.

Only models with an F value higher than F95 can be discarded as inappropriate

with a probability higher than 95 %. Tables could be used, as well as the numerical

approximations available16 for the F95 value.

Moreover, in the determination of kinetic parameters by the application of any

of the described methods, due care should be given to the parametric sensitivity.16

1304 ^UPI] et al.



Hence, the kinetic parameters could be determined only within some uncertainty

limits, depending on the local sensitivity of the process dynamics to slight changes

in the parameters. The parametric sensitivity can easily be evaluated from the chan-

ges of the criteria function (RSS for example), caused by a small change in the ki-

netic parameters of the tested model.

Furthermore, the numerical optimization procedure can be significantly im-

proved if the parameters are normalized.17 As A is normally very much larger than

Ea (Eq. (1)), and because the activation energy appears in the exponent, these pa-

rameters exhibit a strong, non-linear correlation when they are fitted to the experi-

mental data. Simple scaling procedure has the double effect of reducing the corre-

lation between A and Ea and reducing the non-linearity of the correlation. There-

fore, the rate constant could be rewritten in the form:

k = Aexp �
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where T0 is a temperature near the middle of the studied temperature range. The de-

scribed scaling procedure is called temperature centering. Hence, the numerical lea-

st-squares procedures used to estimate the fit of the parameters will be more robust.

EXPERIMENTAL

A series of Ni catalyst precursors was synthesized with different SiO2/Ni mole ratio values be-

tween 0.2 and 1.15 by a literature procedure.1 The nickel ions and promotor’s ions (Mg) where pre-

cipitated at an elevated temperature (90 oC) with a strictly defined pH value (pH 9.2), from a solu-

tion of Ni(NO3)2 and Mg(NO3)2 (mole ratio Mg/Ni = 0.1) using Na2CO3 as the alkaline agent. An

activated domestic diatomite with a low surface area was added to the reaction mixture as a support.

Upon completion of the precipitation process, the filtered and rinsed precipitate was transferred to

an oven and dried at a temperature of 120 – 140 oC.

The reduction of all the prepared samples was studied by thermogravimetry (Linesies System

2000) at different heating rates between 2 and 20 degres/min, in a hydrogen flow. The catalytic ac-

tivity of the samples in hydrogenation of the soybean oil was tested earlier.1 A decrease of the activ-

ity was observed with increasing heating rate during the reduction step of the synthesis procedure.

RESULTS AND DISCUSSION

The results of the TG analysis are shown in Fig. 1. Only part of the TG curves

is presented, corresponding to the reduction process. At lower temperatures (< 150
oC) almost constant weight loss was observed for all samples (13 – 15 %), corre-

sponding to the loss of sorbed water. Therefore, in Fig. 1, and subsequently, the rel-

ative weight loss, referring to the sample mass at the begining of the reduction

process, is used.

From the results given in Fig. 1, it can be seen that the starting temperature of

the reduction process depended on the heating rate and not on the SiO2/Ni mole ra-

tio (Fig. 2).
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On the other hand, the final weight loss depended on the SiO2/Ni mole ratio and

not on the heating rate (Table II), indicating that complete hydrogenation of all sam-

ples was achieved. Further, assuming that complete hydrogenation was achieved, the

composition of the precursor samples was calculated from the final mass loss. The dif-

ference in the composition of the precusors samples probably originated from the syn-

thesis procedure and conditions and was calculated according to the stoichiometry:

NiCO3·xNi(OH)2·yH2O + (1 + x)H2 � �
 � x) Ni + CO2 + (1 + y + 2x)H2O

The precursor composition is expressed through the stoichiometric coeficients

x and y in a general formula of the form NiCO3·xNi(OH)2·yH2O (Table II). Ac-

cording to these results, the stoichiometric coefficients x and y both increase with

increasing SiO2/Ni mole ratio. However, more experimental measurements would

be needed to characterize the composition of the precursor samples better.

Nevertheless, the resultts of the TG were analyzed in their normalized form,

by the multi-thermal history model-fitting method with non-linear regression.

1306 ^UPI] et al.

Fig. 1. Thermogravimetry results. The relative weight loss is presented as a function of tempera-

ture for all samples at all the applied heating rates. (Model abbreviations are explained in Table I.

The lines are numerically simulated data and the symbols corresopond to the experimental curves

(� – � = 2°/min; � – � = 5°/min; � – � = 10°/min; � – � = 20°/min).



Therefore, the results of the kinetic analysis does not depend on any assumed

stoichiometry. All of the models from Table I were tested to identify the reaction

mechanism fitting the best. The Runge–Kutta algorithm was used for the integra-

tion of the differential equations and the simplex method was used for the mini-

mization of the function to determine the optimal set of the parameters.18 The

mean sum of the squares of the residuals was used as the criterion function for the

minimization process. Temperature centering was used to improve the robustness

of the fitting procedure.17

TABLE II.The relative weight loss of the samples with given SiO2/Ni mole ratio and calculated precursor

composition according to the general formula of basic nickel carbonate NiCO3·xNi(OH)2·yH2O

Mole ratio SiO2/Ni �w/w x y

0.2 0.47 0.47 2.07

0.5 0.39 0.70 2.23

0.8 0.32 0.85 2.76

1.15 0.27 1.26 3.20

The best fitting kinetic parameters obtained from the non-linear regression are

presented in Table III for separate samples with given SiO2/Ni ratios.

The simulations of the TG experiments with the optimal set of the parameters is,

in general, well in accordance with the experimental data (lines on Fig. 1). However, it

is obvious that the present model is not able to give a perfect match between the experi-

mental and fitted results and more complex models with several reaction steps would

probably lead to further improvement of the fitting. However, the obtained fitting was

good enough to enable a choice between the models to the made.
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TABLE III. Estimates ofthe kinetic parameters Ea and A for the samples with given SiO2/Ni ratios

and the sensitivity of the model (or of the fitting criterion function RSS) against the parameters

SiO2/Ni Model Ea/J mol-1 A/min-1 log(A) RSS/f S(Ea)/% S(A)/%

0.2 F2 2.67E+05 1.7E+25 25.2 2.3E-03 9 11

0.5 F2 3.04E+05 5.4E+28 28.7 8.4E-03 2 10

0.8 F3/2 2.65E+05 1.1E+25 25.0 2.5E-03 13 9

1.15 F3/2 2.56E+05 1.5E+24 24.2 4.8E+03 6 13

1.15 F2 2.41E+05 5.7E+22 22.8 4.5E-03 5 1

The variances (RSS/f) depicting the goodness of fit and the sensitivities of the

RSS criterion function to small (5 %) changes in the kinetic parameters S(Ea) and

S(A) are also given in Table III. The sensitivities are expressed as the relative

change in the RSS/f criterion function produced by a 5 % change in the kinetic pa-

rameters. The low values obtained for the variances are indication that a relatively

good fit was achieved. The worst result was obtained for the sample with a SiO2/Ni

mole ratio of 0.5, but the corresponding variance was still lower than 0.01. On the

other hand, the high values for the parametric senstivities are an indication that the

obtained values of the kinetic parameters are really optimal for the given experi-

mental results and the chosen models.

Hence, the F-test was performed to discriminate between the various models

and the results are presented in Table IV. In the bottom row of Table IV, the critical

value of F95 was given for each sample. According to the performed F–test, the

correct model could be chosen immediiately for the samples with SiO2/Ni mole ra-

tio 0.2, 0.5 and 0.8 (F2 for the first two and F3/2 for the third one), but for the sam-

ple with a SiO2/Ni mole ratio of 1.15 the two models fit equally well (F2 and F3/2).

TABLE IV. The results of the F-test for all samples and all models. The critical value F95 is shown in

the bottom row. The results where compared for multiple TG curves obtained at different heating rates

SiO2/Ni=0.2 SiO2/Ni=0.5 SiO2/Ni=0.8 SiO2/Ni=1.15

F(R2) 11.0 5.2 9.8 5.4

F(R3) 9.3 5.0 5.0 4.4

F(F1) 6.3 3.6 2.3 2.6

F(F3/2) 2.5 2.1 1.0 1.1

F(F2) 1.0 1.0 2.0 1.0

F(A2) 6.1 2.8 2.9 1.8

F(A3) 9.7 2.9 12.4 4.2

F(A4) 17.6 5.4 26.0 9.9

F(D3) 16.6 6.3 15.5 9.3

F(D5) 10.0 4.5 8.4 5.5

F95 1.4 1.4 1.4 1.4
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Therefore, either of the two best model can be arbitarily chosen for the sample

with a SiO2/Ni mole ratio of 1.15. It is only easier to understand the change in the

mechanism if the F3/2 model is chosen. If this model is the one that dominates for

the sample with the highest SiO2/Ni mole ratio, then it can be said that increasing

the SiO2/Ni mole ratio leads to a change in the reaction mechanism of the nickel re-

duction, resulting finally in a change from second order reaction kinetics to three

halves order reaction kinetics.

As a result of the changes in the reaction mechanism, the activation energies

and pre-exponential factors in the Arrhenius equation also changed. Moreover, the

observed changes in the values of the kinetic parameters probably indicate that

both mechanisms are competing during the reduction of all the samples. Therefore,

increasing the SiO2/Ni mole ratio leads to an increase in the contribution of F3/2 to

kinetics of the overall reaction, relative to the contribution of F2.

The F2 kinetics are typical for phase boundaries reactions. However, the

occurrance of F3/2 reaction kinetics can possibly be connected with branching

mechanisms. It previously claimed that the thermal reduction of nickel oxide can

be an autocatalytic process with a Ni metal intermediary product acting as a cata-

lyst for the reduction itself.19 This intermediary product may undergo sintering and

grain growth leading to decreased activity and deceleration of the reaction. A simi-

lar process can be the cause of the observed F3/2 kinetics in the present case.

If two reaction mechanisms correspond to consecutive steps, then the overall

kinetics correspond to the limiting, slowest step. For the samples with high

SiO2/Ni mole ratios (low nickel loading), it was found that the branching mecha-

nism of the autocatalytic process of the metallic nickel particles is the limiting step.

On the other hand, for the samples with a low SiO2/Ni mole ratio (high nickel load-

ing), the same process is no longer the limiting step, and reaction kinetics follow

the second order rate law, typical for reactions on the phase boundaries.

As it was reported before,1 the catalytic activity in soybean oil hydrogenation

was also descreased for the corresponding samples with a high SiO2/Ni mole ratio.

The cause of the observed decrease in the catalytic activity with increasing SiO2/Ni

mole ratio could lie in the changes of the reaction mechanism of the Ni reduction.

These results could be correlated with the results of other authors, who claimed

that lower Ni loadings could be favourable for silicate formation, which was fur-

ther connected with a lower reducibility.3 The present results indicate that the cata-

lyst properties could be affected by a slower grain formation process during the

reduction in samples with a lower nickel loading.

CONCLUSION

A series of Ni catalyst pecursors were synthesized with different SiO2/Ni mole

ratios, between 0.2 and 1.15. The reduction of all the prepared samples was studied

by thermogravimetry at different heating rates between 2 and 20 degrees/min, in a
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hydrogen flow. The final weight loss depends on the SiO2/Ni mole ratio but does

not depend on the heating rate (Table II), indicating that complete hydrogenation

was achieved with all samples.

The TG results were analyzed by the multi-thermal history model-fitting method

with non-linear regression. The ten models given in Table I were tested to identify the

reaction mechanism best fitting the obtained results. The best fitting kinetic parameters

obtained from the non-linear regression where chosen according to the variance which

depicts the goodness of the fit. The F-test was performed to discriminate between the

various models. According to the F-test performed, for samples with a SiO2/Ni mole

ratios 0.2 and 0.5, F2 is preferred and for samples with a SiO2/Ni mole ratio of 0.8,

F3/2 is preferred. For the sample with a SiO2/Ni mole ratio of 1.15, both models are

equally good. The F3/2 models was chosen for the last sample, because it makes it eas-

ier to understand and discuss the change in the mechanism.

Thus, increasing the SiO2/Ni mole ratio leads to a change in the reaction

mechanism of the nickel reduction, resulting finally in a change from second order

reaction kinetics to three halves order reaction kinetics. These results indicate a

change in the rate limiting step, from autocatalytic grain growh for lower nickel

loadings, to reaction on the phase boundaries for high nickel loadings.
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Beograd

Niz prekursora Ni katalizatora, na silikatnom nosa~u je sintetisan sa razli-

~itim SiO2/Ni molskim odnosima, izme}u 0,2 i 1,15. Redukcija svih pripremqenih

uzoraka je prou~avana termogravimetrijski (TG) u protoku vodonika. Na rezultate

TG analiza je primewena „metoda fitovawa modelima iz vi{estruke termalne isto-

rije” sa nelinearnom regresijom. Energije aktivacija su odre|ene za proces redukcije

na svim uzorcima. Statisti~ki F-test je kori{}en za diskriminaciju me|u modelima.

Na|eno je da pove}awe SiO2/Ni molskog odnosa vodi promeni reakcionog mehanizma

redukcije Ni, {to na kraju dovodi do promene kinetike od reakcije drugog reda do

reakcije reda 3/2.

(Primqeno 9. jula 2004)
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