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Kinetics and Mechanism of Toluene Hydrodealkylation
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AssTRACT. The use of 6% Ni/Al,O, catalyst for the hydrodealkylation
of toluene (THD) using the pulse technique at differential reactor
conditions has been investigated. The hydrodealkylation selectivity (or
the selectivity to benzene production) was optimum at 593 K showing
some hydrogenation of the aromatic ring at lower temperatures and
favoring hydrocracking at higher temperatures. Activation energy was
found to be 97.9 kJ.mol -'. Reaction rates at low conversion runs were
interpreted both by empirical power equation of the type r = KP 1 P}, and
by Langmuir-Hinshelwood type equations, determining the
corresponding parameters. A good fit to the experimental results was
obtained with the empirical equation (m = 0.65; n = 0.16) and the L-H
equation of the form:

r=4.104 P_P!2/ (1+0.037 P + 0.086 P'2)?

A reaction sequence is presented for the rate determining surface reaction
suggesting sequential reactant absorption at a common catalytic site for
toluene and atomic hydrogen.

The catalytic hydrodealkylation of alkyl aromatics is an alternative route in the
production of benzene and napthalene which are used as semi-finished products in a
number of fundamental organic synthesis. It has the advantage of selectively promoting
dealkylation without producing polynuclear hydrocarbons as a result of
dehydrogenation, ring rupturing and condensation reactions associated with other
dealkylation process. This type of reaction is well represented by the simplest of the
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series, toluene hydrodealkylation (THD), using a wide variety of metal catalysts such
as Co, Mo, CoMo supported metal catalysts and the Cr,O,, Ce,0,, AL,O;, SiO,, Fe,0,
oxide catalysts (Gardos et al. 1986, Haber and Zienkiewics 1984).

The reaction proceeds under normal hydrodealkylation conditions via two

competitive pathways as shown below:
Ph-CH,+H, ——— PhH+CH, @)
Ph-CH, + 100, —— 7CH, )

Reaction (1) is the desirable hydrodealkylation reaction while reaction (2) represents
the complete hydrogenolysis of toluene to methane.

A wide range of other catalysts have been investigated with the aim to obtain
higher benzene yield, lower catalyst cost, and greater catalyst resistance to deactivation.
Studies conducted by several workers (Diniet al. 1977, Dydykina et al. 1969, Grenoble
1979a) have shown that among group VIII and group VIIB metals supported on alumina,
Rh appeared to be the most active metal for the toluene hydrodealkylation reaction.
Although not extensively evaluated in the reported studies, Ni was cited by Grenoble
to give the highest relative specific activity with a value of 1000 as compared to 329
for Rh. In terms of selectivity Ni had a relative value of 0.94 which was comparable to
that of Rh at 1.0. Based on this initial encouraging observation, nickel may likewise be
classified among promising catalysts forTHD. Kinetic parameters for the THD reaction
for the different noble metals observed at the specified reaction conditions lead Grenoble
(1979b) to suggest a general power rate law expression in the form

r = kP2 Pl

where r is the rate of reaction, k is the rate constant, P, is the pressure of toluene, n is
the reaction order with respect to pressure of toluene, P, is the pressure of hydrogen
and ais hydrogen coefficient representing the degree of dehydrogenation of the toluene
methy! group. It was derived from an assumed reaction sequence where product
desorption was taken as the rate determining step.

A more specific kinetic investigation on nickel over alumina catalyst alone and
derivation of the plausible rate equation is presented by this study
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Experimental

Chemicals

Toluene of more than 99% purity was obtained from Merck, Germany Benzene
was supplied by BDH and was of more than 99% purity. Further gas chromatographic
test indicated no detectable contaminants. The gases including hydrogen, nitrogen, and
oxygen of purity greater than 99.5% were obtained from the Saudi Industrial Gas
Company and were allowed to pass through molecular sieve driers prior to being used
in the system.

Catalyst preparation and characterization

The catalyst was prepared by the incipient wetness method using known weights
of hydrous nickel nitrate and y— alumina to give the corresponding weight percentage
of Ni over AL,O,. Reduction was carried out initially by gradual heating to 623 K under
a stream of hydrogen (40 ml/min) and continued for 24 hrs.

’ (BET)’
the nitrogen adsorption-desorption isotherm at 78 K. The free metal surface area, S

e (M),
was determined from the hydrogen chemisorption at 298 K.

The BET surface area, s as well as the pore volume, VP, were calculated from

Hydrodealkylation procedure

Preliminary hydrodealkylation reaction of toluene was observed at the temperature
range of 550-640 K using the pulse technique and utilizing a continous flow reactor
system under a flow of hydrogen as illustrated in Fig. 1. Initial selectivity determination
was found necessary to get the optimum working temperature. The effect of the reactant
partial pressure was then determined in two separate runs; initially with toluene pressure
from 15 to 40 Torr at constant hydrogen pressure (710 Torr), and finally with toluene
fixed at 25 Torr and hydrogen varied from 84 to 234 Torr. After the weighed amount of
catalyst had reached the desired reaction temperature, toluene pulses was introduced to
the hydrogen stream allowing pre-mixing in a temperature conditioning zone prior to
entry to the reactor. All measurements were performed after temperature and flow steady
state conditions had been attained as monitored by a thermal conductivity detector
(TCD) connected to the system. Conditions were set so as to ensure conversion values
of less than 10%. This parameter limits the reactor response to a differential conversion
mode where heat and mass transfer effects are minimized, significant effects due to
product inhibition are eliminated, and observations are confined to the initial rates and
initial product distributions. Rate of THD was calculated based on the following
equation:

r = o F/w 3)
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Fig. 1. Schematic diagram of the flow reactor system composed of the following:

(1) H,cylinder (9) reactant introduction port
(2) pressure regulator (10) temperature controlled bath
(3) silica gel (11) glass coil

(4) shut-off valve (12) two-way stopcock

(5) metering valve (13) catalyst holder

(6) rotameter (14) reactor

(7) Hg manometer (15) effluent sampling point

(8) Thermal conductivity detector (16) vaccum pump

where r is the rate in umol.min™'.gm™" Ni or ul.min~'.gm' Ni, F is the toluene flow rate
in pmol.min™' or pl.min™', o< is the fraction of toluene converted to products and w is
the weight of Ni in gm.

Effluents were collected at the sampling point after the reactor when the system
was observed to assume the steady state characteristics. Gas chromatographic analysis
was made on 20% DC-200 on 60/80 mesh chromosorb P column using an FID detector.
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Results and Discussion

Preliminary activity evaluation was carried out on three catalysts containing
different Ni loading (2%, 4% and 6% Ni) over —~ALO,. Partial characterization given in
Table 1 showed almost insignificant deviation in S and pore volume values between
the catalysts. However, H, chemisorption revealed that the metal content gave rise to
free metal surface area which ranged from 0.28 mfgm™ for the 2% Ni to 1.06 m*gm™

Table 1. Surface area, pore volume and free metal surface area of the different catalysis

Catalyst Suen v, S(M)
(m?gm™) (ml gm™) (m? gm")
2% Ni/AlLO, 110.16 0.31 0.28
4% Ni/ALO, 102.82 0.28 0.62
6% Ni/AlLO, 102.95 0.28 1.06

for the 6% Ni. The greater free metal surface area can be viewed to suggest higher
activity for the 6% Ni. This was confirmed by initial catalytic activity run demonstrating
a parallel trend and with a practically sixfold increase from 150pmol.min™".gm™" of the
2% of the Ni catalyst to a leveling off of activity at 850 pmol.min-'.gm™" of the 6% Ni
catalyst (Fig. 2)."No Hpparent activity was discernable below the 2% Ni level, an
observation similar to that gathered by Hill and Selwood (1949) for the hydrogenation
of benzene where it was suggested that a critical nickel content (3% Ni) below which
the catalysts were very much less active. Accordingly, subsequent study was carried
out using the 6% Ni/AlL O, catalyst.

Initial gas chromatographic analysis of the effluents taken at different temperatures
revealed three reaction products namely benzene, methane, and methylcyclohexane in
amounts corresponding to the occurence of hydrodealkylation, hydrocracking, and
hydrogenation processes, respectively. Fig. 3 illustrates that at 549 and 556 K,
methylcyclohexane was detected indicating saturation of the aromatic ring by hydrogen
as one of the current reaction proceeding at about 9.0-10.4 % selectivity in addition to
hydrodealkylation which proceeds at 89.6 to 91.0 % selectivity. Selectivity for
hydroalkylation is calculated according to the following relation;

%S, = (1, x 100) / (ry + 1.+ 1) 4)
where r, r, r, are the initial rates of hydrodealkylation, hydrocracking and

hydrogenation respectively. S and S, can be calculated in a similar manner. It should
be noted that
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Fig. 2. Effect of the Ni content on the initial reaction rate.
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Fig. 3. Effect of temperature on the selectivity of the reaction using 6% Ni/Al,O,.
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r. = ((ecy = o<p) /7) x (F/w) &)

where o< and o< are the mole fractions of methane and benzene, respectively. From
574 to 634 K, hydrocracking of the different aromatic carbon-carbon bonds takes
preference over hydrogenation with a corresponding increase in selectivity (5.4-15.6%)
as the temperature gets higher. The hydrodealkylation reaction has been maintained at
around 90% selectivity at the temperature range covered with an optimum at 593 K.
Subsequent kinetic runs were then conducted at this temperature where the unwanted
hydrogenation is eliminated and hydrocracking of the aromatic ring is minimal.

Table 2. Kinetic runs at 593 K for the toluene hydrodealkylation using 5% Ni/Al,O, catalyst

Partial Pressure (Torr) Raite K
Run No. PT,,I PHZ ul_min",gnfl
1 15 710 110.5 6.818
2 22 710 140.0 6.744
3 30 710 170.0 6.701
4 33 710 191.8 7.108
5 40 710 203.8 6.670
6 25 84 125.0 7.760
7 25 100 130.0 7.852
8 25 140 140.4 8.042
9 25 190 148.4 8.101
10 25 234 144.2 7.617

Table 2 gives the kinetic data at 593 K. Plotting log r vs log P_at constant P,, for
the first five group of runs resulted in a fairly good straight line, having a slope m =
0.65. Similar plot of log r vs. log P, is also linear, with slope n = 0.16. These results
indicate that an empirical equation;

r = kP_:_).ﬁs P]_({).lﬁ (6)

is able to correlate the kinetic findings. A k value can be calculated for each run and
by averaging the 10 results, eq. (6) becomes;

r = 7.3413P*% P*'* ul.min™'.gm" 7N
Dependence of rate on temperature was studied in a separate run from 549 to 643
K (Fig. 4). The corresponding k-values obtained by eq. (6), were employed for an

Arrhenius plot (Fig. 5) conforming to the following equation;

k = 24 X 109e—979431RT (8)
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Fig. 5. Arrhenius plot for the coefficient of equation (6).




S.H. Al-Khowaiter 33

Comparison of these results with those of Grenoble (1979a) who obtained an apparent
activation energy of 130 kJ/mol and reaction orders of 0.34 for toluene and —0.15 for
hydrogen indicates that the catalyst may possibly be proceeding via a new and
energetically favorable pathway. Correlating the results in Table 2 with those calculated
using equation (7) gave an average relative deviation (rcm—rcxpd)/rcxpll of only 0.58%
(Fig. 6a). This clearly support the validity of the proposed equation within the limit of
temperature and pressure studied. However, to gain more informations on the mechanism

of reaction, other kinetic equations have been sought.

The observed partial reaction orders of 0.65 and 0.16 for toluene and hydrogen,
respectively, points to a process controlled by the surface reaction. The competitive
adsorption of the two reactants for the same surface active sites is clearly inferred by
the Langmuir-Hinshelwood correlation in Fig. 7 obtained by plotting the initial reaction
rate against the varying pressure of one of the reactants while at the same time
maintaining the other reactant at a constant pressure.As a result of these observations,
a Rideal-Eley type reaction as proposed by Grenoble (1979b) with one reactant in the
gas phase attacking the other reactant adsorbed on the catalyst surface, appear to be in
contradiction to this findings.

Of the several possibilities by which hydrodealkylation may proceed on Ni/ALO,
surfaces, the probabilities may be limited to three pathways namely: 1) adsorption to
same sites by the two reactants proceedings simultaneously to form benzene, 2)
adsorption to the same sites but the reaction proceeding sequentially and 3) reaction by
either atomic or molecular form of hydrogen with the toluene. These various modes by
which hydrodealkylation may be achieved were examined by deriving the particular
Langmuir-Hinshelwood type equations and evaluating their validity

Hydrodealkylation can be viewed to proceed via mechanism wherein atomic rather
than molecularly adsorbed hydrogen is involved in a sequential reaction with adsorbed
toluene molecule in a sequence as follows;

k

* + PhCH,(g) : PhCH,(a) 9
k2

2* + H (g) =———— 2H(a) (10)
k

PhCH,(a) + H(a) ——2———— PhH(g) + CH,(a) + * (11)
k

CH,a)+ Ha) ————  CH,(g)+2* (12)
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Fig. 7. Effect of (a) hydrogen (P_ =25 Torr) and (b) toluene (P, = 710 Torr) partial pressure on the
initial reaction rate.

In the above sequence * is a special site in the metal catalyst capable of chemisorbing
toluene or hydrogen. If the equilibria (9) and (10) are stablished rapidly compared
with the removal of adsorbed reactants in the reactions (11) and (12) the appropriate
Langmuir equations may be applied to obtain the surface coverages of toluene and
hydrogen. Thus

0,=K.P./(1+KP +K"?P/) (13)
6,=K/P’/(1+KP +K}P) (14)
where K, =k /k_ and K, =k /k . Accordingly the rate of toluene hydrodealkylation,
r,, 1s given by;
r,=k6.6,
r,=kKKPKZP2/(1+K P +KJP?y (15)

In order to examine the validity of the derived equations for the observed pressure
dependence, Eq. (15) is transformed to;
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(P ) = (1 + K PI) / (GK K IR P2 + K P (K KL I (16)

which provides a linear relationship between (P /r,)"* and PT under the condition of
constant P,. A similar transformation of Eq. (15) with respect to hydrogen gives;

(sz/rB)llz =(1 + KIPT) / (ij'lKll-l/z PT)1/2 + 1”2 P}ll/z/(kaKrKll-l/z PT)UZ (17)

where a linear relationship between (P,%/r;)"* and P* exists under the condition of
constant P_. Fairly good linear plots of the observed values for the above mentioned
relationships shown in Figs. 8a and 8b. Calculation of the adsorption coefficients K
and K, from the numerical values of the slopes and intercepts obtained by regression
analysis gave positive values. Eventually Eq. (15) could be written for the temperature
of 593 K as;

r=4.104P P/ (1 + 0.037P_+ 0.086P,%) (18)

Reaction rates calculated using Eq. (18) were correlated with experimental results giving
an average relative deviation of 0.68% and is shown in Fig. 6b. All these observations
verify the validity of Eq. (15), hence the mechanism suggested.

Similar treatments have been carried out for other possible reaction pathways for
the THD reaction. Among those investigated are: adsorption on different sites on the
surface; simultaneous reaction sequence for toluene and hydrogen; and the adsorption
of molecular hydrogen on the catalyst surface. It is interesting to note that these attempts
resulted either in very far correlation between the experimental and calculated rate
values, or the unacceptable negative values for some or all of the kinetic parameters/
adsorption coefficients calculated from the derived Langmuir reaction rate equations.

Conclusion

Kinetic equations have been suggested and the relevant parameters determined
that represent very well the behaviour of the system on the 6% Ni/A1203 catalysts for
conversions less than 10% at 593 K. The kinetics are consistent with the reaction
mechanism in which the rate determining step is the sequential reaction between toluene
and hydrogen atom adsorbed on similar sites on the surface of the metal catalyst.

Acknowledgement
The author thanks Jaime A. Alcantara who has greatly contributed in the preparation
of this-paper.




vV Py/rg

0.35

0.33

0.31

0.27

0.25

0.49

0.47

0.45

0.43

0.41

0.39

0.37

Fig. 8. Linear plots of (a) vy P,/rg vs. ‘/P—H and (b) “PT/rB

Ianemoy-1v "H'S




38 Kinetics and Mechanism of Toluene Hydrodealkylation on...

References

Dini, P., Bart, J.C.P.,, Cum, G. and Giordano, N. (1977) Hydrodealkylation of toluene over
polyamide-based catalyst, J. Molecular Catalysis, 2: 95-104.

Dydykina, G.V., Rabinovich, G.L., Maslyanski, G.N. and Dment'eva, M.I. (1969) Dealkylation
of toluene on metals of the platinum group, Kinet, Katal. 10: 607-612.

Gardos, G., Kun-Szabo, T., Halmos, F. and Almasi-Buzas, E. (1986) Desalkylation of alkyl-aromatic
hydrocarbons 1. Desalkylation of toluene on metal oxide, metal and zeolite catalysts, Hungarian
J. Ind. Chem. Vezpren 14: 281-289.

Grenoble, D.C. (1979a) The Chemistry and catalysis of the toluene hydrodealkylation reaction. I.
The specific activities and selectivities of group VIIB and group VIII metals supported on alumina,
J. Catalysis 56: 32-39.

Grenoble, D.C. (1979b) The chemistry and catalysis of the toluene hydrodeatkylation reaction. II.
Kinetic analysis, J. Catalysis 56: 40-46.

Haber, J. and Zienkiewics, E.J. (1984) The active phase in catalysts for toluene hydrodealkylation,
Applied Catalysis 10: 267-271.

Hill, F.N. and Sellwood, P.W. (1949) Structure and activity of supported nickel catalysts, J. Am.
Chem .Soc. T1: 2522-2529.

(Received 07/05/1994;
in revised form 04/10/1994)




sl s 1SN & poma ¢33 A1 4S
rﬂ)ﬂ|w)iéﬁdjoal‘w‘)u’y

St sle p Gl

JUI_)JN“'LUIZML?—fJL‘ﬂw—‘L:‘?g’r‘;
D3 gl i I KLl =1 1 £0) 3L JI-(Y£00 ) o

SIS e o 1 i sk oS e s 35 B3 o
G5t sl plassaly (6% N/AL O3) o son T S 51 e J g sl
4;-);Mﬁb&!uﬁwﬂ\cb\quu‘b}M) ‘_;.,a....“
MD)MWUM&‘o)\fub)>MU‘693K)o)‘J_>-
Q\.\a-_gLoS. @w!o)\}‘uQ)JMwMWuMMQJM‘
. dydﬁd?%(979)éjuwﬁ|cb>) .k.‘:..i..ﬂ‘:@\.la

oo = 5o Y A e Jolirll LS 13 (5L
slaxeVb Jeladl de 03 0456 Blans) o= (Langmuir-Hinshelwood) — 5
Jelidl oo Jeliadl de S 35ul s gt O ull e &5l oda e
= OU2adl Geom a5l 8539 s il 5 G ooy (gl e
el e e 5

112 12
r=4.104P;Py / (1+0.037P; + 0.086P, )*



http:l:J:.l.oi
http:Ji..l;:-."..uJ

40 Kinetics and Mechanism of Toluene Hydrodealkylation on...
JﬁdldjﬂWuqugﬁlcutﬁwﬁrj
r=KP"P/

O ez ol g il ¢SSOI e el Gl O 5l
23 O s 4cdl (0=0.16) &5 1 e Jeladl 05K e g 4Ll
o sl Al (m=0.65)a5 )




