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The nonoxidative dehydrogenation of alkylbenzenes (ethylbenzene, n-propylbenzene, and 
isopropylbenzene) has been carried out at 625-850 K on nickel catalysts at 20 wt% supported on 
A1203, SO:, and two different types of AIPO+ Furthermore, unsupported bulk nickel was 
employed as the catalyst. The acidic and basic properties and the surface area of the supports and 
supported nickel catalysts were measured as well. Unlike what is described for TiOz-ZrOz 
catalysts, our observation was that the acid and basic sites do not exhibit catalytic activity in the 
nonoxidative dehydrogenation of alkylbenzenes. However, it appears that the acid-basic nature of 
the supports, through the effects of metal-support interaction, plays an important part in 
determining the specific catalytic activity of the supported nickel catalysts. These metal-support 
interaction effects, as well as the substituent effects, can be evaluated through several isokinetic 
parameters obtained from the existence of a linear correlation between the AH’ and AS’ activation 
parameters obtained from the Eyring equation (and between In A and E,, from the Arrhenius 
equation) known as the compensation effect. This is ascribed to the existence of a linear 
free-energy relationship (LFER) in a set of gas-phase reactions similar to that previously described 
for the liquid-phase hydrogenation of ally1 alcohols on the same nickel-supported catalysts. o 1987 
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INTRODUCTION 

In heterogeneous catalytic processes the 
influence of the substrate structure as well 
as the influence of catalysts on reactivity 
are topics of special interest. In a previous 
paper (I), the existence of a “isokinetic 
relationship” or “compensation effect” 
was obtained in the liquid-phase catalytic 
hydrogenation of ally1 alcohols over a 
series of supported nickel catalysts. This 
compensation effect was associated with 
the existence of a linear free-energy rela- 
tionship (LFER) and there seems to be a 
general pattern of behavior in the liquid- 
phase catalytic hydrogenation process that 
could provide a means of classification not 
only for reaction series and mechanisms 
but also for catalyst series. 

Although recently the compensation 

’ To whom all correspondence should be addressed. 

effect has been designated as a specific 
feature of liquid-phase reactions (2), there 
has long been a feeling among kineticists 
that solvent effects are basically more com- 
plicated and more specific than substituent 
effects (3, 4). For this reason we think that 
there is a current interest in the study of the 
application of LFER in the field of hetero- 
geneously catalyzed gas-phase reactions, 
whose quantitative study is now becoming 
possible due to advances in technology. 

With respect to this, the present paper 
reports the results of an ongoing study on 
the nonoxidative dehydrogenation of some 
alkylbenzenes (R = Et, n-Pr, and i-Pr) over 
a series of nickel catalysts at 20 wt% sup- 
ported on Alz03, SO*, and two different 
types of AlP04 synthesized according to 
Kearby (5), employing two different pre- 
cipitation agents, ammonia and propylene 
oxide, AlPOd-F and AlP04-P, respectively. 

These supported nickel systems were the 
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same ones previously employed as cata- ing supports: a commercial silica (SiO2, 
lysts in the individual and competitive Merck kieselgel 60, 70-230 mesh), a com- 
liquid-phase hydrogenation of ally1 alcohols mercial alumina (A1203, Merck acidic for 
(1) showing not only the importance of the chromatography), and two aluminum or- 
role of the support in determining the thophosphates prepared by precipitation 
adsorption and catalytic behavior of sup- from C&Al x 6H20 and H3P04 (85 wt%) 
ported nickel systems but also the excellent with aqueous ammonia (AlPOd-F) or pro- 
behavior of aluminum phosphates as nickel pylene oxide (AlPO,-P). The resulting pow- 
supports. Furthermore, the existence of ders screened to CO.149 mm were calcined 
metal-support interactions was confirmed in air at 920 K for 3 h. Both commercial 
in AlPO,-supported nickel catalysts previ- supports, Al2O3 and SiOz, were subjected to 
ously described (6-15). the same calcination treatment. 

On the other hand, AlPOd is structurally 
similar to silica (16, 17) and exhibits sur- 
face acid and basic sites capable of catalyz- 
ing a number of reactions (18-26). Since 
the cooperative effect of the acid-base 
properties of the TiOz-ZrO1 catalyst has 
also been shown (27-30), further research 
on this reaction may be of interest to com- 
pare the results obtained with the sup- 
ported nickel catalysts and those obtained 
using as the catalyst each support A1203, 
SiOz, AIPOrF, and AIPOrP, or unsup- 
ported nickel. 

Catalysts 
EXPERIMENTAL 

Four systems of nickel supported at 20 
wt% were used as catalysts on the follow- 

The detailed synthesis procedure and 
textural properties of supports (surface 
area, pore volume, and main pore diameter) 
determined by nitrogen adsorption have 
been published elsewhere (I, 23, 24, 26) 
and are summarized in Table 1, where the 
surface basicity and acidity of supports are 
also collected. These values were deter- 
mined by a spectrophotometric method, 
described elsewhere (19, 23, 24), that 
allows titration of the amount of irrevers- 
ibly adsorbed benzoic acid (pK, = 4.19) or 
pyridine (pK, = 5.25) employed as titrant 
agents of basic and acid sites, respectively. 
The monolayer coverage at equilibrium at 
298 K, X,, is accomplished by applying the 
Langmuir adsorption isotherm, and it is 
assumed as a measure of the acid or basic 

TABLE 1 

Textural and Acid-Base Properties of the Different Supports 

SupPofi SBET’ Stb V’ dd Acidity’ Basicityr 
Cm2 g-9 (m* g-l) (ml 9-l) (nm) (pm01 g-‘) (wol gd 

AlPO,-F 1.56 1.52 0.68 2-4 190 200 
AlPO,-P 228 236 0.94 2-4 227 166 
Si02 366 372 0.68 2-5 206 164 
AhO, 72 75 0.24 2-7 23 191 

a Surface area, determined from BET method. 
b Surface area from V-n plots. 
c Pore volume. 
d Main pore diameter. 
c Monolayer coverage X,,, at equilibrium at 298 K obtained with pyridine (pK, = 

5.25). 
/ Monolayer coverage X, at equilibrium at 298 K obtained with benzoic acid (pK, = 

4.19). 
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sites corresponding to the specific pK, of 
the base or acid used as the titrant. 

Catalysts containing 20 wt% nickel were 
prepared by impregnation of the supports 
to incipient wetness with 10 M aqueous 
solutions of nickel nitrate. They were dried, 
crushed, and screened to a particle size 
co.149 mm (100 mesh size), reduced in an 
ultrapure hydrogen stream (1.7 cm3 s-‘) at 
673 K for 3 h, and then cooled to room 
temperature in the same hydrogen stream 
and stored in sealed glass bottles until 
required. A more detailed description of the 
synthesis procedure has been reported pre- 
viously (6, 9). Bulk nickel was obtained by 
reduction of nickel oxide (Merck, p. a.) 
under the same conditions employed with 
the supported nickel systems. 

Metal surface areas, S, of different cata- 
lysts have been previously obtained (I). 
They were determined from the average 
crystallite diameter, D, obtained by X-ray 
diffraction (XRD), according to the method 
of Moss (31) as has been described 
elsewhere (1, 6-9, 13, 32). X-ray line- 
broadening experiments were conducted 
with a Philips Model 1103/00/60 diffrac- 
tometer, using CoKol radiation. A scan 
speed of 7.5” h-’ was used for the 20 range 
between 46” and 56” because the width of 
the (111) nickel peak at half-height was 
used in line-broadening calculations. All 
XRD runs were carried out on powder 
samples of catalyst. 

The metal surface area of bulk Ni has 
also previously been obtained (13) using 
XRD and transmission electron microscopy 
(TEM). The values obtained by both tech- 
niques were in very close agreement: Sx~n 
= 13.1 m* g,,! and STEM = 15.0 m* gi:, 
respectively. 

Textural and acid-base properties of 
supported nickel catalysts have also been 
obtained in a similar way to that used with 
the supports. In fact, the spectrophoto- 
metric method employed lets us determine 
not only the surface acidity and basicity of 
white solids used as the supports, but also 
of deeply colored or black ones such as the 

TABLE 2 

Acid-Base Properties, Surface Area, SsET, Metal 
Surface Area, S, and Average Crystallite Diameter, 

D, of Supported 20 wt% Nickel Catalysts 

Catalysts D s SBET Acidity” Baslcityb 

(nm) Cm* g,,-d Cm* g$) (wool 9-l) (rmol g-l) 

NilAIPOd-F I I .9 55.6 78 40 I59 
NilAIPOcP 20.9 32.2 65 42 142 
NiiSi02 15.1 44.5 264 106 82 
NilAl 25.2 26.8 60 IS I78 
Ni-bulk 59.7 13.1 < 

a Pyridine, p& = 5.25. 
b Benzoic acid, pK. = 4.19. 

’ Negligible. 

nickel-supported catalysts. Table 2 summa- 
rizes the acid-base properties, the surface 
area, and the metal surface area of sup- 
ported nickel catalysts. 

Apparatus, Materials, and Procedure 

Dehydrogenation reactions were carried 
out in a conventional fixed-bed type reactor 
with a continuous-flow system at atmo- 
spheric pressure. The reactor was made of 
stainless steel tubing (15 mm in internal 
diameter and 120 mm long) placed in a 
tubular electric furnace and the prescribed 
temperature (625-850 K) was monitored by 
a thermocouple located in the reactor wall. 
Isothermal temperatures were measured 
within an accuracy of +I K. To obtain 
isothermal conditions, a known amount of 
catalyst (W = 0.1 g, <O. 149 mm) was 
diluted with glass beads and placed be- 
tween two layers of glass beads separated 
by glass wool until the reactor was packed 
from top to bottom. Fresh catalyst was 
used in each experiment. 

The standard pretreatment of the catalyst 
consisted of heating in a stream of nitrogen 
(99.999%, H20 < 3 ppm) of 2 cm3 s-i for I h 
at the reaction temperature. 

In order to obtain different residence 
time (W/F = 70-7 x lo3 g s mol-‘), W/F 
defined as the ratio of the weight of the 
catalyst, W(g), to the feed rate, F (mol s-l), 
at a fixed catalyst weight of 0.1 g each 
substrate was fed at several rates (F in the 
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interval lo-O.1 cm3 mini) by means of a fits (0.5 cm3 of reaction product is diluted in 
microfeeder (Perfusor VI B. Braun). 4.5 cm3 of cyclohexane). 

The starting materials: ethyl- (EB), II- The gas chromatographic analysis for all 
propyl- (n-PB), and isopropylbenzene runs indicated that the only reaction prod- 
(i-PB) were supplied by Merck p. a. and ucts obtained were those corresponding to 
purified by distillation under reduced pres- the dehydrogenation reaction of the alkyl- 
sure and low temperature and then passed benzenes: styrene, (Y-, and P-methylsty- 
through active acidic aluminium oxide rene, respectively. 
powder for chromatography (Merck) acti- 
vated at 673 K in flowing ultrapure ni- RESULTS 

trogen. The average particle size of the catalysts 
The liquid products were collected by used (co.149 mm) determines that the reac- 

traps cooled with ice and dry ice, and tions were not influenced by internal diffu- 
analyzed on a 5720A Hewlett-Packard con- sion. In order to select the range of working 
ventional gas-chromatograph with a 2 m x conditions where no external diffusional 
0.3 mm (i.d.) stainless steel column packed limitations exist, the dehydrogenation 
with 5% polyphenylether on Chromosorb rates, R, (obtained for 0.1 g of catalyst at 
G-AW DMCS 80/100. The nitrogen carrier several feed rates, F) were represented 
gas had a flowrate of 20 cm3 min- ‘. The against feed rate (F). The results obtained 
temperature of the column was 373 K and for the Ni/AlP04-F catalysts at 723 K with 
that of the detector and injector was 473 K. the three substrates are shown in Fig. la. 
Besides, a spectrophotometric analysis of According to these results, the absence 
the different samples was made due to the of external diffusion effects in the present 
low conversion values obtained (~0.5%) at experimental conditions are obtained for 
the higher F values. These experiments are feed rates, F, over 1.2 X 1O-4 mol ss’. 
developed at the wavelength of the maxi- Thus, the bulk of the kinetic runs were 
mum absorption of the dehydrogenation performed at a fixed ratio of catalyst mass 
products in cyclohexane solutions (spectro- (0.1 g) and at least at three feed rates in the 
scopic grade, Merck) and between the con- interval 1.2-14 X 10e4 mol s-‘, at tempera- 
centrations where the Lambert-Beer law tures between 625-850 K. Thus, the con- 

1”” --- 

F ld lmol s-1) Y/F (g 5 ml-') 

FIG. 1. (a) Dehydrogenation rate, R, of alkylbenzenes on 0.1 g of Ni/A1P04-F at 723 K as a function 
of feed rate, F. (b) Least-squares fit of Eq. (1) to the initial conversion data, X, at different residence 
time, W/F. (0) Ethylbenzene, (0) n-propylbenzene, (0) i-propylbenzene. 
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version was kept at a sufficient level 
(<OS%) in order to be able to apply the 
“differential reactor” conditions for the 
treatment of the rate data. 

A first-order rate equation was found to 
fit the data, Fig. lb, at different residence 
times (lower than 800 g s mall’) 

ln[l/(l - X)] = k(WIF), (1) 

where X is the conversion degree, defined 
as the number of moles of dehydrogenated 
alkylbenzene per mole of alkylbenzene fed. 
The slope of the straight lines yields the 
value of the reaction rate constant, k (in 
mol g-’ s-l). These values are collected in 
Table 3 for the three alkylbenzenes with all 
the catalysts studied at 723 K. 

The specific reaction rate constants 
values, k, (in mol ssi m$), are also shown. 
These k, values, defined as the activity per 
unit surface area of supported or unsup- 
ported nickel metal, are obtained from k 
and the respective values of the metal sur- 
face area, S, in Table 2. 

A significant fact to note is that the 
straight lines in Fig. lb do not pass exactly 
through the origin when conversion is 
extrapolated to zero residence time. This 
fact could be indicative of some “residual” 
activity even in the absence of catalyst in 
the reactor. This is so because the reaction 
is able to take place in a negligible exten- 

TABLE 3 

Reaction Rate Constants, k (mol g-’ SS’), and 
Specific Reaction Rates, k, (mol s-’ m,:), of 
Different Catalysts in the Dehydrogenation 

of the Alkylbenzenes Studied under 
Standard Conditions at 723 K 

Catalyst Ethylbenzene n-Propyl- i-Propyl- 
benzene benzene 

IO'k IO'k, ~ ~ 

IO?, 104, IO'k IO%, 

NilAIPO,-F 2.58 0.23 0.75 0.07 0.58 0.05 
Ni/AIPOrP 1.14 0.18 1.14 0.18 0.92 0.14 
NilSi 3.02 0.34 0.82 0.09 I .77 0.20 
Ni/A1203 0.47 0.09 0.19 0.03 0.12 0.02 
Ni-bulk 0.31” 0.12 0.05” 0.02 0.06” 0.02 

’ In this case. the reactivity is due to 0.2 g of the catalyst that is the 
nickel loading in 1 g of the supported nickel syCans. 

sion in the absence of the catalyst, espe- 
cially at the highest temperatures. 
Furthermore, identical negligible activities 
are obtained when the different supports 
are used as catalysts. Accordingly it may be 
assumed in the present experimental condi- 
tions that the catalytic activity is exclu- 
sively developed on the nickel metal 
surface. Thus, the evolution of the catalytic 
activity with temperature has been studied 
taking this into account in order to apply 
the Arrhenius and Eyring equations to k, 
values. 

Both equations evaluate the temperature 
dependence of reaction rates in terms of 
transition state theory by separating the 
enthalpy (AH’) and entropy (AS’) com- 
ponents which gives 

k, = (KkT/h) exp(AS’JR) exp(-AH’lRT) 
= (KkT/h) exp(-AG’IRT) (2) 

in which K is the transmission coefficient, 
usually taken to be 1, k is Boltzmann’s 
constant, h is Planck’s constant, T is the 
absolute temperature, and AH’, AS’, and 
AGf are respectively the enthalpy, en- 
tropy, and free-energy differences between 
reactants and the transition state. 

The term (KkT/h) exp(AS#/R) varies 
slightly with T compared to exp( - AH#/RT) 
because of the exponential nature of the 
latter. To a good approximation, then, we 
have the Arrhenius equation: 

k, = A exp(-EJRT), (3) 

where E, is the apparent activation energy 
and A the Arrhenius preexponential factor. 

The Eyring equation is directly obtained 
by taking the logarithm of Eq. (2): 

In (k,lT) = In (Kk/h) 
+ ASIR - AH’IRT. (4) 

Thus, from the temperature dependence 
of the specific rate constant, k,, we can 
derive AH’ (or ~5,) and AS’ (or In A). 

In dealing with AS’ and AH+, it is neces- 
sary to point out that their values only 
relate the activated complex to the reac- 
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TABLE 4 

Apparent Activation Energies, & (kJ mol-‘) and Arrhenius Constants, In A (mol S-I m$), with 
Their Respective Standard Deviations, for the Catalysts and Substrates Studied 

Catalyst Ethylbenzene n-Propylbenzene i-Propylbenzene 

& In A & In A & In A 

Ni/AIPOd-F 49.14 2 2.47 -7.14 2 0.43 86.36 + 2.05 -2.11 + 0.33 118.55 ? 5.14 2.93 +- 0.79 
Ni/AIPOd-P 66.01 f 3.97 -4.46 2 0.61 71.37 ? 1.80 -3.62 + 0.30 98.62 k 3.51 0.69 k 0.57 
Ni/SiO* 37.30 + 2.09 -8.82 z 0.37 80.50 2 4.72 -2.77 i 0.75 100.34 2 3.55 1.31 2 0.58 
Ni/A1203 86.69 k 3.89 -1.80 f 0.60 129.81 2 5.18 4.47 k 0.83 161.50 2 1.63 9.32 5 0.25 
Ni-bulk 34.37 + 1.21 -10.25 + 0.20 77.86 t 0.42 -4.87 2 0.12 84.18 k 1.34 -3.56 2 0.21 

Note. Uncertainties are determined by standard deviations. 

tants and are not relevant to the products. 
Thus, from AH’, we obtain the additional 
enthalpy content of the activated complex 
relative to the reactants. From AS’, a 
knowledge of the relative entropy of the 
activated complex compared to that of the 
reactant is obtained. 

Table 4 shows the values of apparent 
activation energy, E,, and the preexponen- 
tial factor, In A, and Table 5 the values of 
activation enthalpy, AH’, and activation 
entropy, AS’, obtained by plotting In k, vs 
T-’ (Fig. 2) and In (k,lT) vs T-’ (Fig. 3), 
respectively. 

DISCUSSION 

According to the results obtained, the 
nonoxidative dehydrogenation of EB, 
n-PB, and i-PB, in the present experimental 
conditions, may be explained within the 
framework of the Langmuir-Hinshelwood 

kinetic models, by the reversal of the steps 
of a classical Horiuti-Polanyi type non- 
competitive mechanism (33), describing the 
hydrogenation of an olefinic double bond. 

Thus, the negative values of AS’ indicate 
that, on going from the ground state to the 
transition state, an extensive restriction in 
the degrees of freedom must be considered. 
This highly ordered transition state is con- 
sistent with a reaction mechanism whose 
slowest step is the stabilization and immo- 
bilization of reactant molecules on catalyst 
active sites. With respect to this, the reac- 
tion rate is proportional to the quantity of 
adsorbed reactant molecules, and the 
reverse reaction is negligible. Besides, the 
relatively low AH’ values appear to be 
consistent with a concerted evolution in the 
limiting adsorption step which also must be 
associated with the low values of AS’. This 
fact is in accord with the results obtained 

TABLE 5 

Activation Enthalpies, AH’ (kJ mol-‘) and Activation Entropies AS* (J mol-’ Km’) with Their Respective 
Standard Deviations, for the Catalysts and Substrates Studied 

Catalyst Ethylbenzene n-Propylbenzene 

AH+ AS+ AH* AS+ 

i-Propylbenzene 

AH+ AS+ 

Ni/AIPO,-F 43.45 + 2.43 -320.23 + 3.35 80.12 f 2.13 -279.20 c 2.93 112.02 + 5.23 -237.76 f 6.70 
Ni-AlPOd-P 59.36 2 4.02 -299.30 + 5.02 65.47 + 1.80 -291.35 5 2.51 92.47 2 3.60 -255.76 + 5.02 
NilSi 31.65 + 2.05 -334.04 k 2.93 73.00 c 4.77 -286.32 k 6.28 94.19 + 3.51 -250.74 + 4.60 
Ni/AlzO, 82.05 2 3.93 -277.11 k 5.02 123.57 + 5.27 -224.37 f 7.12 155.05 2 1.63 -184.60 2 2.09 
Ni-bulk 28.42 ? 1.26 -346.18 k 1.67 71.62 + 0.71 -301.39 C 0.84 77.65 k 1.34 -291.35 k 1.67 

Note. Uncertainties are determined by standard deviations. 
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13 16 13 16 

(b) 

6 I 

12 16 

1-l lo4 (K-l) 

FIG. 2. Arrhenius plots for the dehydrogenation of (a) ethylbenzene, (b) n-propylbenzene, and (c) 
i-propylbenzene on nickel catalysts: (0) Ni/AlP04-F, (0) Ni-AIPO,-P, (A) Ni/Si02, (A) Ni/A1203, (0) 
Ni-bulk. 

by Wang et al. (27, 28) in the nonoxidative 
dehydrogenation of ethylbenzene over 
TiOz-ZrOz catalysts, which may be 
described through a concerted two-center 
mechanism, where zirconium ions act like 
Lewis acid, and titanium ions as a base. 

However, the present work also 
establishes that acid and basic sites do not 

nation of short-chain alkylbenzenes to 
alkenylbenzenes in nonoxidative condi- 
tions, contrary to that described for Ti02- 
ZrOz catalysts (27-30), although in the 
present case we feel that the acid and base 
sites of each support plays an important 
part in determining the catalytic activity of 
the supported nickel through a metal- 

exhibit catalytic activity in the dehydroge- support interaction effect. 

12 16 

(b) \ lc) 

12 16 

T-' lo4 (K-l) 

# I 

12 16 

FIG. 3. Eyring plots for the dehydrogenation of (a) Ethylbenzene, (b) n-propylbenzene, and (c) 
i-propylbenzene on nickel catalysts: (0) Ni/AIP04-F, (0) Ni-AlPOd-P, (a) Ni/Si02, (A) Ni/Al*O,, (El) 
Ni-bulk. 
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Thus, from the results in Tables 1 and 2 
we can see how the metal deposition, 
throughout the supports, induces a strong 
decrease in the number of acid sites, while 
the number of basic sites remain almost 
unchanged. This behavior is in very close 
agreement with those suggested by Bartho- 
lomew et al. (34, 35), which attributed the 
metal-support interaction to a transfer of 
electrons between the nickel atoms and the 
acid (oxidizing) sites on the support sur- 
face. According to Vannice and Garten 
(36), this preferential interaction through 
the oxidizing (or acid) sites of the support 
surface would reduce the d-band concen- 
tration of electrons in the metal crystallites 
shifting the metallic behavior of supported 
nickel to a catalytic behavior more charac- 
teristic of cobalt. With respect to this, we 
may understand that all the supports, with 
the sole exception of A1203, enhance the 
specific catalytic activity of nickel to a 
variable degree (k, values in Table 3). Thus, 
the sequence obtained in the EB dehy- 
drogenation 

Ni/Si02 > Ni/AlP04-F 
L Ni/AlP04-P > Ni- bulk > Ni/A1203 

is the same as that obtained with respect to 
the number of acid sites and opposite to the 
sequence regarding the number of basic 
sites in the nickel-supported catalysts (X, 
values in Table 2.). 

This double correlation is not so strictly 
obtained with the methyl derivatives of 
ethylbenzene, n-PB and i-PB, which ex- 
hibit, in the k, values, the sequence 

Ni/AIPOrP > Ni/SiOz 
> Ni/A1P04-F > Ni/A1203 2 Ni-bulk. 

However, in this case, also, there is close 
agreement between the acid-base proper- 
ties of catalysts and their specific activity. 
Therefore, we have to conclude that it is 
impossible to extend the results obtained in 
the dehydrogenation of a substrate with a 
series of catalysts to other substrates 
because of the influence of substituent 
effects, not only in the electron density but 

also in the steric hindrance to adsorption in 
the reactant molecule. 

These steric and electronic effects can be 
better evaluated from the values of activa- 
tion energy, E,, the frequency factor, In A, 
in Table 4, and from the analogous quanti- 
ties of activation enthalpy AH’ and activa- 
tion entropy AS’, in Table 5, respectively. 
Thus, the variation in the magnitude of 
AH’ and AS’ with different substrates or 
due to the influence of different supports 
reflects their influence on the transition 
state structure. Since the AH’ value 
reflects the difference between the internal 
energy of the activated complex and the 
reactants, it will also be related to the 
electronic state of the substrate and cata- 
lyst, while the AS’ value (which is a mea- 
sure of the degree of order or disorder 
produced in the formation of the activated 
complex) ought to be related first of all to 
the steric effects of reactants and/or the 
catalyst. 

In agreement with these general ideas we 
see that an increase in AH+ and AS+ in the 
order i-PB > n-PB > EB in all catalysts 
indicates, according to Eq. (2), that the 
electronic effects of the methyl group asso- 
ciated to the enthalpy factor diminish the 
reactivity while the steric effects of the 
methyl group promote an increase in the 
translational, vibrational, or rotational 
degrees of freedom in the activated com- 
plex, as indicated by the increase in AS’ 
values, leading to an enhancement in the 
reactivity. Thus, the methyl substitution in 
the EB molecule clearly influences the cata- 
lytic dehydrogenation rate both through its 
electronic nature and by a steric effect on 
the conformational equilibrium in adsorp- 
tion. 

Similarly, support effects may be inter- 
preted in this context. As may be seen, as a 
consequence of the metal-support interac- 
tion, AH’ and AS+ values are decreased in 
the order 

Ni/A1203 > Ni/AIP04-P 
> Ni/AlP04-F > Ni/SiO* > Ni-bulk 



AIPO,-SUPPORTED NICKEL CATALYSTS, VIII 189 

in EB dehydrogenation while the corres- 
ponding values in its two methylderivatives 
i-PB and n-PB follows the similar sequence 

Ni/A1203 > Ni/AlPO*-F 
> Ni/SiOz > Ni/AlP04-P > Ni-bulk. 

Accordingly, the restriction of molecular 
freedom and the additional enthalpy con- 
tent of the activated complex relative to the 
reactants are decreased, in these same 
orders. In fact, according to Eq. (2), the 
metal-support interaction effects enhance 
the catalytic activity through the contribu- 
tion of the steric effects, given by AS’, 
unlike the contribution of inductive effects, 
given by AH+, which decrease the reac- 
tivity. 

In summary, the role played by the sup- 
port on the reactivity of Ni-supported cata- 
lysts is similar to that of the methyl 
substitution on EB because in both cases, 
on increasing AH’ and AS’ values, the 
same two opposite effects on the catalytic 
activity develop. There is a trend to 
increase it caused by the increase in AS’, 
together with a decrease caused by the 
increase in AH’ values. This behavior 
offers some interesting fundamental prob- 
lems which need to be clarified. Thus, in 
spite of the fact that AH’ values are appre- 
ciably greater than AS’ values (Table 5) we 
have to consider that according to Eq. (2) 
the contribution of the entropy factor given 
by AS’IR is, in the present experimental 

conditions, higher than those relative to the 
enthalpy factor (-AH’IRT), which is 
strongly determined by the temperature, as 
shown in Table 6 where their corresponding 
values at 723 K are collected. 

On the basis of these results we can 
understand that the metal-support interac- 
tion effects enhance the catalytic activity 
by enhancing the entropy factor which is 
the term that contributes in the greatest 
proportion to k, values in the present exper- 
imental conditions. 

However, the negative influence of the 
enthalpy factor increases at the same time; 
the former effect predominates resulting in 
the stabilization of the reaction complex 
and a faster reaction. Besides, it is now 
becoming evident that on increasing the 
reaction temperature, the positive influence 
of the nickel-support interaction effects on 
k, would be increased as the reaction tem- 
perature increases. This occurs because, 
while entropy contribution is constant, the 
influence of enthalpy is inversely propor- 
tional to the reaction temperature; conse- 
quently, its negative influence is strongly 
decreased. 

On the other hand, there is a relationship 
between the values of In A and E,, in Table 
4, as shown in Fig. 4, known as the “com- 
pensation effect” or the “isokinetic rela- 
tionship” (IKR) (37-39) that can be 
expressed (40) by 

In A = In CY + EJOR, (5) 

TABLE 6 

Contribution to the Specific Catalytic Activity, k,, from the Entropy Factor, 
AS’IR, and from the Enthalpy Factor, -AH+/RT, at 723 K in the 
Dehydrogenation of EB, n-PB, and i-PB in Every Catalyst Studied 

Catalyst Ethylbenzene n-Propylbenzene i-Propylbenzene 

-AH+IRT ASIR -AH#IRT ASIR -AH*tRT ASfIR 

NilAIP04-F -7.23 -38.53 -13.33 -33.60 - 18.64 -28.61 
NilAIPOd-P -9.88 -36.02 - 10.90 -35.06 - 15.39 -30.77 
NilSi02 -5.27 -40.20 -12.15 -34.45 -15.68 -30.17 
Ni/A1203 - 13.66 -33.35 -20.57 -27.00 -25.81 -22.21 
Ni-bulk -4.76 -41.66 -11.92 -36.27 -12.92 -35.06 
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FIG. 4. Compensation effect between E, and In A for (a) ethylbenzene, (b) n-propylbenzene, and (c) 
i-propylbenzene with all catalysts: (0) Ni/AlPO,-F, (0) Ni-AlPOd-P, (A) Ni/SiOz, (A) Ni/A1203, (Cl) 
Ni-bulk. 

where R is the gas constant and 8 is the 
“isokinetic temperature” at which identical 
values of specific reaction rate constant, k, 
= CY. are obtained. According to the Arrhe- 
nius expression when A is expressed by Eq. 
(5) we have 

k, = (Y exp[(&lR)(l/B - l/T)]. (6) 

Thus, below 8, the reactions with lower E, 
exhibit higher reaction rates and, above 8 
the inverse is true. 

In fact the plots of In A vs E, in Fig. 4, for 
each substrate, are linear for all catalysts 
with regression coefficients over 0.99 when 
unsupported nickel is not considered. 
Therefore, from the slopes and intercepts, 
the Q and 8 parameters (a, and 0,) for all 

three alkylbenzenes studied are obtained. 
They are collected in Table 7. 

Furthermore, the plots of In A vs E, in 
Table 4 for each catalyst, with the three 
alkylbenzenes are also linear with high 
regression coefficients (above 0.99). 
Accordingly, from slopes and intercepts we 
now obtain the (Y and 8 values for different 
catalysts (oy, and 0,) shown in Table 8. 
Thus, it is possible to obtain two parame- 
ters, oS and 0,, closely associated to the 
substrates and, at the same time, CY, and 8, 
values exclusively related to the catalysts. 

Although the most habitual representa- 
tion of compensation effect is through Eq. 
(5), it also may be obtained from an 
entropy-enthalpy relationship because, 

TABLE 7 

Values of Q, and Os(1 Obtained from the Representation of In A vs E, and Values of Osb, AGi: and In K?, 
Obtained from the Representation of AH’ vs As’ 

Substrate a, 106 OS OS AGf In KC 
(malls rn$ W W (KJ/mol) 

Ethylbenzene 0.737 t 0.015 838.70 2 28.80 843.63 k 26.72 313.22 k 8.23 -44.66 2 1.17 
n-Propylbenzene 0.714 ? 0.059 841.95 + 43.89 839.45 -+ 43.81 312.48 2 11.90 -44.77 2 2.89 
i-Propylbenzene 3.562 k 0.296 893.76 * 56.59 888.60 r 57.00 319.78 2 15.97 -43.28 2 3.52 

Note. Uncertainties are determined by their respective standard deviations. 
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TABLE 8 

Values of a, and &” Obtained from the Representation of In A vs E, and Values of ecb, AG$ and In 
Kf, Obtained from the Representation of AH’ vs AS’ 

Catalyst CY, IO6 & f-4 AC: In Kf 
(mol/s m$ WI WI (kJ/mol) 

Ni/AIPOI-F 0.578 2 0.022 830.54 + 35.71 831.62 2 35.76 310.61 2 10.05 -44.92 2 2.42 
Ni/AIP04-P 0.340 + 0.001 760.73 r 32.70 760.32 t 1.23 286.94 2 0.35 -45.39 k 0.09 
Ni/Si02 0.341 * 0.028 762.51 k 76.84 756.78 z 75.85 286.03 + 22.18 -45.46 +- 5.76 
Ni/A1203 0.410 + 0.007 809.86 2 11.07 809.99 ? 10.21 304.89 + 2.37 -45.27 2 0.45 
Ni-bulk 0.387 +- 0.016 922.16 -r- 63.78 918.15 + 55.43 346.59 + 17.40 -45.40 t 3.56 

Note. Uncertainties are determined by their respective standard deviations. 

according to Boudart (41), the general 
explanation of this fact is the existence of a 
LFER which manifests itself in a linear 
relation between enthalpy and entropy in 
the activated complex for any set of reac- 
tions of the same type exhibiting the same 
value of activation free energy, AG’, over 
the experimental temperature range. This 
constant on AGf lets us determine not only 
8 but also this AG’ constant value and the 
equilibrium constant of the activated com- 
plex, K’, which is also a constant accord- 
ing to the general expression 

AGf COnSt. = -OR In Kf 
= AH+ - 6ASf. (7) 

Thus, from slopes and intercepts of the 
plots AH+ against AS’ we obtain the values 
of 13, AG’, and K’ for each substrate (O,, 
AG$ and Kf) and all the catalysts (O,, AGZ, 
and Kf) which are also quoted in Tables 7 
and 8, respectively. 

Furthermore, a simple method has 
recently become available (42-45) for test- 
ing whether or not the compensation effect 
obtained can be ascribed to a false cor- 
relation caused by a scatter of data due to 
the compensation of errors on both parame- 
ters AH’ and AS’, respectively. This 
method is based on the existence of a 
common point of intersection in the set of 
straight lines obtained in the Arrhenius or 
Eyring representation (Fig. 2 and 3). So far 
Linert et al. (43-45) have determined the 

intersection point in a set of equations 
where the rate constants were derived from 
the statistical theory of kinetics using the 
Exner analysis (46, 47) but it is evident that 
this method can be employed directly with 
Arrhenius or Eyring equations because 
according to them (43) “the correct proce- 
dure to demonstrate the IKR is to go back 
one step closer to the experiment and to 
examine if there is a common point of 
intersection in the Arrhenius plot (activa- 
tion plot).” Besides, when we do it not only 
is it possible to determine the correctness 
of the IKR by applying the F-test or that 
proposed by Linert et al. (42), but also to 
obtain the 19, cy, AGZCOnSt. or Kf parameters. 
Thus, from the Arrhenius equation, (Y and 8 
are obtained from the absciss (X = l/O) and 
ordinate (y = In CX) of the intersection point 
while from the Eyring equation x = l/6 and 
y = In [(&h)Kf], and AGf,,,,t, is obtained 
from K’ values (Eq. (7)). 

These common points of intersection 
were obtained by applying a computer pro- 
gram similar to that described by Linert 
(42) to the experimental data in Fig. 2 and 3 
(In k, vs l/T and In k,lT vs l/T, respec- 
tively), and the values of 8, AG#, (Y, and Kf 
parameters for substrates and catalysts 
thus obtained were practically coincidental, 
within experimental error, to those col- 
lected in Tables 7 and 8. Moreover, when 
Ni unsupported is considered in the deter- 
mination of substrate parameters, there is 
also an important standard deviation that is 
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strongly diminished when excluded. 
Accordingly, the isokinetic hypothesis in 
the heterogenous gas-phase dehydroge- 
nation reactions must be accepted, inde- 
pendently of the absence of a definitive 
theoretical explanation for this phenome- 
non. The empirical parameters obtained 
can give us valuable information not only 
on the substituent effects, such as the gen- 
eral application of the LFER described in 
homogeneous processes, but also on the 
catalyst effects. 

Thus, according to the classification of 
Blackadder and Hinshelwood (48) the cata- 
lytic (nonoxidative) dehydrogenation on 
alkylbenzenes in the present experimental 
conditions ought to be considered enthalpy 
controlled (0 > TeXp). Indeed, we have 
always operated below 13 where the reac- 
tions with lower E, exhibit higher reaction 
rates so the sequence obtained in the sub- 
strate reactivity (EB > n-PB 2 i-PB) is the 
opposite of that in the E, and OS values 
(Tables 4 and 7). This fact is in accord with 
what might be expected from Eq. (6), 
where the activity k, is proportional to exp 
(l/O), and according to this exponential 
nature of both parameters (E, and f3), their 
contributions on k, are much more impor- 
tant than those of (Y values. Besides, 
according to Eq. (2), AGt values (in Table 
7) are inversely related to reactivity, k,, and 
they are better parameters than Kf to 
determine structure-reactivity correla- 
tions. This is because the former parameter 
(AG$) can be regarded as insensitive to 
temperature while Kg represents the value 
of the equilibrium constant of the activated 
complex at 8, temperature (Eq. (7)); like- 
wise, (Y, represents the reactivity at this 13, 
temperature. 

Similarly, the values of 8, and AGZ may 
account for the sequences obtained for k, 
values in the dehydrogenation of each sub- 
strate (EB, n-PB, or i-PB) with different 
catalysts. Thus, the enhancement of the 
specific catalytic activity of nickel catalysts 
due to the effects of metal-support interac- 
tion can be associated with the lessening of 

8, and AGC values which, in this sense, may 
be taken as a measure of the extent of this 
interaction. 

Finally, we may understand the high 
deviation of Ni-bulk in determining the IKR 
for substrates by taking into account the 
relatively important difference between 
AG$ for Ni-bulk and all those of the 
remaining Ni-supported catalysts exhib- 
iting very close values. That is, the com- 
pensation effect is obtained as a 
consequence of the proximity of the respec- 
tive AG# values. 

CONCLUSIONS 

From this study we can conclude that, 
like that obtained in the liquid-phase hydro- 
genation of the olefinic double bond (1)) the 
gas-phase dehydrogenation of alkylben- 
zenes, over the same supported nickel cata- 
lysts, exhibits an IKR or “compensation 
effect” which manifests itself through a 
linear relationship between the activation 
parameters AH’ and AS’, due to the exis- 
tence of a LFER. As a consequence of this 
fact, it is possible to obtain a series of 
isokinetic parameters, 13, AG’, K’, and (Y, 
that may provide a more general measure- 
ment of the reactivity characteristic of a 
series of related reactions and/or catalysts 
in the gas or liquid phase. Valuable infor- 
mation is also obtained on the reaction 
mechanism because, if an IKR holds for a 
reaction series, a single common interac- 
tion mechanism can be expected (40, 42, 
49). 

In agreement with these general ideas, 
the existence of LFER manifesting itself 
through isokinetic relationships in series of 
related reactions seems to be almost uni- 
versal characteristic of heterogeneous cata- 
lysis with the need of only one requirement; 
that is, the reaction rates ought to be con- 
trolled by a chemical step. Thus, it is neces- 
sary to determine the rate of operating 
variables where the kinetic data are free 
from transport influences. This, in general, 
is much easier to obtain in the liquid than in 
the gas phase so it has long been thought 
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that the compensation effect is a specific 
feature of liquid-phase reactions (2). 
However, when in the gas phase, the exper- 
iments are developed in the kinetic region, 
as in the present work, isokinetic relation- 
ships arise which permit us to obtain a 
series of isokinetic parameters that are able 
to explain the sequences obtained in the 
catalytic activity of substrates and catalysts 
or even to constitute a measure of the 
metal-support interaction. 

Consequently the method of LFER that 
is still the most practical for predicting 
substituent effects for homogeneous reac- 
tions in liquid solutions (3), when applied 
to the catalytic heterogeneous process 
through IKR, may constitute a promising 
technique for measuring the existence and 
extent of metal-support interactions. That 
is, it supplies data specifically concerning 
the catalytically active part of the metal 
surface. In connection with this, the impor- 
tant role played by the acid-basic nature of 
the support in determining the extent of the 
metal-support interaction is also estab- 
lished. 
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