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Skeletal reactions of n-hexane on 6.3% Pt/SiO, (EUROPT-1)
have been studied as a function of hydrogen pressure between 483
and 633 K. Turnover frequencies were calculated for the overall
reaction as well as for individual processes, i.e., hydrogenolysis,
isomerization, Cs-cyclization, and aromatization as well as dehy-
drogenation to hexenes. Curves with a maximum were observed for
the conversion as a function of hydrogen pressure. Arrhenius plots
could be calculated for constant hydrogen pressures as well as for
maximum rates. The former lines “bend down” at higher tempera-
tures. This may explain the different values determined in different
experimental setups. Different straight Arrhenius lines were deter-
mined in the negative and in the positive hydrogen order range. We
regard activation energies calculated at constant hydrogen pres-
sures as “apparent” while those computed at the maximum rates
may approximate “true” values. The apparent activation energies
show compensation effect and give different compensation lines in
the range of positive and negative hydrogen orders. In the case of
bent Arrhenius plots, the computation resulted in virtual isokinetic
parameters. Arrhenius parameters and compensation phenomena
were determined for individual reactions, too. These results are in
a good agreement with the mechanism suggested earlier for each
reaction.  (© 1999 Academic Press

Key Words: n-hexane transformation; turnover frequency; hy-
drogen pressure effect; compensation effect; virtual isokinetic pa-
rameters; Pt/SiO,; EUROPT-1.

INTRODUCTION

n-Hexane Reactions on EUROPT-1

EUROPT-1 is 6.3% Pt on silica studied extensively and
can be regarded as a well-characterized “standard” plat-
inum catalyst (1-5). Its reactivity in hydrocarbon transfor-
mations has been summarized by Bond et al. (2) who also
reported values of turnover frequencies (TOF) for various
hydrocarbon feeds, according to its classical definition, i.e.,
the number of transformed molecules per surface site per
time unit (3). These results (2) were obtained in a single-
pass reactor where the “time” was taken equal to the “con-
tact time” defined as catalyst weight per mass flow rate
WI/F and the reaction rate as the ratio of conversion and
contact time (4). Earlier studies from our laboratory re-
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ported how different mixtures of n-hexane and hydrogen
react over EUROPT-1 in a closed loop reactor (5, 6). Dif-
ferent TOF values (2, 5, 6) and different activation energies
(E,) have been calculated from these two setups. A value of
117 kJ mol~! was obtained for the overall conversion of n-
hexane in a single pass reactor (2), while a value of around
65 kJ mol~! could be calculated from the experiments in
the closed loop reactor (5).

The variation of hydrogen pressure has a pronounced ef-
fect on the yields and selectivities on skeletal reactions of
alkanes, the yields usually exhibiting maxima as a function
of hydrogen pressure (5-10). These maxima are shifted to-
ward higher hydrogen pressures as temperature increases
(11-13). The influence of hydrogen pressure was found to
be more marked at higher temperature and at higher pres-
sure of n-hexane (5, 6).

The appearance of a maximum activity means that the
hydrogen order of the reaction changed from positive
to negative while the hydrogen pressure increased. The
“landing-site model” by Frennetet al. (14, 15) provided one
possible explanation for this phenomenon. They proposed
amultiatomic “landing site” to be the active ensemble. This
assumption results in maximum rates as a function of hy-
drogen pressure (14). Gault et al. (16a) adapted the multi-
site model to skeletal isomerization dividing the total rate
expression into two parts: one depending on the hydro-
carbon surface coverage, g(®c), and the other depending
on hydrogen coverage and partial pressure, f{®%, p(H2)}.
Summarizing this result when f{®Y,, p(H,)} prevails over
0(®¢), the formal H; order is negative. On the other hand,
if g(®c) predominates over f{®Y, p(H,)} the formal H, or-
der is positive. They assumed that the “landing site”” model
described alkane reactions better than a simple dissociative
chemisorption model (16b).

Bond et al. (17-19) have also found maximum types
curves for n-butane hydrogenolysis over Ru/Al,O3 cata-
lysts. Their phrasing of the explanation of this phenomenon
is the most concise and precise so far (19). Accordingly, at
lower H; pressures the (dissociatively chemisorbed) reac-
tive intermediates require more hydrogen and that is why
the reaction exhibits a positive hydrogen order. Having
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reached a certain H, pressure, the hydrogen coverage
reaches a value optimum for the reaction corresponding to
zero hydrogen order. Upon a further increase of p(H,), the
reacting molecules have to compete with hydrogen for the
empty surface sites. Hence, the reaction shows a nega-
tive hydrogen order (19). We assume that whenever nega-
tive or positive hydrogen orders were reported (16b, 20) the
experiments may have been carried out in a pressure range
outside of the range where the maximum value occurred.

The curves with a maximum for hydrogenolysis were
approximated by the bimolecular Langmuir-Hinshelwood
rate expression (21):

rate = kyKapaKgpe/(1 + Kapa + Kgps)?. [1]

Langmuir-Hinshelwood type rate equations were fitted for
the hydrogen pressure dependence of ethane, propane, and
n-butane hydrogenolysis also over Pt/Al,0; (EUROPT-
3) and Pt-Re/Al,O3 (EUROPT-4) (22). Other Langmuir-
Hinshelwood type equations can be fitted to measure data
of hydrogenolysis of ethane (22). If the rate limiting step is
the reaction of an adsorbed hydrocarbon (A) with a hydro-
gen atom (B) then pg should be replaced with p%®.

Compensation Effect

The linear correlation between the activation energy and
the pre-exponential factor in heterogeneous catalysis is
called the compensation effect. Compensation phenomena
have been frequently reported either when the same reac-
tionwas studied on aseries of different catalysts or when the
same catalyst was used for different reactions (23). Bond
discussed various cases of catalytic reactions; of the four
case he described, one resulted in a “simple” compensation
effect (24). Accordingly, Arrhenius plots that obey the com-
pensation effect must intersect at exactly the same point
defining an “isokinetic temperature” and “isokinetic rate”
(24, 25). The isokinetic and compensation parameters are
related to each other as follows (25):

compensation effect: In(A) = bE; + ¢ [2]

isokinetic parameters: Tig, = 1/(bR); In(kisc) = ¢ [3]

There isno generally accepted interpretation for the com-
pensation behavior. One possible explanation can be that
the surface of the catalyst is energetically heterogeneous.
Balandin published a formal equation for the energy, the
free energy, and the entropy of adsorption for energetically
heterogeneous surfaces and (26) obtained an equation sim-
ilar to that used later by Galwey (25). The latter author
suggested an exponential dependence between the partial
constants and the activation energy. Similarly, if there is
more than one type of active site on the catalyst surface,
the fraction of the corresponding active site depends on
the activation energy and gives rise to a compensation ef-
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fect (25). Another kind of explanation is that the heat and
entropy of adsorption are often related to each other in a
linear manner (25), because a greater binding energy of the
molecule to the surface strongly restricts their vibrational
and rotational freedom.

Corma et al. (27) pointed out that the assumption of the
transition state model of the compensation effect Eq. [2]
means a linear relationship between enthalpy and entropy
of the transition state. Karpinski and Larsson, in turn, cor-
related Tis, with the vibration frequency of the reactant
molecule (28). If there is a complete resonance between the
molecular vibration of the reactant and of the catalyst sys-
tem, then Tiso &~ 0.715v, where v isthe vibration mode of the
reactant molecule (expressed in cm™1) that most strongly
distorts the structure of the molecule toward the structure
at the activated state (28). Rooney also derived the isoki-
netic parameter from the expanded Eyring equation (29).
In his interpretation Tis, is correlated with Kexp, a rate-like
characteristic frequency of the Arrhenius lines resulting in
the compensation effect, as keyp = KTiso/h if the conditions
are standard (29).

The use of Langmuir-Hinshelwood kinetics can also lead
to a compensation effect (25). Since the surface coverage
of the catalyst by both hydrogen and reactive hydrocarbon
intermediates changes significantly as temperature in-
creases, the activation energy measured using constant hy-
drogen pressures can be regarded as “apparent” (Eapp),
while those based on constant surface coverage were la-
beled as “true” (Ey) (23). The compensation effect may oc-
cur because of the use of apparent rather than true kinetic
parameters (23). Their relationship was defined by Temkin
(30),

Eapp = E¢t + ZNjAH, [4]

where n is the order of reaction and AH is the adsorption
enthalpy.

Arrhenius plots measured at constant p(H>) were found
to be “reversed” in some cases (31). This could be explained
by the appearance of bell-shaped curves as a function of
p(H2) (11, 12). Reversed Arrhenius plots were also reported
for the hydrogenation of benzene on EUROPT-1 (2). Since
the optimum hydrogen coverage requires higher and higher
H, pressures as the temperature increases (5-8, 12, 13, 32),
it might be more correct to measure the energy of activation
at hydrogen pressure values that give maximum rates, i.e.,
when the hydrogen pressure order is zero (32). These values
may differ from those determined at constant p(H,) (2, 5,
11).

The model reactions described so far (17-22) represented
a single process, hydrogenolysis. n-Hexane, in turn, can
undergo skeletal isomerization, Cs-cyclization to methyl-
cyclopentane, and aromatization to give benzene (33-37),
dehydrogenation to hexene accompanying these “skele-
tal” processes. This offers another challenge. All these
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reactions may involve surface intermediates dehydro-
genated to a different extent (8, 33) and/or various rate
determining step(s) and the individual surface intermedi-
ate of the processes may compete not only with hydrogen
but also with each other for free surface sites (8, 20, 33).
We regard self-poisoning (5, 36, 37) as unimportant in the
short runs applied here.

TOF and E, values will be determined at maximum rates
and compared with those obtained at constant hydrogen
pressure. By doing so, we hope to succeed in resolving the
apparent discrepancies that arise from the comparison of
earlier papers using various setups and various conditions
(2,5, 6).

METHODS

The apparatus has been described in detail earlier (6). A
closed loop reactor (volume ~70 ml) was filled with a mix-
ture of n-hexane (nH) of 10 Torr (1.33 kPa) while the hy-
drogen pressure, p(H2), was varied between 60 and 480 Torr
(8-64 kPa). The temperature ranged from 483 to 633 K. The
same charge of catalyst (2.9 mg) was used, stabilized in sev-
eral previous runs. Regeneration between runs was carried
out with 30 Torr air for 2 min followed by evacuation and
3 min hydrogen treatment at 100 Torr. The sampling time
was 5 min. Product analysis was performed gas chromato-
graphically using a 50-m CP-Sil glass capillary column (5).
The turnover frequencies (3) were calculated as the number
of hexane molecules reacted per one surface Pt atom.

RESULTS

Figure 1 shows the yields of individual product classes at
different temperature as a function of hydrogen pressure.
Hydrogenolysis showed a positive hydrogen order, whereas
the curves for benzene, methylcyclopentane (MCP), and
skeletal isomers have maxima. The curves for the two lat-
ter closely related (38, 39) products resemble that for the
hexane consumption (Fig. 2). Their sum is also shown in
Fig. 1 as X Cg saturated products.

Figure 2 shows the maximum curves for the overall con-
sumption of n-hexane as a function of hydrogen pressure
at different temperatures, starting from the lowest temper-
ature where products appear (483 K) and ending where
no maximum appeared any more (633 K). The apparent
quality of our (spline-type) fitting and the resemblance of
these curves to those constructed by computer simulation
on the basis of the more correct Langmuir-Hinshelwood
equation (23) permitted us to use as few hydrogen pres-
sures as shown. The fitting shown in Fig. 2 is the best from
all calculated Langmuir-Hinshelwood type fits. The max-
ima of the fitted curves are denoted by a “+” sign. They
were shifted to higher hydrogen pressures with increasing
temperature. The turnover frequencies calculated from the
conversions of Fig. 2 are given in Tables 1 and 2. The un-
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FIG. 1. Yields of various products as a function of hydrogen pressure

at different temperature. (a) <Cg products; (b) skeletal isomers; (c) ben-
zene; (d) MCP; (e) hexenes; (f) sum of Cg saturated products. 4, 483 K;
W, 513 K; A, 533 K; x, 543 K; %, 558 K; @, 573 K; <>, 583 K; A, 603 K, O,
633 K.

derlined numbers in Table 1 have been calculated from the
encircled experimental points of Fig. 1. The data in Table 2,
in turn, belong to the maxima of the curve fitted to the “+”
signs in Fig. 2 by a mathematical procedure.

Figure 3 shows the activation energies calculated from
the maximum points. The values belonging to the two kinds
of maxima (measured and fitted) were very close, 65 and
66 kJ/mol, respectively, well within the expected range of
experimental error. Thus, these E, values might not be very
sensitive to the exact position of maxima, as seen from the
curve shapes in Fig. 2. This indicated that the use of rela-
tively few p(H;) values could give rise to a negligible error
only.

Arrhenius plots calculated at constant hydrogen pres-
sures and at maximum rates, respectively, are presented in
Fig. 4. The “bending” of Arrhenius lines is obvious, even
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FIG. 2. Conversion (%) of n-hexane transformation over EUROPT-1
at different temperatures. The curves represent a closest fit (spline) curve.
Encircled points are the measured ones that are nearest to maxima. The
dotted line is a second-order polynom for determining the maxima of the
individual curves. This is a mathematical procedure with no particular
chemical meaning. @, 483 K; W, 513 K; A, 533 K; x, 543 K; %, 558 K; @,
573 K; <, 583 K; A, 603 K; O, 633 K.

if their “inversion” (31) has not been reached. The Arrhe-
nius line calculated from the maxima defined practically
an enveloping curve connecting the break points, except
for the lowest hydrogen pressure (5, 36, 37). Two different
Arrhenius lines are shown at constant hydrogen pressure:

TABLE 1

Turnover Frequencies (TOF in h™2) for n-Hexane
Transformation over EUROPT-1

p(Hy) (Torr)

T (K) 60 120 240 360 480

483 2.7 1.9

513 10.1 7.9 3.8 2.7
533 16.7 20.7 135 8.4
543 19.3 30.1 26.6 10.7
558 22.1 37.1 445 34.7 28.1
573 24.0 44.7 61.8 66.8 52.7
583 23.8 45.6 71.3 72.8 68.2
603 24.7 49.2 85.4 124.4 127.2
633 25.9 52.8 93.7 131.6 164.5

Note. Underlined letters are the encircled points from Fig. 1 for each
temperature.
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TABLE 2

H, Pressures for the Maximum Rates and the Corresponding
TOF Values (+ from Fig. 2)

T (K) p(Hy) (Torr) TOF (h™)
533 97 22,5
543 133 30.1
558 214 455
573 257 62.5
583 294 74.7
603 432 135.0

one in the negative and one in the positive hydrogen or-
der range. As the Temkin equation (Eg. [4]) predicts, with
the change of ny from negative to positive, the apparent
activation energy must also change.

The corresponding apparent Arrhenius parameters can
be seen in Table 3. (These are mathematically calculated
parameters of the measured Arrhenius plots, and those in
the range of positive hydrogen order may have no physico-
chemical reality.) The values at the highest p(H,) are in a
good agreement with those measured by Ponec et al. for n-
hexane (2, 4, 40) and also with the more general conclusion
(23) that working at the highest hydrogen pressures results
in high Eapp, low rates, and negative hydrogen order (nw).
By definition, the fastest rates appeared where ny was close
to zero. Here the E4pp was lower. As predicted from Eqg. [4],
the apparent energy is independent of AHy for the points
calculated from the maximumwhere ny = 0, but dependson
AHpy and npy. The value of n,y changed from one to zero;
at the same time it depended on the temperature and on
the hydrogen pressure (10). From the results reported ear-
lier (hydrogen pressure, 120 Torr, the temperature range
between 543 and 633 K, with nyy ~ 1 at 1.33 kPa (10))
we estimate a value for n,y close to unity in our range of

1000
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10 . . . ; . ,
16 165 1,7 175 18 18 19
1000/T(K)

FIG. 3. Arrhenius plot calculated from maximum values of the curves
in Fig. 2. Eo=66 kJ/mol (R?=0.98). +, points from the fitted polynom;
O, points from the encircled points.
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TABLE 3

Arrhenius Parameters Calculated from Fig. 4

H,order  p(Hy) (torr) Ez(kJmol™) InA(h™)
Positive 60 8 4.9
120 13 6.4
240 17 7.8
Zero Peak 66 18.0
Negative 60 91 23.7
120 102 26.0
240 115 28.1
480 117 28.3

measurements. Hence, the activation energy obtained from
peak points is Emaximum ~ Et+ AHnpy. We had insufficient
data to calculate the actual value of AHpH, which could be
calculated successfully for Ni catalysts by Tétényi (41). The
calculated values can be regarded as close to “true” values if
we apply one single Temkin equation [4] for the overall re-
action. However, this is a rough approximation. Different
reactions leading to each product class have their own ele-
mentary steps and surface intermediates. Their formal de-
scription involves individual Langmuir-type equations [1],
the three constants (k;, Ka, Kg) of which show their own
temperature dependence. Thus, the E, calculated may elim-
inate some but not all distorting factors and may be closer
to the “true” value but not identical to it.

The curves with a maximum for the overall reaction and
those for some products (Figs. 1 and 2) being similar, we
could calculate the apparent E, at constant hydrogen pres-
sures, aswell as from the “peak points” for each product, ina
way analogous to the overall reaction. These values are also
apparent because the variation of hydrogen coverage of the
surface with p(H,) and temperature influences the rates of
individual reaction routes in a different way (Table 4).
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FIG. 4. Arrhenius plots calculated at constant hydrogen pressures
p(Hy). Encircled points correspond to maximum of conversion (Fig. 2).
A, 480 Torr; 4, 240 Torr; x, 120 Torr; W, 60 Torr.

DISCUSSION

Turnover Frequencies Determined under
Different Conditions

The different E, values reported (2, 5, 6) can be ex-
plained on the basis of Fig. 4. The temperature was be-
tween 484 and 518 K, the H, pressure was (a constant)
0.94 atm (95.2 kPa), and the pressure of n-hexane 0.059 atm
(5.97 kPa) in Ref. (2). Those results obtained at high hydro-
gen pressure should, therefore, correspond to the region of
negative hydrogen order. The reported value of 117 kJ/mol
(2) agrees well with our value of 117 kJ/mol measured at
480 Torr (64 kPa).

The reaction rates under the given conditions represent
an objective fact of nature. We use, however, an imperfect

TABLE 4

Apparent Arrhenius Parameters of Various Products (E, in kJ mol=2, A in h=%)2

Benzene Isomer MCP Sum. Cg saturated

H; order p(Hy) Ea In(A) Ea In(A) E. In(A) Ea In(A)
Negative 60 — — — 89 23.0

120 — 101 24.8 — 104 26.4

240 140 30.1 130 31.0 84 20.7 112 27.6

480 147 32.0 135 315 90 21.4 124 29.8
Zero Peak — 90 22.3 44 12.1 65 175
Positive 60 51 11.9 — — —

120 51 12.1 — — —

240 57 13.7 — — —

480 57 13.8 — — —

2 No Arrhenius plots could be fitted for spaces marked with —.
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human approach when approximating with a mathematical
formula including sometimes arbitrary values. The actual
result depends on the approximation selected. The present
TOF values were larger than those reported in the litera-
ture (2) but they are close to our earlier values obtained
in the same setup loaded with more EUROPT-1 (5). Var-
ious reasons may cause this difference. We used a value
of 60% dispersion (3) whereas a dispersion of 100% was
used earlier (2). This alone resulted in our TOF values be-
ing higher by a factor 1.6. Further and more pronounced
differences can be caused by using various assumptions as
a basis of calculation. The actual calculated values are not
independent of the experimental setup used. We used a
closed loop reactor where a “run-in” period was reported
(10). Hence, the apparent rate at t=0 is lower than after
a certain reaction time and the tangent at t=0 does not
represent the rate of steady-state transformation. We calcu-
lated rates from the near-linear part of the conversion-time
curves. Apart from uncertainties in determining the num-
ber of active sites, taken equal to the number of surface Pt
atoms determined earlier (1c), another uncertainty arises
from the arbitrary definition of the reaction time in differ-
ent experimental setups (2, 5). We wrote the total length
of the run in the denominator of the TOF equation for the
closed loop reactor whereas the “contact time” in the single-
pass reactor was defined as the ratio of catalyst weight per
mass flow rate, W/F (4). The first case disregards the fact
that not all molecules would be in contact simultaneously
with the catalyst, whereas the second assumption cannot
consider the number of molecules that just pass over the
catalyst bed without reacting on or even contacting the ac-
tive surface (40). This obviously leads to lower TOF values
in the latter case (2). It was possible to determine the real
time of sojourn of the molecules on the active surface by us-
ing the isotope tracer method (42). A similar measurement
in our case could resolve the above apparent discrepancy.

Compensation Effects

Figure 5 compares our results with the compensation line
published earlier (2). The points of the overall reaction cal-
culated in the negative hydrogen order range determine a
straight line parallel to that taken from the literature but lie
at higher values. Arrhenius parameters were calculated in
the region of negative hydrogen order for MCP, for skeletal
isomers, for benzene, and for the X Cg saturated products.
The same was done in the region of positive hydrogen or-
der for the overall process, hydrogenolysis, and benzene
(Fig. 5). The slopes of the compensation lines for the neg-
ative and positive hydrogen order ranges were different.
Further, some points for different reactions lie on the same
compensation line, while others are different. In particu-
lar, (a) benzene and MCP agree well with each other and
also coincide with the line reported earlier (2); (b) skeletal
isomers and the X Cg saturated products agree with those
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FIG.5. The compensation effect for n-hexane conversion as well as
for individual reactions. Earlier results of several reactions on EUROPT-1
(2) are compared with those of present work. Negative hydrogen order:
@, benzene; O, isomer; A MCP, +XCg saturated; x, overall reaction. Pos-
itive hydrogen order: @, <Cg; A, benzene; <, overall reaction; [J, overall
conversions from Ref. (2).

of the n-hexane consumption (the higher parallel line); and
(c) the data points for hydrogenolysis lie on adifferent curve
coinciding with that of aromatization in the positive hydro-
gen order range.

Arrhenius plots that obey the compensation effect ought
to intersect each other at exactly the same point defining
thus an isokinetic temperature and isokinetic rate (24, 25).
But Arrhenius lines have calculated at different pressures
cannot intersect each other at the same point because if they
do so there must be a temperature where reaction rate was
totally independent of the pressure (23). The isokinetic pa-
rameters calculated for the overall process are Tis, = 650 K,
kiso = 850 h~! in the range of negative hydrogen order and
Tiso =320 K, kiso =5 h~1in the positive range. The Temkin
equation [4] predicts that reactions in the same range of
hydrogen order can only be compared. In the case of bent
Arrhenius plots, their existence of an intersection is a math-
ematical possibility rather than a physicochemical reality.
They obey the “simple” compensation effect (24) but, since
the intersection points are out of the range of the real
experimental data, they can be regarded as virtual isoki-
netic parameters. This agrees with the statement that the
compensation effect is a linear relationship between the
pre-exponential factor and activation energy giving isoki-
netic parameters but it is not sure that they exist in the
feasible range of experimental conditions (21, 23, 27).
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Possible Active Sites

Accepting the cubooctahedron model of EUROPT-1
(43), different reactions were attributed to corner atoms,
the (100) plane, and the (111) plane (10). The formation of
skeletal isomers, Cg saturated products being on the same
compensation line as the overall conversion (Fig. 5), may
mean that these closely related reactions (38, 39) determine
the overall rate of n-hexane transformations in the range of
the negative hydrogen order, i.e., when hydrogen is abun-
dant (21). It is not excluded that their active site involves
some Pt-H ensembles (6, 13, 16, 44). These assumptions
are complementary rather than mutually incompatible. The
first step for each reaction can be a (rate determining (45))
dissociation of the first C—H bond of the saturated reactant.
Varioussurface intermediates can be formed from this start-
ing adspecies (37). Hydrogen-rich conditions favor the for-
mation of Cg saturated products. Their common adsorbed
Cs-cyclic intermediate (38, 39) can desorb as MCP or form
isomer products. The compensation curve (Fig. 4) of arom-
atization coincides with hydrogenolysis, both requiring as-
sumedly intermediates with several C—H bonds broken (8,
33, 46).

CONCLUSION

Our results confirm the qualitative validity of earlier
ideas (17-22) for the interpretation of maxima as a func-
tion of p(Hy) for hydrogenolysis for the complex reaction
of n-hexane, too, although the maximum curves could not
be fitted with a single Langmuir-Hinshelwood equation.
We believe that an adequate explanation was given how
and why the numerical values of E, and TOF measured
under different conditions differ from each other.
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