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Transfer of Hydrogen by Hydroaromatics. 2. The Temperature Dependence of the 
Rate Constants and Catalytic Site Populations in the TetraliMIron Catalyst Systems 

575 

T. E. Gangwer 

Brookhaven National Laboratoty, Assoclated UnlverslHes, Inc., Upton, New York 11973 (Received: August 5, 1880) 

The heterogeneous mechanism of dehydrogenation for the tetralin/iron catalyst system previously reported 
is further documented. The temperature dependences of the rate constants are reported. The effective activation 
energies on these heterogeneous surfaces were found to be in the -20 to +30 kcal/mol range. The catalytic 
site populations and temperature dependences were used to determine the binding energy, Eb, of the organic 
reactants at the catalytic sites. The Eb values were found to  be in the 20-40 kcal/mol range. 

Introduction 
The chemistry of hydrogen donation by hydroaromatics 

is of interest to a number of fields of investigation ranging 
from basic studies of organic synthesis,14 chemical kinetics 
and to applied work in coal liquefaction. 
These studies cover reaction conditions ranging from gas 
to condensed phase and simple to complex chemical 
mixtures. The net chemical process carried out by hy- 
droaromatics during the hydrogenation of organic mate- 
rials is the transfer of hydrogen, present as molecular 
hydrogen H2, to the organic system. In order to gain in- 
sight into this hydrogen transfer process, we are investi- 
gating the basic dehydrogenation/ hydrogenation chemistry 
of hydroaromatic systems at  this laboratory. 

The tetralin hydroaromatic system has been previously 
shown to undergo dehydrogenation/hydrogenation via a 
heterogeneous, first-order process. The rate-limiting re- 
actions undergone by the tetralin/ 1,2-dihydronaphthal- 
ene/naphthalene/H2 species which comprise this system 
take place on the heterogeneous surfaces present in the 
reaction vesselsa7 The detailed mechanism and kinetic 
treatment for tetralin/iron catalyst systems at 400 O C  has 
been reported.6 This kinetic interpretation* gave rate 
expressions which yielded rate constants and reactive site 
populations. The present study reports the observed 
temperature dependence of these rate constants and sur- 
face populations for the same tetralin/iron catalyst sys- 
tems. 

Experimental Section 
The tetralin, obtained from Aldrich Chemical, was 

99.4% pure (the main impurity being 0.4% naphthalene) 
and was used as received. The iron(II1) oxide (Fe203) was 
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from the Baker Chemical Co. The limonite (2Fe203.3H20), 
magnetite (Fe304), and pyrite (FeS2) catalysts were pur- 
chased from Ward’s Scientific Co. The catalysts were 
ground and sieved such that only those solids which were 
-37 pm or less were used. The experimental equipment 
and procedures are the same as previously reported.6 
Briefly, the reactions were run in evacuated quartz vessels 
containing 100 mg of catalyst and -90 pL of tetralin. 
Each reaction vessel was placed in an oven set a t  the re- 
acting temperature. The vessels reached reacting tem- 
perature within 5 min. After the given reaction time, the 
vessel was removed and rapidly chilled to room tempera- 
ture by plunging it into water. Benzene extracts of the 
reaction mixtures in each vessel were analyzed on a gas 
chromatograph by using flame ionization detection and 
dual 6-ft Durapak K (Carbowax 400-Porasil F) 1/6-in. 
columns. The GC data were analyzed by using a n h e -  
grator and are reported as area percent. The tetralin and 
naphthalene analyses were reproducible to within 1 % of 
the reported area percent values. The 1,2-dihydro- 
naphthalene analysis was not as reproducible (12% of the 
observed area percent values) because this species eluted 
on the shoulder of the much larger tetralin peak. 

Results 
Figures 1-3 show17 the kinetic data (% conversion per 

100 mg of catalyst) for tetralin (T) and the two main or- 
ganic products 1,2-dihydronaphthalene (D) and naphtha- 
lene (N). The mechanistic fits to the data shown in these 
figures are based on the rate-limiting reactions 

D/S,‘ -!% N/(S’/H), (2) 

D/(S/H), -% T/S, (3) 

N/(S’/H), -% D/S; (4) 

where the slanted line (/) denotes site binding and (S/H) 
or (S’/H), denotes reactive S, or S,‘ sites which have gained 
hydrogen atoms. The tetralin oxidation (reaction 1)/1,2- 
dihydronaphthalene reduction (reaction 3) catalytic sites 
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Flgure 1. The time dependence of the extents of reaction (% conversion per 100 mg of catalyst) for tetralin dehydrogenation (A) and naphthalene 
( 0 )  and 1,2dihydronaphthalene (0) formation over the 350-450 O C  temperature range for the Fe,O, catalytic system. The solid lines are the 
analytic fits to the experimental data based on eq 1-111. The 400 O C  data are not Included slnce they have been previously reported. 

are denoted by S, and the 1,2-dihydronaphthalene oxi- 
dation (reaction 2)jnaphthalene reduction (reaction 4) 
catalytic sites are denoted by S,,'. The rate equations which 
describe the mechanistic fit are 

(1) 
Plll p13/ 

AT2 A T  
X T  = 100 - -G(1 - e-ATt )  - -Gt 

(11) 
P22 '  p24' XN = -G(1 - e-ANt) + -Gt 
A N 2  A N  

XD = 

where 

CIS and Ca are the surface coverages of the S, and S,' sites, 
G is the grams of catalyst (i.e., 0.100 g in the present study), 
t is reaction time in hours, the brackets denote concen- 
tration, and To is the total concentration of organic present 
in the reaction vessel (i.e., 6.81 X mol in the present 
study). The detailed derivation of these rate expressions 
has been previously reported.8 The following assumptions 
and conclusions, which are based on experimental obser- 
vations,8 apply to these rate expressions: (1) The rate- 
limiting steps are heterogeneous, firsborder reactions. (2) 
Surface absorption/desorption of reactants and products 
is rapid with respect to the rate-limiting steps. (3) Rapid 
migration of H species occurs on the surface. (4) Under 
the conditions studied, readsorption of H2 to yield H 
species is not a significant process. ( 5 )  The net S, and S,' 
surface coverages, denoted by C18 and CZ4, are constants 
with respect to time. 

Table I lists the rate parameters for eq 1-111 obtained 
from the nonlinear least-squares analysis of the data. The 
solid lines in Figures 1-3 for tetralin and naphthalene 
show1' the nonlinear least-squares fit to these data. The 
solid line in the 1,2-dihydronaphthalene was calculated by 
using the rate parameters obtained from the tetralin and 
naphthalene analysis with no parameter adjustment. The 
agreement between the observed data and the proposed 
mechanism is well within the experimental reproducibility. 

Table I1 lists the rate constants terms for the four iron 
catalysts obtained from the parameters in Table I by using 
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TABLE I: 
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Rate Parameters and Standard Deviations for Eq 1-111 

p:3, 
T, A 10-2Pi1, %/g 

catalyst "C h-I' u(At) %/gh-' u(Pil) h-2 u ( P i 3 )  
Fe,O, 450 2.22 0.02 17.4 0.5 0.613 0.007 

425 1.91 0.02 8.86 0.30 0.306 0.005 
400 1.16 0.01 2.65 0.11 0.111 0.003 
375 0.188 0.002 0.088 0.011 
350 0.141 0.004 0.0264 0.0032 

PA, 
lo-zP;z, %Ig "hy.  AN) %/g h-' u(Pi2 )  h-Z u(Pi4) 

2.16 0.02 15.9 0.5 0.534 0.006 
1.76 0.02 7.68 0.26 0.263 0.004 
0.984 0.011 1.93 0.09 0.0867 0.0021 
0.159 0.002 0.0655 0.0091 
0.0936 0.0033 0.0137 0.0021 

limonite 450 4.33 0.01 161 3 0.740 0.010 4.13 0.01 145 3 0.710 0.010 
425 2.11 0.01 27.4 0.9 0.367 0.004 1.92 0.01 22.6 0.8 0.326 0.003 
400 1.33 0.01 8.76 0.36 0.222 0.003 1.18 0.01 6.82 0.31 0.191 0.002 
375 0.859 0.006 2.71 0.14 0.139 0.002 0.721 0.006 1.96 0.12 0.107 0.002 

magnetite 450 1.39 0.02 3.13 0.14 0.357 0.008 0.914 0.015 1.30 0.07 0.175 0.004 
437 1.36 0.02 2.59 0.13 0.257 0.006 0.721 0.015 0.645 0.043 0.105 0.003 
425 1.44 0.04 1.95 0.13 0.179 0.006 0.834 0.023 0.641 0.050 0.0813 0.0034 
400 2.94 0.11 5.41 0.46 0.193 0.010 1.44 0.07 0.94 0.11 0.0864 0.0057 
375 4.49 0.28 8.8 1.2 0.153 0.013 2.01 0.18 1.05 0.22 0.0647 0.0077 

pyrite 425 2.65 0.06 7.58 0.41 0.959 0.025 1.30 0.03 1.99 0.11 0.306 0.008 
400 3.48 0.16 6.31 0.65 0.341 0.019 1.27 0.08 0.590 0.095 0.103 0.008 
375 5.29 0.42 10.0 1.7 0.206 0.020 1.94 0.20 0.78 0.19 0.0677 0.0085 

TABLE 11: Rate Constants and Standard Deviations for Reaction 1-4 
~ 

catalyst T, "C 104k,, s-l lO4u(k,) 104k,, s-' 104~(h2) 10Jk,, 6' lO5u(h3) 105k,, s-' lO5u(k,) 
Fe,O, 450 5.96 0.07 5.81 - -  

425 5.13 0.07 4.73 
400 3.09 0.04 2.62 
37 5 0.522 0.006 0.442 
350 0.392 0.011 0.260 

425 5.78 0.03 5.26 
400 3.60 0.03 3.19 
37 5 2.27 0.03 1.90 

limonite 450 12.0 0.03 11.4 

magnetite 450 3.47 
437 3.44 
425 3.66 
400 7.89 
375 12.3 

pyrite 425 6.53 
400 9.17 
375 14.4 

0.09 
0.09 
0.15 
0.35 
0.8 
0.25 
0.54 
1.3 

2.24 
1.72 
2.06 
3.66 
5.26 
3.13 
3.00 
4.96 

0.07 2.10 
0.07 1.77 
0.04 1.30 
0.006 
0.009 
0.03 0.550 
0.03 0.775 
0.03 0.913 
0.03 1.16 
0.07 3.95 
0.07 3.41 
0.10 3.36 
0.27 2.81 
0.64 2.13 
0.13 8.27 
0.38 5.0 
0.76 3.0 

0.10 
0.11 
0.10 

0.019 
0.038 
0.057 
0.09 
0.32 
0.30 
0.43 
0.49 
0.60 
0.85 
1.0 
1.0 

1.95 
1.56 
1.18 

0.559 
0.758 
0.893 
1.04 
3.01 
2.80 
2.61 
3.37 
3.2 
4.8 1 
5.2 
4.3 

0.10 
0.10 
0.10 

0.021 
0.038 
0.058 
0.090 
0.28 
0.33 
0.38 
0.78 
1.4 
0.50 
1.6 
2.0 

the previously reported8 relationships between AT,  P I { ,  and 
P13': 

AT 

kl AT - k3 

and between AN, P2a, and P 2 i  

kz = AN - k4 

The temperature range studied (mainly 375-450 OC) was 
constrained by the lack of reactivity below 375 "C and the 
onset of pyrolytic chemistry above 450 OC. Thus at  350 
"C the net tetralin conversion rate is quite slow as shown 
in Figure 1 for the Fe203 system and therefore was not 
studied in detail for the other systems. A t  temperatures 
above 400 O C  the formation of the previously minor (i.e., 
<1.0%) product methylindane begins to increase. Ex- 
periments on the 450 "C pyrite system showed that the 
methylindane yield gets as high as 22% of the product mix. 
The mechanistic analysis of the 450 "C pyrite data does 
not yield rate constants and surface populations which 
agree with the temperature dependencies of the parameters 

obtained for the other systems or the lower temperature 
pyrite studies. Because the additional chemistry which 
is responsible for the large methylindane yield in the 450 
"C pyrite system is not significant in the remaining sys- 
tems, the 450 O C  pyrite data will not be presented here. 
The formation of methylindane is known to increase at 400 
"C as one progresses toward the condensed phase. The 
role of methylindane formation is an aspect of the chem- 
istry of the tetralin system which is currently being pur- 
sued. For the results presented here, the formation of 
methylindane can be treated as a minor reaction pathway. 

Table I11 lists the surface site populations (Mi3 and MM) 
determined by using the previously reported8 relationships 

MI3 = c13/sll 

M24 = c24 / s0  

where So is the BET surface area of the heterogeneous 
solids. The results in this table are normalized since all 
the surface areas So were determined by using argon as the 
adsorbent. The total site population M given in Table I11 
is just 

M = M13 + M24 

Discussion 
The present mechanism treats the heterogeneous system 

as going through the following sequence of events: (1) 
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TABLE 111: Surface Site Populations and Standard Deviations Based on the Kinetic Analysis and Measured Surface Areas 
So for the Catalytic Systems 
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10-13~,,,  10-13~,, 1 0 4 3 ~ ,  
catalyst, S,(mZ/g) T, "C molecule/cmZ 10-13~(M,,) molecule/cmZ 10-13u(M24) molecule/cm2 

Fe103 ,  450 15.9 2.2 15.3 2.1 31.2 
9.76 i: 0.78 425 10.9 1.6 11.1 1.6 22.0 

400 9.0 1.4 9.1 1.5 18.1 
375 10.4 10.9 21.3 
350 5.60 6.57 12.2 

limonite, 450 4.30 0.15 4.26 0.15 8.56 
82.68 f 0.36 425 3.14 0.17 3.13 0.18 6.27 

400 2.58 0.18 2.57 0.20 5.15 
375 2.01 0.17 2.08 0.20 4.09 

magnetite, 450 13.1 1.4 13.0 1.7 26.1 
6.30 f 0.03 437 11.0 1.2 10.9 1.8 21.9 

425 7.3 1.2 7.6 1.4 14.9 
400 4.37 0.81 3.52 0.97 7.89 
375 2.94 0.83 1.91 0.88 4.85 

pyrite, 425 25.6 4.8 29.3 5.8 54.9 
2.19 i: 0.11 400 10.8 3.0 9.5 4.4 20.3 

375 7.0 2.8 4.6 2.8 11.6 

TABLE IV: Activation and Binding Energies (kcal/mol) for Reactions 1-4 

Fe203 1 + 27.8 5.2 
2 + 30.9 4.9 
3 + 9.3 1.4 
4 t9.72 0.43 

limonite 1 + 20.3 2.2 
2 t 21.8 2.2 
3 - 8.9 1.1 
4 - 1.4 1.4 

magnetite 1 -17.6 2.6 
2 - 13.1 3.2 
3 +1.24 0.66 
4 - 1.8 1.5 

pyrite 1 - 14.2 0.85 
2 - 8.4 5.5 
3 + 18.2 0.31 
4 t 2.1 2.7 

adsorption f desorption between the reactant and the gen- 
eral heterogeneous surface (So, Q); (2) reactant migration 
between catalytic sites S where reversible reactant/site 
complexing occurs (M, Eb); (3) conversion of the reac- 
tant/site complex to product/site complex (k, E,); (4) 
continuation of the cycle where now the products become 
reactants and thus set up competition for the catalytic 
sites. Here the kinetic and thermochemical parameters 
determined for each step are given in parentheses. The 
basis for the second and fourth steps in the sequence is 
observed chemistry. The net disproportionation of 1,2- 
dih~dronaphthalene~ and hydrogenation of naphthalene 
observed for these catalytic systemsl6 clearly shows that 
the tetralin products are reactants in the system. The 
incorporation of these two steps in the mechanism is ac- 
complished by defining C13 and CZ4 in accordance with 
reactions 1-4. One measure of the utility of the proposed 
mechanism in describing the observed kinetic behavior is 
demonstrated by the success of the rate eq I-IV in de- 
scribing the experimental data (Le,, Figures 1-3).17 A 
second indication of the applicability of the mechanism 
is the observed consistancy in the interpretations of the 
temperature dependencies of the calculated rate constants 
and surface populations as discussed below. 

For a given heterogeneous reaction sequence, where the 
rate-limiting reactions take place on the surface, the ac- 
tivation process involves the binding of the readant at the 
catalytic site. This binding, which is a function of the 
catalytic system, lowers the energy required for the sub- 

6.8 2.1 22 50 
53 
31 
32 

8.96 0.78 24 44 
46 
15 
17 

21.8 1.2 37 19 
24 
44 
35 

27.8 5.1 43 29 
35 
61 
45 

sequent conversion to products. Thus the temperature 
dependence of the rate constants is 

k = Ae-Ee/RT (IV) 
where the effective activation energy on the surface E, is 
defined as the catalytic site activation energy for conver- 
sion E ,  minus the binding energy of the catalytic site E b  

(VI 
That is, the potential energy surface for a reaction in the 
tetralin system is being treated as having a reactant cat- 
alytic site barrier whose height (Le., activation energy) is 
a function of the nature of the binding of the reactant to 
the heterogeneous site. The energy of binding of the 
reactant on a heterogeneous site Eb is therefore viewed as 
effecting a change in the potential energy barrier (i.e., E,) 
between reactant and product. As is evident from the 
dependence given by eq V, the relative magnetudes of Eb 
and E,  will determine whether the effective activation 
energy, E,, is positive or negative. 

The Arrhenius type rate constant/temperature plots in 
Figures 4-7 show17 good linearity and the resultant E ,  
values are given in Table IV. The kl and kz for pyrite, 
k3 and k4 for limonite, and kl, Itz, and k4 for magnetite show 
temperature dependencies that yield negative effective 
surface activation energies. As discussed above this is a 
result of the binding energy being greater than the surface 
activation energy for conversion. Thus for a negative ef- 
fective activation energy the decrease in reactivity with 

E,  = E, - Eb 
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temperature for these systems is attributed to the binding 
of the reactant to the catalytic surface site. 

The binding of a reactant on the surface of a solid R, 
to a catalytic site S can be treated as the equilibrium 
process 

R, + s +R/S (5,6) 

where R/S is the readant/catalytic site complex. Now for 
this equilibrium process we know that 
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The heats of adsorption for benzene and cyclohexane 
on a diverse range of surfaces are consistantly in the 9-10 
kcal/mol range.ls The adsorption energy Q for the organics 
in the tetralin systems is taken to be -15 kcal/mol where 
it is assumed that both rings of these naphthalenic systems 
partially contribute to yield this average value. Based on 
this assumed value, one can calculate Eb from the slopes 
(Eb - Q) of the lines in Figure 817 which are plots based 
on eq IX. The slopes and resultant Eb values are given 
in Table IV. The Eb values show that the complexing of 
the organics by the catalytic sites is comparable in the 
Fe203 and limonite systems and strongest for the pyrite 
system. A competition for the reactive sites takes place 
among the tetralin, 1,2-dihydronaphthalene, and naph- 
thalene reactants migrating over the surface of a given 
catalyst. Information on the steady-state composition of 
M could be determined if the individual Q and Eb values 
for these three organic reactants were known. 

Based on the Eb values derived from the surface site 
populations, the values for E, given in Table IV were ob- 
tained by using eq 5. The fact that this adjustment in E,, 
for the lowering of the energy required for reaction due 
to binding, yields positive values for the catalytic site ac- 
tivation energy for conversion E, is taken as evidence 
supporting the mechanism. Based on these E, values, the 
oxidation reactions 1 and 2 are most effectively catalyzed 
by the magnetite system and least effectively by the iron 
oxide system. The reduction reactions 3 and 4 are most 
effectively catalyzed by the limonite system and least ef- 
fectively by the pyrite system. Clearly, the numerical value 
of E, is quite sensitive to the nature of the four catalysts 
for a given reaction and to the four conversion processes 
for a given catalyst. Based on steric/coordination argu- 
ments, one can propose an explanation of this variability 
in E,. Reactant/product steric considerations, based on 
known chemistry of closely related decalin systems and on 
the fact that conversion between tetralin and naphthalene 
involves 1,2-dihydronaphthalene but not 1,4-dihydro- 
naphthalene, have previously been interpreted8 as indi- 
cating that the fixation of a reactant in these systems 
requires a minimum coordination of three at the catalytic 
site. It is proposed that the process of achieving such 
multicoordinated site fixation for these polycyclic aromatic 
ring systems wil l  be quite sensitive to the surface geometry 
requirements which are specific to each reaction/catalyst 
combination. 

With respect to the surface populations, the experi- 
mentally observed temperature dependence of M is taken 
as evidence that the formation of the reactive catalytic site 
population is a process which requires surmounting an 
activation barrier (i.e., Es). If the surface population of 
catalytic sites was determined only by the adsorption/ 
desorption processes between the gas and solid phases (i.e., 
Q), the value of M should decrease as the temperature is 
increased according to eq VII. Introduction of the acti- 
vated processes of the chemical equilibrium defined by 
reactions 5 and 6 provides an interpretation of the M 
temperature dependence. 
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or equivalently 

kS 
[R/S] = So[S]8- 

k6 

where 8 is defined as the fractional surface coverage of the 
total available surface area So of the heterogeneous solid 
and the brackets denote concentration. For Langmuir 
adsorption14 at  low coverage 

(VII) 
where Q is the energy of adsorption on to the surface, P 
is the pressure of reactant in the gas phase, and bo is a 
product of constants. Substituting the temperature-de- 
pendent expressions of the rate constanh and 8 into eq VI 
gives 

fl = bP = pbo(T)-1/2eQ/RT 

A [R/S] = S o [ S ] p b o ( T ) - l / 2 e Q / R T 6 e - ( E s E s ) / R T  
A6 

which simplifies to 
M, = A(T)1/2e-(&Q)/RT (VIII) 

since, by definition 

Mr = [R/SI/S, 
and, by convention 

Eb = E5 - E6 

17R 
V P =  -T 

The product of the preexponential terms is defined as the 
constant A which is independent of temperature (note at 
low coverage [SI will be temperature independent). 

As shown17 in Figure 8 a plot of the In M from Table 
I11 vs. T1 gives a linear plot. Now M is the sum of the 
surface site populations for the species given in reactions 
1-4 

M = M I +  M2 + M3 + M4 

where 
Ml = [T/S,I/So 

M3 = [D/(S/H),I/So 

M2 = [D/S;I/So 

M4 = tN/(S'/H),l/So 

If, for eq VIII, these four species have comparable expo- 
nential terms 

M = (A,  + A2 + A3 + A&(T)1/2e-(Eb-Q)/RT 

or 

M = Ae-(Eb-Q)/RT OX) 
where the (T)ll2 dependence of the A term can be ignored 
for the limited temperature range studied. 
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