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Compensation behaviour in the hydrogenation of benzene, toluene and
o-xylene over Ni/SiO,
Determination of true activation energies
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The vapour phase hydrogenation of benzene, toluene and o-xylene has been studied over an Ni/SiO, catalyst prepared by
homogeneous precipitation/deposition. The hydrogenations were carried out in the absence of diffusion limitations, catalyst
deactivation or secondary conversions. Turnover frequencies and reaction probabilities decrease in the order
benzene > toluene > o-xylene. The appearance of well defined reversible maxima (7,,,,) in the rate vs. temperature plots is report-
ed and discussed. The reaction orders with respect to the aromatic and hydrogen partial pressures are plotted as a function of
temperature. The effect of temperature on the effective surface collisions is also considered. The temperature dependence of the
rate constants was fitted to Arrhenius equations and generated positive (T < T,,,,) and negative (T > T,,,) activation energies.
The derivation of true activation energies and heats of adsorption from the kinetic data is presented. The turnover frequencies
and apparent activation energies obtained in this study are compared to similar and different systems reported in the literature. A

compensation effect is established for the experimentally determined or apparent kinetic parameters. The effect is attributed to

variations in the temperature dependences of the surface concentration of the reactive aromatic species.

It is now known that high aromatic content in diesel fuels
lowers fuel quality and contributes to the formation of un-
desired emissions in exhaust gases.!'> New environmental
regulations governing diesel-fuel specifications limit the aro-
matic content to low levels (not more than 5% by volume)
with the result that aromatic reduction has become a key
upgrading parameter in processing middle distillates. The
chemical kinetics of model heterogeneously catalysed aro-
matic hydrogenation provide fundamental information which
forms the basis for developments in the catalyst and process
technologies. With regard to the existing reports on aromatic
hydrogenation, benzene has been the overwhelming choice as
the model aromatic feed. The hydrogenation kinetics for
benzene have been reported for a range of Group 8 metal and
metal sulfide catalysts! and the catalytic activity has been
shown to increase in the following sequence of active
metals,>* Co < Ni < Pd < Pt < Ru < Rh. The reaction has
been used to probe the activity of a range of unsupported
nickel systems®~!*> as well as nickel supported on both
amorphous®16=3° and zeolite?33*~* carriers. Apparent acti-
vation energies in the range 25-94 kJ mol ™! have been report-
ed for the diverse nickel systems.5—12:16-24.35-37 Rate maxima
at 423 K,2° 453 K1213:15.16.18.23.28 5nd 473 K37 have been
variously quoted. It has been proposed that the saturated
product (cyclohexane) inhibits the progress of the reac-
tion,%1%'2 an assertion which has been refuted by a number
of workers.'8:21:28:37 Competition on the catalyst surface
between benzene and hydrogen has likewise been
assumed!”#! and discounted.!>-28:3842.43

The rate of aromatic-ring hydrogenation is influenced by
both steric and electronic factors.!***#5 In general, hydro-
genation rates decrease with alkyl substitution and decrease
further with an increasing number of such substituents, unless
the addition of alkyl groups introduces exceptional strain, in
which case the aromatic systems undergo facile saturation.*
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The hydrogenation of toluene has received far less attention
than the benzene system and the reported use of nickel cata-
lysts has essentially related activity to electronic struc-
ture.1:14.16.30.46-52  The gayailable activation energies for
toluene hydrogenation over Ni/SiO, (67 kJ mol !),'® Ni/K-Y
(78 kJ mol~)*¢ and Ni/MgO (57 kJ mol~*)*! are at the high
end of the range of values quoted for palladium (29-54 kJ
mol~!)33:%4 and platinum (25-73 kJ mol~!)*#~>° based cata-
lysts. The degree of conversion of toluene to methyl-
cyclohexane has been reported to pass through a maximum at
448 K (nickel hydroxide/layer silicate),*® at 463 K (Pt/Al,0,°°
and Ni/K-Y*%) and in the range 463-503 K (Ni/Mg0Q).>? The
competitive hydrogenation of toluene and benzene has also
been studied**-®° and the relative adsorption strengths of both
aromatic compounds on a range of active surfaces have been
reportEd.44’46'61_6s

There have been few reports concerning the heter-
ogeneously catalysed hydrogenation of o-xylene in either the
liquid or gaseous phase and the reported activity data are gen-
erally given in the form of a percentage conversion or a rate
relative to the rate of benzene hydrogenation.!"*:¢6-70
Rahaman and Vannice>® have recently provided the first
steady-state specific activities and activation energies (31-63
kJ mol~!) for a range of palladium catalysts. The overall rate
of aromatic hydrogenation has nevertheless been
established ! 14#453.67 35 decreasing in the order,
benzene > toluene > o-xylene. Steady-state activity data for
the hydrogenation of benzene, toluene and o-xylene over
Ni/SiO, are presented in this paper and the nature of tem-
perature dependent rate maxima, effective surface collisions
and apparent vs. true kinetic parameters are discussed.

Experimental
Catalyst preparation, activation and characterization

The catalyst was prepared by the homogeneous precipitation/
deposition of nickel onto a non-porous microspheroidal
Cab-0-Sil 5M silica of surface area 194 m? g~ !. The silica
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support was washed with triply deionized water and dried in
air for 20 h at 375-383 K before use. The precipitation was
carried out in a 2 dm® three-necked round-bottomed flask
fitted with a Citenco motor driven stirrer. A sample of urea
(Aldrich Chem. Co., 99 + %) was added to a 1.5 dm> aqueous
suspension of Cab-O-Sil 5M in nickel nitrate (Aldrich Chem.
Co., 99.999%) at 290 + 2 K, where the molar ratio of the
nitrate to urea was 0.36. The suspension was slowly heated
under constant agitation (600 rpm) to 361 + 3 K and held at
this temperature for 6 h. Temperature control was maintained
using an oil bath equipped with a heating element and mecha-
nical stirrer to ensure good heat transfer. The pH of the sus-
pension was preadjusted (with nitric acid) to 2.8 to prevent
premature hydrolysis and the pH was observed to increase to
5.3 on completion of the precipitation step. The suspension
was then filtered and the filtrate washed with 4 x 400 cm? hot
deionized water and air-dried in an oven at 375-383 K for 20
h. The nickel loading was determined by atomic absorption
spectrophotometry (Perkin-Elmer 360 AA spectrophotometer)
using the experimental procedure described elsewhere.”! The
water content of the catalyst precursor was measured by
thermogravimetry.”? The hydrated sample was reduced,
without a precalcination step, by heating it in a 150 cm?
min~! stream of hydrogen at a fixed rate of 5 K min !
(controlled using a  Barber-Coleman  temperature
programmer) to a final temperature of 773 + 1 K, which was
maintained for 18 h. The hydrogen gas (CANOX, 99.9%) was
purified by passing it through water (activated molecular sieve
type 5A) and oxygen (1% Pd on WO,) traps which were con-
nected in series. The temperature-programmed reduction
profile was obtained as outlined previously.”? Nickel metal
dispersions, before and after the catalysis step, were deter-
mined by carbon monoxide chemisorption at 273 K, assuming
a stoichiometry of nickel surface atom to adsorbed carbon
monoxide of 2:1.7* A detailed description of the experimental
procedure involved in the chemisorption measurements is
available elsewhere.”! The amount of CO adsorbed on the
anhydrous support was also measured and subtracted from
that adsorbed by the catalyst to give the total number of CO
molecules adsorbed by the metal component.

Catalytic procedure

All the catalytic reactions were carried out at atmospheric
pressure in a fixed-bed glass reactor (id = 15 mm) over the
temperature range 388-523 K. The catalyst was supported on
a glass frit and a layer of glass beads above the catalyst bed
ensured that the aromatic reactant reached the reaction tem-
perature before contacting the catalyst. The reactor tem-
perature was monitored by a thermocouple inserted in a
thermowell within the catalyst bed; reactor temperature was
constant to within +1 K. A Sage pump (model 341 B) was
used to deliver the aromatic feed, at a fixed rate via a syringe
that had been carefully calibrated. The aromatic vapour was
carried through the catalyst bed in a stream of purified hydro-
gen, the flow rate of which was set using Brooks mass flow
controllers. The kinetic measurements were made using cata-
lyst samples sieved in the 125-150 um mesh range, at a space
velocity of 2 x 103 h™! (STP) and at W/F values in the range
42-112 g mol ™! h where W is the weight of activated catalyst
and F is the flow rate of aromatic species. Steady-state conver-
sions were kept below 25 mol% by varying W in order to
minimize heat and mass-transfer effects. The possible contri-
bution of external and internal reactant/product diffusion to
the overall reaction rate was monitored by (@) varying the
W/F value in the overall range 29-192 g mol™' h by altering
both parameters and (b) using six separate batches of catalyst
with particle diameters in the overall range 50—1200 pm. The
reaction order with respect to hydrogen was determined
at a constant aromatic partial pressure of 0.04 atm
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(1 atm = 101 325 Pa) where the hydrogen partial pressure was
varied from 0.19 to 0.96 atm using purified nitrogen as diluent.
The reaction order with respect to the three aromatic species
was measured at a constant hydrogen pressure of 0.94 atm
where the pressure of each aromatic species was varied in the
range 0.01-0.06 atm, again using nitrogen as the make-up gas.
The reactor effluent was either sampled on-line via a
20 x 107 dm® sampling valve or was frozen in a dry ice-
acetone trap for subsequent analysis. Product analysis was
made using a Varian 3400 GC chromatograph equipped with
a flame ionization detector and employing a 5% Bentone-5%
diisodecylphthalate on Chromosorb W and 30% Silicone
SF96 on 60/80 mesh acid washed Chromosorb W (6 ft x 1/8
in) stainless-steel column for the benzene/toluene and o-xylene
reactions, respectively; data acquisition and analysis were per-
formed using the GC Star Workstation. The overall level of
hydrogenation was converted to mol% hydrogenation using a
20-point calibration plot for each of the aromatic feeds. The
benzene, toluene (Aldrich, 99.9 + %) and o-xylene (Lancaster,
99%) reactants were thoroughly degassed by purging with
purified helium followed by a series of freeze-pump-thaw
cycles and were stored over activated molecular sieve type 5A.

Results and Discussion

The pertinent physical characteristics of the catalyst precursor
and activated material are given in Table 1. It has been shown
elsewhere’® that Ni/SiO, precursors prepared by homoge-
neous precipitation/deposition exhibit stronger nickel-support
interactions than samples prepared by impregnation and the
metallic phase generated after reduction of the former is
present as smaller crystallites with a narrower size distribu-
tion. The temperature-programmed reduction profile for the
1.5 wt.% Ni/SiO, sample is characterized by a broad peak
with maximum intensity at 850 K and an ill-defined peak at
580 K. The low-temperature peak arises at a slightly higher
temperature than that recorded for unsupported NiO (565 K)
and can be attributed to the reduction of a precipitated
hydroxide species which interacts weakly with the support.
The bulk of the hydrogen consumption occurs at the higher
temperature and must result from the reduction of nickel
hydroxysilicate which has been shown to form on catalysts
prepared by precipitation/deposition.”*’® Note that the total
hydrogen consumption exceeds the theoretical value for a
complete reduction of the nickel content; the excess hydrogen
may be due to a spillover from the nickel metal and is held on
the support. Nickel metal dispersion was obtained from CO
chemisorption and is expressed as (Nigygace/Nijgrar} X 100%;
CO uptake was reproducible to better than +3%. The
supported-nickel particle size was determined from the disper-
sion measurement according to the relationship”” d = 101/D,
where D is the dispersion or percentage of exposed nickel
atoms and d is the surface-weighted average crystallite diam-
eter assuming (spherical) particles <1 nm to be 100% dis-
persed. A value of 0.633 nm? for the average surface nickel

Table 1 Physical characteristics of the catalyst precursor and the
activated material

support Cab-0-Sil 5M SiO, (194 m? g™?)
precursor

Ni (wt. %) 1.5

H,O (wt. %) 0.6

activated catalyst

T."/K 850

H, consumption/10~3 dm? g~! 7

NiC dispersion (%) 73

d’/nm 1.4

Snio/m? g7t 74

“ Temperature corresponding to the maximum in H, consumption.”?
b Surface-weighted average crystallite diameter.
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atom’® was used in calculating the surface area of the sup-
ported nickel metal.

The hydrogenation of benzene and toluene over Ni/SiO,
yielded the respective saturated cycloalkanes, cyclohexane and
methylcyclohexane, as the only detected products. The
reduction of o-xylene produced both the cis- and trans- forms
of 1,2-dimethylcyclohexane but the isomerization of o-xylene
to m-xylene which has been reported for palladium systems®?
was not observed in this study. Passage of each aromatic
species in a stream of hydrogen over the silica support (in the
absence of nickel) did not result in any measurable degree of
hydrogenation. At temperatures in excess of 523 K the aro-
matic feed began to undergo partial hydrogenolysis with the
result that this investigation has been limited to temperatures
<523 K. All the activity data (reproducible to better than
+5%) presented in this paper were obtained at steady state
and represent the average of at least five separate test samples.
The experimental conditions were chosen so that the reaction
rate was not influenced by external or internal diffusion. The
possible contribution of external diffusion was monitored by
independently varying W and F and establishing that the
measured rate was constant at a constant value of W/F. A
representative case is illustrated in Fig. 1 where hydrogenation
rates (R) of 3 x 10™* and 8 x 10™% mol h™! obtained using
three toluene feed rates correspond to W/F values of 42 + 1
and 112 + 2 g mol~! h, respectively. The reactor was clearly
operating with negligible external diffusion retardation within
these W/F values which represent the limits within which the
kinetic measurements were made. In a separate set of experi-
ments the role of intraparticle diffusion was probed by varying
the catalyst particle size while maintaining W/F constant and
representative data are presented in the insert to Fig. 1. The
rate of hydrogenation was essentially independent of particle
size in the range 50-300 um but was markedly lower for cata-
lyst particles greater than 800 pm wherein the reaction was
controlled to an appreciable degree by transport limitations.
There are, however, negligible internal diffusion constraints in
the intermediate 125-150 um mesh range which was chosen
for the subsequent kinetic studies. In addition, values of the
Weisz criterion’® were below 4 x 10~° which again demon-
strates that the rates are free from diffusional limitations
under the chosen experimental conditions.

The experimentally determined turnover frequencies (TOF),
the number of molecules converted per metal site per second,
of the three reactants are plotted as a function of reaction
temperature in Fig. 2. Ascending and subsequent descending
temperature sequences over the entire temperature interval
were used to verify maintenance of activity. The TOF of
toluene and o-xylene relative to that of benzene at representa-
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Fig. 1 Variation of reaction rate at 413 K with catalyst weight for
three toluene feed rates: F1 =33 x 1073, F2=4.7 x 1073 and
F3 =70 x 1073 mol h™'. Insert: the influence of catalyst particle
diameter on the reaction rate.
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Fig. 2 Variation of the experimentally determined TOF of benzene
(A), toluene (@) and o-xylene (1) with temperature at P, = 0.04 atm
and Py, = 0.96 atm

tive temperatures are given in Table 2. The reaction probabil-
ity (RP) defined below

__ rate of formation of product molecules
" rate of incidence of reactant molecules

M

was obtained by dividing each TOF by the rate of molecular
incidence, Z (collisions per unit time per unit area), where Z is
obtained from the kinetic theory expression

P

2= Gamk T B

where P and m represent the partial pressure and mass of the
gaseous aromatic species, respectively, T is the reaction tem-
perature and k the Boltzmann constant. The reaction prob-
ability reveals the overall efficiency of the catalytic process
and the values corresponding to the data presented in Fig. 2
lie within the extremes 2 x 10”''—4 x 107 '°, Somorjai®® has
recently tabulated benzene hydrogenation probabilities which
were calculated for a particular temperature from data avail-
able in the literature!®-18-22.24.26.27 anq gave values in the
range 4 x 107 1'-2 x 1078, The reaction probabilities gener-
ated in this study are at the lower end of the above range but
it should be noted that the values refer to all three aromatic
feeds and extend over the temperature interval 388 < T/
K < 523 which encompasses the region of decreasing rates as
illustrated in Fig. 2. Under steady-state conditions the report-
ed TOF of benzene, toluene and o-xylene at 413 K over palla-
dium catalysts®3 are from 12 to 330, 6 to 80 and 1.4 to 11
times greater, respectively, than those observed in this study.
In addition, the TOF of toluene on platinum catalysts has
been reported to be up to 40 times higher than on palladium
systems.8! The inferred order of increasing aromatic ring
hydrogenation activity, Ni < Pd < Pt, is in agreement with
published observations.?*

The TOF of aromatic molecules increased, over the entire
temperature range studied, in the order o-xylene < tolu-
ene < benzene. The addition of methyl group(s) to the aro-
matic ring has likewise been found to decrease the catalytic

Table 2 Temperature dependence of the experimentally determined
TOF of toluene and o-xylene relative to the TOF of benzene at P, =
0.04 atm and Py, = 0.96 atm

T/K TOF 00/ TOF penseae TOF, 1100/ TOF yeprene
393 0.49 0.34
413 0.74 ’ 0.51
443 0.84 0.69
473 0.73 0.37
503 0.59 0.25
523 0.49 0.19
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activity over supported platinum,’¢—8:#! palladium,’3-*7-8!

rhodium and cobalt*® systems. It is generally accepted that
the presence of methyl substituents on the benzene ring stabil-
izes the adsorbed n-complex with the resultant introduction of
a higher energy barrier for aromatic-ring hydrogenation. The
rate of toluene hydrogenation has been reported to be 0.25-
0.5%! and 0.4-0.8°%>7 times that of benzene over palladium
and platinum catalysts, respectively. Relative rate ratios for
benzene : toluene : o-xylene of 1:1.6:1.7,' 1:0.77:0.16,*
1:0.63:0.11°% and 1:0.62:0.32°7 have also been quoted.
Some authors®2:33 have published relative rates which obey
the relationship

R,=R,27" 3)

where R, is the rate of benzene hydrogenation and R, is the
rate of hydrogenation of the benzene derivative containing n
methyl groups. All the results cited above refer to a particular
reaction temperature but, as shown in Table 2, the relative
TOF obtained in this study vary considerably with tem-
perature and the simplistic relationship given above certainly
does not hold. A feature of the three plots shown in Fig. 2 is
the presence of a reversible maximum at a particular tem-
perature (7,,,,), i.e. 473 K for benzene, 463 K for toluene and
453 K for o-xylene. Such maxima may be explained by cata-
lyst poisoning or the influence of diffusion or thermodynamic
limitations. In this study, each maximum could be traversed
from either the high- or low-temperature side without any loss
in activity; this negates the possibility of catalyst deactivation.
The catalytic reactor has been shown to operate in the differ-
ential mode and the degree of aromatic conversion was far
from equilibrium levels. The possibility of nickel crystallite
growth during catalysis may also be discounted as the metal
dispersion before and after catalyst use was the same. The
existence of a temperature-related hydrogenation activity
maximum has been ascribed in the case of Ni/Y zeolites®7-#®
to a decrease in the surface coverage by the aromatic species
with increasing temperature, which at some point resuits in a
decrease in the reaction probability. The surface conditions
which prevail during hydrogenation were probed by consider-
ing the following three pretreatments: (a) pre-contacting the
catalyst which had been swept with nitrogen (400 cm® min~7)
at 723 K for 24 h with a stream (50 cm® min~! for 1 h) of
hydrogen prior to the introduction of the standard reactant
feed (P, = 0.96 atm, Py, = 0.04 atm); (b) pre-contacting the
nitrogen-swept catalyst with the aromatic species (3 x 1073
moles) prior to the introduction of the standard feed; (c)
passage of the standard feed over the catalyst, which had been
purged in nitrogen, without any pretreatment. The degree of
hydrogenation of the aromatic component which was
obtained by sampling the gas downstream of the catalyst bed
10 min after the introduction of the standard feed, was the
same (within experimental error) for the three cases (a)—(c).
Pre-adsorption of either reactant on the catalyst before intro-
duction of both reactants had no effect on the progress of the
reaction which suggests a non-competitive adsorption of
hydrogen and aromatic species under reaction conditions.
Benzene is known to be adsorbed on nickel via n-bond inter-
actions in which the ring lies parallel to the active
surface.®#84-8% Toluene is known to be adsorbed in a similar
fashion where the C—H and C—CH; bonds bend away from
the surface.®? To the best of our knowledge, no spectroscopic
study of o-xylene adsorption on metals has been published. It
has been shown*®%2-6% in a number of instances that toluene
interacts more strongly than benzene with a range of metal
surfaces. In general, the strength of adsorption may be con-
sidered to increase with increasing methyl substitution owing
to the stronger donation from the n-electron cloud to the
metal as a result of increasing electron ring density.®*-*¢ From
a consideration of adsorption strength, the order of increasing
T..ax should be the opposite to that observed, i.e. the stronger
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interaction of o-xylene with the catalyst should necessitate a
higher temperature to lower the surface coverage to the limit-
ing value where reaction probability drops. Vannice and co-
workers also observed a lower T, for toluene compared to
that for benzene hydrogenation over both palladium®*® and
platinum®” catalysts. The possible contribution of the reverse,
dehydrogenation, reaction to the observed maxima in hydro-
genation rates was investigated by passing each of the satu-
rated cycloalkanes over the activated catalyst; there was no
measurable conversion of the saturated feed at T < 493 K. By
eliminating the above possible causes it is reasonable to
attribute the existence of T,,, to adsorption—desorption phe-
nomena as it has been demonstrated elsewhere that benzene
and toluene interactions with the active surface decrease with
increasing temperature.®!'88 It is proposed that the adsorbed
aromatic species is present as a reactive and unreactive species
and the surface coverage by the reactive form governs the rate
of formation of the saturated product. The temperature
dependence of TOF, shown in Fig. 2, must then mirror the
temperature dependence of surface formation of the reactive
species. The critical loss of this reactive form occurs at
decreasing temperatures with increasing methyl substitution.
An in situ spectroscopic study of the surface species present
under actual catalytic conditions would certainly provide a
valuable insight into the surface phenomena that result in the
occurrence of T, . It has been speculated that benzene is not
solely adsorbed on metals as a n-complex but that the =n-
bonded species exists in equilibrium with ¢- and n/o- bonded
species.22-88-9% The ¢-bonded species, although reactive in
exchange reactions, may inhibit hydrogenation by competitive
adsorption.??°! If such e¢-bonding occurs during the chemi-
sorption of toluene and o-xylene the temperature-related
maxima in activity may be due to an increase in the relative
coverage by an unproductive g-species. Furthermore, the
introduction of a steric factor due to the presence of methyl
substituent(s} may favour a non-planar orientation of the aro-
matic nucleus relative to the metal surface with a consequent
greater likelihood of o-bonding.

The kinetics of the reaction may be represented by the
power equation

TOF = kPj Py, 4)

where k represents the rate constant, P, and Py, the partial
pressure of the aromatic species and hydrogen and m and n
the orders of the reaction with respect to the aromatic species
and hydrogen partial pressures, respectively. The reaction
orders were determined by means of logarithmic plots where,
for instance, at constant reaction temperature and Py,

log TOF = log(kP};,) + m log P, 5)

and plots of log TOF vs. log P, yield m. Representative
logarithmic plots depicting the variation of TOF with P ...
at various temperatures are shown in Fig. 3(a) while the
dependence of TOF on the partial pressure of the three aro-
matic compounds at 443 K is illustrated in Fig. 3(b). The
orders with respect to aromatic pressure derived from the
experimental data are plotted as a function of temperature in
Fig. 4 where the error bars represent 95% confidence limits of
the regressed reaction orders. The value of m increased from 0
to 0.5 as the temperature was raised from 388 to 523 K. A
variety of empirical correlations for benzene hydrogenation on
nickel films, nickel powder and nickel supported on alumina,
silica and silica/alumina have been reported where a near-
zero order in benzene pressure has been
quoted,>-9-10:12:17.20.21,23.24.42.92.93 i some cases increasing
from a low value of 0.1-0.3 at temperatures below 373 K to
ca. 0.5 at 423 < T/K < 473.9:18:25.28.31.42 The authors could
find no documented temperature dependence of reaction
orders in toluene or o-xylene hydrogenations on comparable
nickel/amorphous carrier systems. The near-zero-order depen-
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Fig. 3 (a) TOF of toluene as a function of P, at 413 (A), 443
(@), 473 (W) and 503 K (@) and (b) TOF of benzene (A), toluene (@)
and o-xylene (ll) as a function of P, at 443 K

dence on all three aromatic compounds observed in this study
where m < 0.1 at T < 423 K is consistent with a high surface
coverage by the aromatic species. The increase in the reaction
order with increasing temperature suggests that the surface
coverage is depleted by a temperature induced desorption of
the reactive form of aromatic. The order of increasing value of
m, o-xylene < toluene < benzene, which was maintained over
the entire temperature interval is diagnostic of a decreasing
strength of interaction with the catalyst which agrees with the
earlier arguments. The reaction order with respect to hydro-
gen was determined by varying the partial pressure of hydro-
gen at constant P, employing nitrogen as diluent and
representative logarithmic plots are shown in Fig. 5 for the
hydrogenation of toluene. At temperatures below 373 K, reac-
tion orders with respect to hydrogen in the range 0.5-
0.7%:6:9:10.12,13.17.18.20,24.29.42 haye been reported for the
hydrogenation of benzene over nickel catalysts, increasing
with  increasing temperature to a value of 1.0-
2.5%:12:18,27.:42,92.%4 apq yltimately reaching a value of 3 at
473 K.?32% In this study, the values of n increased from 0.7 to
2.3 with increasing temperature, as shown in Fig. 6. Although
the three hydrocarbons exhibit different degrees of interaction
with the catalyst the reaction order in hydrogen was essen-
tially the same for the three systems which concurs with a

0.50 | '
*i k
E 025} 1 1
A
3.4
0.0 ol‘l=£‘=+l . 4
380 430 480 530

T/K
Fig. 4 Dependence of the reaction order (m) with respect to Py, ene
(A), Pyyen. (@) and P, ... (M) on the reaction temperature: the
error bars correspond to 95% confidence limits
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Fig. 5 TOF of toluene as a function of Py, at 413 (A), 443 (@), 473
(l) and 503 K (@)

non-competitive adsorption of the reactants during catalysis.
The observed dependences of the reaction orders with tem-
perature strongly suggest that the effective values of the con-
centration of reactants, represented by P, and Py,, vary
across the temperature interval employed in this study. Equa-
tions of general applicability which express such changes are
not readily formulated;*® however, approximate relationships
may be acceptable, within the stated experimental regime, as a
means of providing a semi-quantitative description of the con-
ditions that prevail on the catalyst surface during the reaction.
Assuming that 6, oc P} and 6y, oc P}, the variation of the
surface coverage (f) by the aromatic and hydrogen reactants
may be approximated by the temperature dependence of the
experimentally determined Pj and Pj;, values and these
relationships are plotted in Fig. 7. The influence of increasing
temperature on P and by inference on the fractional surface
coverage is considerable. The values of Py, are, however,
largely unaffected by temperature. It may be concluded that,
under reaction conditions, the reactive aromatic species is
adsorbed as a m-complex at site S, adsorption is reversible,
surface coverage depends on the reaction temperature and the
changes in concentration of surface aromatic species are
reflected in the value of m. Hydrogen can be considered to be
adsorbed on separate sites, S', where the surface coverage is
largely temperature-invariant and independent of the nature
of the aromatic species. The observed variation in TOF with
temperature must then be due predominantly to the avail-
ability of surface aromatic species.

The rate constants (k/s ') for the three reactions were cal-
culated using eqn. (4) and the experimental Arrhenius relation-
ships are illustrated in Fig. 8. The computed, with 95% con-

22 | | | ++*1
'

¢

17 | + * : 1

f
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12 b o y .
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07 »+¢‘. ;
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Fig. 6 Temperature dependence of the reaction order (n) with respect
to Py, in the hydrogenation of benzene (A), toluene (@) and o-xylene
(IM): the error bars correspond to 95% confidence limits
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Fig. 7 Variation with temperature of Py, () and P} where A rep-
resents benzene (A), toluene (@) and o-xylene (H): P, = 0.04 atm;
Py, = 0.96 atm

fidence limits, activation energies (E,,,) and temperature-
independent pre-exponential factors (4,,,) are given in Table 3
where

k=4

app

exp(—E,,/RT) (6)

The value of 49.2 kJ mol ™! obtained in this study for E,, for
the hydrogenation of benzene may be inserted into the array
of literature values that were given in the Introduction, the
value of 63.6 kJ mol~! for the toluene reaction supplements
the meagre published data while the value of 73.4 kJ mol~*
for the reduction of o-xylene represents the first value for a
nickel catalyst. The series of increasing activation energies,
benzene < toluene < o-xylene, mirrors the observed order of
decreasing TOF. The temperature dependence of the rate con-
stants at T > T,,, also obeys the Arrhenius relationship and
yields the negative activation energies which are also included
in Table 3. A negative activation energy of —92 kJ mol ™!
(488 < T/K < 553) has been reported?® for the hydrogenation
of benzene over an Ni/ZnO catalyst operating in a continuous
circulation system and was attributed to the kinetics of the
reverse reaction. The activation energies obtained from the
relationship between the experimentally obtained rate con-

_3.3 T
A
® -53F 4 .
£
[ J
-7.3 L
1.8 2.2 2.6

10°K/T
Fig. 8 Apparent Arrhenius plots for the hydrogenation of benzene
(A), toluene (@) and o-xylene ()

Table 3 Kinetic data obtained from the Arrhenius relationships

aromatic feed T/K Ayofs ™t E,.p°/k] mol~*
benzene 393-473 8 x 103 492+ 20
473-523 3x107¢ —359+23
toluene 388-463 3 x 10° 63.6 + 2.9
463-523 7 x 1078 —48.6 + 29
o-xylene 393-453 4 x 108 73.4 £ 3.8
453-523 2x107° —60.5 + 3.0

View Article Online

stants and temperature are, by convention, termed apparent
activation energies, as the surface coverage by the aromatic
species does not remain constant throughout the temperature
range studied. If the entire temperature effect acts solely on
the rate constant then a true activation energy (E,,,.) may be
derived from the Arrhenius plot. The true activation energy is
obtained by adding the enthalpy of adsorption as a positive
quantity to the apparent activation energy,2*°6:%7

Etrue = Eapp - AadsH (7)

Chemisorption is always exothermic with the result that
A, H is negative for the system and —A,,, H has a positive
value. The process of chemisorption also has a rate coefficient

(knds)
kads =0Z CXp( - Eads/R T) (8)

where E,;, is the activation energy for chemisorption, o is the
sticking probability or fraction of collisions that leads to
adsorption and Z is the number of collisions per unit area per
unit time. This equation, based on collision theory, is analo-
gous to eqn. (6). Desorption is an activated process since the
minimum Eg, is that equal to A,y H, where®3-28-99

Edes —E = AadsH (9)

The three catalytic aromatic hydrogenations reported in this
study were conducted in the absence of (a) diffusion/mass
transport effects, (b) rate inhibition by the products and (c)
secondary reactions and, as such, may be considered to be
surface controlled where the overall reaction rate is governed
solely by the extent of adsorption/desorption of the reactive
species. The activation energies obtained over the temperature
ranges corresponding to increasing and decreasing rate con-
stants are essentially equivalent to E,,, and E,, respectively.
Taking each set of experimentally evaluated activation ener-
gies, values of A4 H and E,, for the three cases were
obtained from a combination of eqn. (7) and (9) and are given
in Table 4 together with 95% confidence limits. In two pre-
viously published studies the kinetics of benzene®’ and
toluene* hydrogenation over an Ni/K-Y catalyst of similar
metal loading (2.2 wt% Ni) were presented and the activation
energies which were reported are included in Table 4. The
rates of benzene and toluene hydrogenation passed through
maxima at 473 and 463 K, respectively, as observed in this
study. The variation of rate constant with temperature where
T > T,,, also obeyed the Arrhenius relationship and negative
values of —11.5+ 1.7 kJ mol™ ! (473 < T/K < 523) and
—229 kJ mol™! (463 < T/K < 523) were recorded for
benzene and toluene, respectively. It can be seen that the posi-
tive E,,, values for the zeolite and silica systems differ by
more than the possible overlap of values when the 95% con-
fidence limits are taken into account. However, the values of
E,.,. certainly agree within the stated margin of error. The
differences in E,,,, arise from differences in A, 4, H, which may
be attributed to a support effect, either in terms of a direct
contribution to the chemisorption step or to an interaction

ads

Table 4 Values of £, A,y H and E,,,, with 95% confidence limits

obtained from the Arrhenius relationships shown in Fig. 8

aromatic feed E,  /kJmol™!' A, H/kJmol™' E,/kJmol™!
Ni/SiO,
benzene 492+ 20 —85.1+ 3.1 1343 + 3.7
toluene 63.6 £29 —1122 + 4.1 1758 + 5.0
o-xylene 734 + 3.8 —1339+48 207.3 + 6.1
Ni/K-Y
benzene’ 59.5 £ 40 — 710 + 44 130.5 + 6.0
toluene® 782+ 4.3 —101.1 + 5.0 179.3 £ 6.6

“ 95% confidence limits.
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with the surface metal which modifies the strength of adsorp-
tion.

It is often observed that, when either the same reaction is
studied on a series of different catalysts or a series of related
reactions is studied on the same catalyst, a relationship exists
between the values of the apparent activation energies and the
pre-exponential factors. This takes the form

In A,,, = €E,,, + B (10)

app

where e and B are constants, termed ‘compensation’ factors.
The above relationship implies that an increase in In 4,
which should increase the reaction rate is accompanied or
compensated by an increase in E, , which results in a decrease
in reaction rate. Galwey,”*!%® in particular, has recorded the
various compensation relationships reported in the literature
and has stressed the significance of experimental error and the
accuracy of the data fit to an overall obedience of eqn. (10).
The pre-exponential factors (4,,,) obtained in this study are
plotted against the corresponding activation energies in Fig. 9.
It can be seen that the linear relationship (correlation
coefficient = 0.9997) holds true for the three sets of positive
and negative activation energies where e = 0.262 + 0.009 mol
kJ~! and B= —3.872 + 0.487 s~ '. This paper represents the
first report of the compensation effect (CE) criteria being met
by negative activation energies. The previously reported data
for the Ni/K-Y system3®’*¢ are also included in Fig. 9 and
likewise show a consistency with eqn. (10). A true com-
pensation effect is established if a single point of concurrence
appears in the Arrhenius plots.89:83:95:100-102 The tem-
perature corresponding to such a point, the isokinetic tem-
perature (T;,) is obtained from
1

Too=— (1)
where e is the slope of the compensation plot and R is the gas
constant; the calculated value of T, is 458 + 13 K. The
experimentally determined rate constants at 453 K give the
1atios Kyenzene © Kiotuene © Koxytene = 1:0.93 1 0.95. The agreement
between the calculated and experimental T, values is satisfac-
tory and confirms that the attribution of a compensation
effect to the hydrogenation of the three aromatic compounds
over Ni/SiO, is justified. The error margin in the calculated
T,,, reflects the critical nature of the goodness of the fit to any
data set when applied to a discussion of the compensation
effect as has been argued elsewhere.®>'%°-1%4 The actual
source of the compensation effect is still a matter of some
debate and the validity of the effect as a kinetic observation
and not merely an experimental artifact remains open to ques-

0
17 F7 T : T 3

In Agpp/s™

-23 L . ; L 1 L
-60 -25 10 45 80

Eqypp/kd mol™!

Fig. 9 Compensation plot for the hydrogenation of benzene (A, A),
toluene (@, O) and o-xylene (M, [J) over Ni/SiO, at W/F =61 g
mol~! h where the equation of the fitted line is In Ay = (0262
+ 0.009)E,,, — 3.872 £ 0487. In 4,,, vs. E,,, data for tll;e hydro-
genation of benzene (¢, <)37 and toluene (¥, 17)*° over Ni/K-Y; the
error bars correspond to 95% confidence limits.
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tion. Nevertheless, reports of compensation behaviour appear
as a direct consequence of kinetic studies concerned with reac-
tions proceeding at comparable rates and over similar tem-
perature ranges. The compensation effect has, however, been
rationalized in terms of an energetically heterogeneous cata-
lyst surface, enthalpy/entropy effects and changes in the
energy levels of the transition state or in the surface concen-
tration of active sites with temperature.®> In particular,
surface heterogeneity, in one form or other, and the
occurrence of two or more concurrent reactions have been
most frequently proposed as explanations. The dilute nickel
catalyst prepared by homogeneous precipitation/deposition is
characterized”® by a uniform dispersion of small metal par-
ticles (<2 nm) which are stable during catalysis and may be
considered to possess a high degree of surface homogeneity
where the adsorption energy of each active site is the same.
The only reaction which takes place under the stated condi-
tions is aromatic-ring hydrogenation, which may be assumed
to proceed on the same reaction sites, regardless of the pres-
ence or absence of methyl substituents, where the reaction rate
is governed by variations in surface concentrations. The
extension in this study of the compensation effect to nega-
tive activation energies suggests the involvement of
adsorption/desorption effects. The CE is obeyed by the experi-
mentally determined or apparent A or E values which do not
represent the frequency of occurrence or the energy require-
ments of the surface reactions because the concentration of the
surface reactants varies across the temperature interval
studied. The true pre-exponential factor, corresponding to the
true activation energy, must take account of both the prob-
ability of collision between the two reactants and the change
in the surface concentration with temperature. A modified
Arrhenius equation, based on collision theory

k = 0Z exp(—E,./RT) (12)

describes the true temperature dependence of the rate con-
stant where E,, . refers to the rate-determining step and the
term oZ makes due allowance for variations with temperature
in the probability of surface collisions. Values of 6Z were cal-
culated using eqn. (12), inserting the experimentally deter-
mined rate constants (k,,,) over the temperature range of this
study. The relationship between ¢Z and T, shown in Fig. 10,
is linear and the decrease in collision probability with tem-
perature is diagnostic of increasing desorption of reactive aro-
matic from the surface. A plot of In (k,,,/0Z) vs. 1/T gives the
slope — E,.,./R according to eqn. (12). Three plots were gen-
erated accordingly using the calculated values of E,,,. for each
process over the experimental temperature interval and are
shown in Fig. 11. Each plot exhibits excellent linearity,
demonstrating true Arrhenius behaviour and the ratio k,,/0Z
is essentially equivalent to k,,,./ A -

It may be tacitly assumed, as the compensation effect holds,
that the rate-determining step in the true surface reaction is

56 | ' N !
.I:\46 r E
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]

C
— 36 b
26 ) .
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Fig. 10 Temperature dependence of In 6Z for the hydrogenation of
benzene (A), toluene (@) and o-xylene (W)
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Fig. 11 True Arrhenius plots for the hydrogenation of benzene (A,
solid line), toluene (@, dashed line) and o-xylene (M, dotted line)

the same for the three processes. If the surface reaction pro-
ceeds with the stepwise addition of hydrogen atoms to the
adsorbed aromatic species, the rate-determining step must
then be represented by one of these stepwise additions. The
hydrogenation of benzene has been viewed as occurring via
simultaneous®!! or sequential addition of hydrogen atoms to
the adsorbed aromatic species where no rate-determining step
is apparent*?*3> or where the addition of the first/
second??93-:5% or the sixth?2 hydrogen atom is the slow step.
Vannice and co-workers®387 have provided persuasive evi-
dence that the addition of the first hydrogen atom to the aro-
matic species when adsorbed on platinum and palladium
catalysts is rate determining, an assertion that has found
support in recent data reported by Tétényi'®® for the hydro-
genation of benzene on platinum black. Certainly, the destabi-
lization of the resonance energy that is initiated by the
addition of the first hydrogen atom should be energetically
demanding. The observed increase in activation energy with
increasing resonance energy of the aromatic nucleus is consis-
tent with such a mechanism. The identification of an exclusive
rate-limiting step is beyond the scope of this report. Neverthe-
less, the data presented in Fig. 11 illustrate the dependence of
the rate constant of the true surface reaction on temperature.
While the apparent Arrhenius relationships exhibit a common
isokinetic temperature (Fig. 8), the true Arrhenius plots do not
possess a single point of concurrence. Therefore, the principal
criterion for compensation behaviour is not met in the latter
case. The compensation effect can be said to be a direct result
of apparent kinetic measurements which neglect the under-
lying adsorption phenomena.

Conclusion

The principal findings reported herein may be summarized
thus: (i) Under steady-state conditions and in the absence of
diffusional constraints TOF and RP increase in the order o-
xylene < toluene < benzene over the temperature range
388 < T/K < 523. (ii) A reversible T,,,, which was observed to
decrease in the sequence benzene > toluene > o-xylene is
attributed to a critical loss of the reactive aromatic species
from the surface. (iii) The reaction orders with respect to the
aromatic and hydrogen partial pressures increase with
increasing temperature from O to 0.5 and 0.7 to 2.3, respec-
tively, where a non-competitive adsorption of the reactants
occurs on the surface. (iv) The variation of rate constant with
temperature yields both positive and negative activation ener-
gies. Taking the reaction energies to be equivalent to the
chemisorption energies, values of A,,, H were evaluated where
the enthalpy of adsorption increases with increasing methyl
substitution. (v) Values of E,,,., obtained by adding A, H as
a positive quantity to E,, reflect an increase in aromatic-ring
stability with methyl substitution. While the E,,, values for

1420 J. Chem. Soc., Faraday Trans., 1996, Vol. 92
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benzene and toluene hydrogenation over Ni/SiO, differ,
beyond experimental error, from those recorded for Ni/K-Y
the values of E,,,. that were obtained are in agreement. (vi) A
compensation effect has been observed for the relationship
between In 4,,, and E,,, with a T,,, = 458 + 13 K. It is con-

iso
cluded that 4,,, and E,,, are composite terms which incorp-

orate contributions due to the temperature dependence of the
surface concentration of the reactive species.
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