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Effect of Molybdenum on Activity and Selectivity

S.H. Al-Khowaiter
Petroleum and Petrochemical Research Institute. King Abdul Aziz Ciry for
Scienve und Technology,P.O. Box 6086, Riyadh 11442, Saudi Arabia

(Received 29/5/1995; accepted for publication 11/11/1955)

Abstract. The effect of the addition of molyhdenum (o the alumina supported nickel caralysts in the
hydrodealkylation of toluene 1o benzene was investigated. Tt wos ohserved that the primary effect was the
marked reduction in the catalylic activity which was particularly prominent ax higher nickel loadings.
Practically no eminent change in the selectivity toward the hydrodealkylation renction 1 toward the
simultancously occurring hydrogenation and hydrocrucking reactions was shown by the incorporation of
molybdenum. However, the latter two reactions were found ta be influenced by the reaction temperature. The
Ni-Mw/Aly03 series of calalysts showed reaction maxima at a specific atomis ratio of nickel and molybdenum
suggesting a possible optimized hifunctional mechanism involving the two metal centers Caralytic activity vf
the Ni/Al>0 catalysts in particular was clearly influenced by ihe nickel content and the reaction tempernture
while a moderate elfect was observed for the Ni-Mo/Al Y03 catalysts.

Introduction

In addition to a wide application in a number of industrial processes, alumina supported
nickel catalyst has also been reported to catalyze the hydrodealkylation of alkylaromatics
particularly toluene to form benzenc [1]. However, this important reaction process is
often complicated by unwanted side-reactions such as hydrogcnation [2], ring opening
[3], disproportionation and hydrocraking [1] or by an activity loss when used
continuously on stream [4] or during regeneration steps. In this connection, the
possibility of the properties of nickel being improved when used in conjuction with
another metal to form a selective intermetallic catalyst of high activity may be a valuable
subject of study, The synergistic effect of multicompenent or multiphase catalysts may
well he an alternative route to developing highly specific and stable catalysts.

In a related reaction, the unstable activity of the NifAl; 05 catalyst for the
hydrogenation of benzene has heen associated with the scnsitivity of the conventional
catalyst to sultur poisoning. Doping the nickel catalysts with molybdenum was shown to
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result in & catalyst less sensitive to sullur {5]. Similarly, nickel has been used as a
promoter in the preparation of molybdenum catalyst with some notable enhancement on
the cawlytic performance towards hydrodenitrogenation reaction [6]., These past
observations point to the fact that the addition of molybdenum or the use of Ni-Mo
bimetallic by some means favors the formation of a catalyst system with enhanced or
synergistic characteristics and thus may warrant the invesligation of its application
towards the hydrodealkylation of toluene.

This study aims to determine the effect of molybdenum on the catalytic properties
of the conventional nickel-alumina catalysts in the hydrodealkylation of toluene to
benzene. The effect of the nickel loading and the influence of reaction tlemperature on the
activity of the catalysts were also investigated,

Materials and Method
Chemicals

Toluene of more than 99% purity was obtained from Merck, Germany. Further gas
chromatographic tests indicated no detectable contaminants. Hydrogen and nitrogen
gases were of purity greater than 99.5% and were obtained from the Saudi Industrial Gas
Company. These gases werc allowed to pass through mulecular sieve driers prior 1o being
used in the system.

Catalyst preparation and characterization

Two series of catalysts werc prepared by the impregnation method. Eor the first set,
known weights of reagent grade hydrous nickel nitrate, Ni(NO;);.6H 20, were dissolved
in tridistilled water and allowed 1o cover & known amount of 800- 00 mesh Y-alumina
oxide in a rotary evaporator to comespond to 2, 4, 6 and 8% Ni over Al203. For the
second set of catalysts, a constant weight of reagent gradc ammonium molybdate,
(NH 4);MoUQy, was dissolved in water and added to the various weights of nickel nitrate
as in the first series to canstiute the 2%Ni-12%Mo, 4%Ni- 1 2%Mo, 6%Ni-12%Mo and
8%Ni-12%Mu over Al;03. The mixtures were heated to about 343 K under reduced
pressure until a tlowing powder is obtained and further oven-dried at 393 K overnight.
‘The Ni/Mo atomic ratio for the sccond series of catalysts ranged trom 0.27-1.09,
Reduction was carried out initially by gradual heating to 623 K under a stream of
hydrogen (40 ml/min) and continued for 24 hrs. After such time, the temperature was
then allowed to decrease slowly o room tempetature.

The specific surface area, Sppt, as well as the pore volume, V,,, were calculated
from the nitrogen adsorption-desorption isotherm at 78 K. The free metal surface area,
SNi, was determincd by the hydrogen chemisorpticn at 298 K,

Hydrodealkylation procedure

Toluene hydrodealkylation (THD) was observed at the temperature range of 550-
650 K using the pulse technique and utilizing a continuous flow reactor system as
illustrated in Fig. 1. After the weighed amount of catalyst had reachcd the desired
reaction conditions, toluenc pulses were introduced to the hydrogen stream allowing pre-
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Fig. 1. Schematic diagram of the catalytic fluw reuctor system.
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1. Ha tank 9. reactant Injection port

1, pressure regulator 10, constant temperature bath
3. silica gel cartridge 11. reactor/catalyst bed

4, shut-off valve 12. reactor furnace

5. rolameter 13, product sampling point
6, 1Ig manometer 14. fine metering valve

7. TCD, thermal conductivity detector 15. vacuum pump

8. three-way stopcock

mixing in a temperature conditioning zone prior to eniry to the reactor. All measurements
were performed after temperature and flow steady statc conditions had been attained as
monitored by a thermal conductivity detector (TCD) connected to the system. Conditions
were chosen so as 10 ensure conversion values of less than 10%, thus limiting the reactor
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responsc to a differential conversion mode. Rate of THD was calculated based on the
following equation;

r=oa F/w

where r is the rate in umol.min"! g, F is the toluene flow rate in pmol.min-!, o is the
fraction of toluene converted to products and w is the weight of Ni in g.

Effluents were collected at the campling point after the reactor. Gas
chromatographic analysis was made on 20% DC-200 supported on 60/80 mesh
chromosorb P column using a flame ionization detector (FID).

Selectivities for hydrodealkylation, Sg, for hydrocracking, Scand hydrogenation,
S, have been caleulated according to the following relation.

Sp % = {(Rp x 100) / (Rp+Rc+Ry)
where Rg, R and Ry are initial rates of hydrodealkyluiion, hydrocracking and
hydrogenation respectively. Sc und S can be calculated in the same way.
It should be noted that the rate of hydrocracking R ¢ has been calculated as

Re =[{oy —0)]/7) x (F/w)
where ayand ¢ arc mole fractions of methane and benzene, respectively.
Results and Discussion

Data for some of the physical propertics of the different catalysts used are given in
Table I. The specitic surface area, Sget, as well as the pore volume, V), appeared to

Table 1. Partial characterization data of the different catalysts

Catalysts Sp ml g v, (mlgt) Spi (m? g1y
2%NVAL Oy 106.92 032 0.28
4%NI/AL 04 10118 028 0.62
EFNUAI ;O3 102.95 .28 1.03
BHNIVAL Oy 99.38 029 248
2%Ni-12%Mo/Aly O 104 96 025 0.17
4%Ni-12%MolAl, O, 97.32 v 015
§ENI-12%Mo/Al; O3 100.87 0.24 0.26
BHNi- 12%Mo/Aly Oy 39.47 0.22 0.31

decrease slightly with increasing nickel content in both series of catalysts. This
observation is consistent with the results of Dixon and 8ing [7] while studying
coprecipitated nickel alumina from 5.4 to 75% loading. No significant difference can be
distinguished between the surface arcas of NifAl;05 and the Ni-Mo/Al Oy catalysts,
although a slight decrease in the pore volumes is shown by the latter.

Mare notable observations were obtained when the catalysts were subjected to
hydrogen chemisorption. Although almost insignificant trend is dispiayed in the various
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Ni-Mo/Al;04 catalysts, the metallic nickel surface arcas, Syj, demonstrated a clear
dependence on the nickel content particularly with the NifAl204 catalysts (Fig. 2). This is
an important indication of the grealer availability of the metal active sites for the reaction
at higher nickel loading.
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Fig. 1. Nickel surface area as a function of the nickel content
(ONVAI; O3 @ Ni-Mo/Al 03

However, a substantial decrease is generally observed in the metal surface area of
the Ni-Mo/alumina catalysts when compared with the catalysts containing Nifalumina
alone, demonstrating a difference by as much as a factor of eight for the highest metal
loading. At this point it is worth noting that this observation certainly suggests an
important effect of molybdenum which results in some losses of the metal surface area of
the Ni catalysts.As will be discussed later, the formation of Ni-Mo interaction products
results in the lesser availability or accessibility of the nickel metal for chemical
adsorption.

The catalytic activity of the different catalysts

The catalytic activity of both series of catalysts was observed at four different
temperatures and is shown as a function of nickel content in Fig. 3. Under the given
experimental conditions, the Ni/Al,O5 catalysts showed a marked increase in activity
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with increasing Ni content, notably above the 2% nickel loading. Tt would appear that the
high reactivity of alumina towards nicke! [8] resulting to what is often referred to as
strong metal-support interaction (SMSI) accounts for the prominently low aclivity at low
nickel ioading {9-11]. The inleraction products at this level of the metal consist mainly of
Ni-Al alloys in the form of nickel aluminate spinels [8]. The high degree of difficulty
these compounds experience to undergo reduction, of ten times requiring fairly high
temperatures, explains the minimal activity observed.

At high nickel content, the nickel catalyst can be described to demonstrate a
bimodal nature of “fixed” oxidic nickel species consisting of an amorphous overlayer of
nickel oxide interacting but not chemically bound with the support and the spinels of
nickel-alumina oxides [12]. The former was (ound readily susceptible to reduction and
thus accounts for the higher metal surface arca and the subsequently greater activity
observed for the catalysts at higher nickel loading.

However, the activity as a function of the Ni loading for the Ni-Mo/Al,04 series of
catalysts showed less significant correlation when compared with the correspending
N/AI04 catalysts, Likewise, the range of catalytic activity of the Ni-Mo catalysts was
attained at a much lower rute level, This low activity towards the THD reaction (Fig. 3)
may be deduced from the very low metallic surface area of the Ni-Mo catalysts as
indicated in Fig. 2, Shielding or dilution effects resulting from the interactions between
the active nickel and molybdenum components and/or their interactins with the support at
the calcination and reduction stages of catalyst preparation may account for the reduced
surfacc arca of the metal.

Similar observation [5] showed reduced toluene hydrogenalysis activity exhibited
by the reduciten product of ammonium triammine tetranicke! pentamolybdate where the
presence of an active Ni-Mo alloy NigMo was confirmed by magnetic analysis and was
therefore suggested to be responsible for the lowering of catalytic activity. Furthermore,
the Ni-Mo alloys as well as the excess superficial molybdenum wtoms formed upon
reduction of NiMoQy ledd to the appreciable decline in the toluence hydrogenolysis
reaction and almost cumplete suppression of the hydrogenation reaction [13). It may he
worthwhile noting that no catalytic activity was demonstrated by Mo/Al;05 alone. This
confirmed the essential participation of either the nickel metal or the Ni-Mo ensemble as
a requisite for the catalytic activity towards the THD reaction.

An interesting observation is the rate maxima ohtained at Ni-Mo ratio of 0.82:1
corresponding to 6% Ni-Mo/Al;04. This clearly points to a significant effect of the
molybdenum, which is based on the interaction of the two oxides and possibly suggesting
an important bifunctional mechanism for the THD reaction at this particular Ni-Mo
atomic ratio. Below or above this ratio, a more limited reaction with the absence of the
enhanced effect may be predicted, which indeed showed lower activity. Whereas further
study may be necessary to completely elucidate this observation, it would appear that
such optimum ratio is not limited 1o hydrodealkylation alone. For instance, in the case of
the hydrodesulfurization reaction [14], the optimum Ni/Mo ratio was found in the order
of 0.43, while in the case of hydrocracking of n-heptane [15), the maximum occurred at a
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Ni/Mo ratio of about 0.8-1.0. Kozlov and Coworkers [3] studied the activity of two Ni-
Mo/Al 50y complexes for the THD reaction using two different atomic ratios: 0.2 and 0.5.
Greater activity was demonstrated by the catalyst with 0.5 Ni/Mo ratio.

Thus, it becomes more evident that molybdenum influences the THD reaction in the
torm of interaction compounds with nickel and that at a particular alomic proportion with
the metal (0.82 Ni-Mo ratio} an optimized bifunctional mechanism, resulting Lo
prominently higher catalytic activity compared to the other Ni-Mo catalysts, is at play on
the metallic centers { 15].

Effect of temperature on catalytic activity

The effect of reaction temperature on the rate of toluene hydrodealkylation using the
different catalysts was observed at a constant hydrogen and toluene partial pressures of
710 and 20 Torr, respectively. The reaction rates obtained at different temperatures (571,
588, 606 and 625 K) within the acceptable selectivity range are presented in Fig. 3 and
are given as a function of the nickel content of the different catalysts. Tt can be ohserved
that highet reaction temperature generally resulted in greater activity with a more
pronounced influence on the higher loadings of nickel. Almost indistinguishable ratc
values can be discerned at 2% Ni loadings at the different temperatures used particularly
so with the Ni-Mo/A1,0j3 catalysts. On the other hand, at the maximum loading of 8% Ni
for the NifAla04 catalyst, the optimum effect of temperature was exhibited by the
increase of the rate from 340 (o0 689 pmol.min-!.g? at 606 and 625 K, respectively.
Morcover, the temperature apparently show less appreciable effect on the activity of the
various Ni-Mo/Al,Oy catalysts as compared to the corresponding NifAl;04 catalysts.
Somehow, the Ni-Mo interaction compounds exhihit, to a certain extent, a greater degree
of stability with temperature in relation to the nickel/alumina catalysts,

The gencraied data were used to calculate the appurent activation energy (Ea) and
preexponential factor (A} values and are presented in Table 2. Ea was found to vary from
42.0to 121.9 kJ.mol*! for NifA120 catalysts and from 30.3 to 88.7 kJ.mol™! for the Ni-
Mo/Al; 04 catalysts. The trend was for Ea to increase the greater the Ni content.

Table 2. Apparent activation energy and preexponential factor of THD rcactlon over NVAl; (O und Ni-

Mao/Al yOn catalysts
Catalyst Ea (kJmol*!) A (umol.min™ %)
2%Ni/Al 0 4244 20 2 108
4%NIVALIO 85%5 285 10°
6%NIAL O 892 875 10°
§ENYAl 04 1221 Llx10"?
2B N1 12%MofAly O3 W4 21x10?
4%Ni- 1 2%Mo/Aly Oy 6616 16x 107
6%Ni- 2%Mo/Al; O3 N+l 24x 108

B%Ni- 12%Mo/Al) O+ 80+2 33 x 10?
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Likewise, the corresponding A increased from 2.0x 10° w0 L1x10° ol. min™! .g_l
for the first series and from 2.1%10% 1o 3.3x10° pmol.min~!.g7" for the second
serics of catalysts, The relatively wide variation in Ea values with the proportional
increase of the corresponding A au different nickel content suggests a possible role of
compensation effect in the reaction. A plot of In A against Ea has been drawn in Fig. 4.

Ni/AL 04 NEMo/Aip O
25+ -

15 - -

prnol-min~'.g™

0 L L 1 i Il i 1 1 L 1 L i 1 A

¢ 20 40 60 B0 100 120 140 20 40 60 B0 100 120 140

Ea /kJ.mol !

Fig. 4. Plot of aclivation energy (Ea) against In A,

Except for the value at 6% Ni-Mo/Al;O3, linear relationships between these two
purameters were revealed by the two sets of catalysts. Further illustration by the
Arrhenius diagram in Fig. 5, indicating intersections for the lines of Ni/Al>Os and Ni-
Mo/Al505, respectively, corroborated the initial observation of the probable role of

compensation effect covering not all of the catalysts studied but limited within each
series of catalysts.

1t is important to notc that the isokinetic temperatures (8 = 538 K, 82 = 490 K) lie
far below the range of temperatures covered by the measurements, giving definite
meaning to the linear relationship between In A and Ea [16, pp. 179-182], and thus
providing stronger supporl for the possible occurrence of compensaiton effect, These
observed facts may be best explained in terms of the variations in the densities of active
sites from catalysts to catalysts of the same family [17).

The 6% Ni-MofAl;05 catalyst corresponding 10 0.82 Ni-Mo atomic ratio did not
follow the linear trend (Fig. 4) nor shared in the common intersection in the Arrhenius
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Fig. $. Plot of the reciprocal of temperature agalnst In r {NFAL; Oy: O 2% ,Q 4%, ¢ 6%, A 8%; NI-
MwAl; 059 2%, 0 4%, + 6%, & 8%).

plot (Fig. 5). This deviation in the catalyst response provides a likely support for a dual
function mechanism probably quite distinct from the mechanism followed by the other
catalysts in this scries and at the same time confirms the observed maxima in the rate
curves in Fig, 3.

Effect of temperature on selectivity

The detection of methylcyclohexane, methanc and benzene as the only rcaction
products suggests that under the given reaction conditions the THD reaction proceeds as
a result of two competitive reaction processes namely hydrodealkylation and
hydrogenation. The former is responsible for the formation of benzene and methane
(equation 1} while the latter provides Lhe methylcyclohexane resulting from the
exhaustive hydrogenation of toluene (equation 2.
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Hydrodealkylation

CcHs-CH; + H; — CgHg + CH, )
Hydrogenation

CqHs; -CHy + 3Hy — CgHj ~CH, @

Kinetic studies conducted by Grenoble [13] show that the THD reaction follow a
sequential hydrogenolysis and hydrogenation reaction to form the benzene and methane
in stoichiometric proportion. In the present invesligation, the detection of the
stoichiometrically excess methane suggests subsequent ting opening and hydrocracking
of somc of the methylcyclohexane {equation 3) after the initial hydrogenation process.
Once the ring is opened, all the C-C bonds are promptly cracked to methane as virtually
nu detectable Cy to Cg molecules were observed in the product.

Hydrocracking
CeHy, -CH; + TH, —— 7CH, &
Figuies 6 and 7 indicate the generat selectivity trends for the NifAl203 and Ni-
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Fig. 6. Selectivity of the reaciton of NifAl; O catalysts at diffcrent temperatures.
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Fig. 7. Selectlvity of the reaction of NI-Ma/Al; Oy catalysts at different temperatures.

Mo/Aly04 catalysts, respectively. In both series of catalysts and at the given temperature
range 550-650K, the selectivity of both the hydrogenation and the hydrocracking
reactions was within the 0-20% level while the sclectivity towards hydrodealkylation
(formation of benzene) was maintained at 85-90% level. It appears that the addition of
molybdenum does net in any practical way influence the selectivity of the alumina
catalyst towards the THD reaction.

On the other hand, reaction temperature seems to play a vital role in the selectivity.
Although no apparent effect on the formation of benzene can he observed, Figs 6 and 7
clearly indicate the hydrogenation and the hydrocracking reactions counterbalancing each
uther depending on the reaction temperature. Hydrogenation was predominant at low
temperature and as the temperature approaches 570K hydrocracking of the
methylcyclohexanc commences, Beyond 630K, none of this compound was detected and
hydrocracking became the prevailing reaction process.

In a study by Astier er al. [5], it has been reported that the selectivity of benzene for
the NifAl;03 was 83% while for a series of unsupported Ni-Mo catalysts (Ni/Mo ratio
ranging from 0.5, 1, and 2) selectivity varied from 66-70%. While our result for both
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series of catalysts (85-90% selectivity towards benzene) was almost consistent with that
of the supported Ni catalysts, the lesser value reported for the unsupported nickel-
molybdenum catalysts can be taken to demonstrate a significant role of the alumina
support used. It thus appears that the addition of the molybdenum component will not
alter the selectivity of the THD reaction as shown by our results as long as the Ni-Mo
intermetallic are supported on alumina.

Conclusion

This work has shown that the catalytic properties of the nickel/alumina catalysts
toward hydrodealkylation of toluene lo benzene wus altered by incorporation of
molybdenum into the catalyst sysiem. In particular, the resulting alumina supported
nickel-molybdenum catalysts generally exhibited a marked reduction in catalytic activity
when compared with the supported nickel catalysts alone. This decrease in activity,
accompanicd by a corresponding reduction in the metal surface arca, is brought about by
the: formation of Ni-Mo inleraction products which arc finding great difficulty in
undergoing a reduction (activation) process.

On the other hand, sclectivity to benzene production was maintained at the 85-90%
level and was not affected by the addition of the molybdenum. It is most likely that the
alumina support plays an important role in maintaining the high selectivity observed.

The catalytic activity of the Ni/Al204 catalysts was (ound Lo be greatly influenced
by the nickel content and the reaction lempetature far greater than the supported
bimetallic catalysts. Of great interest, however, was the rate maximum exhibited by the
Ni-Mo/Al20O4 catalysts at .82 Ni-Mo atomic ratio which probably suggests an important
bifunctional mechanism involving the two metullic centers. Ehis obscrvation proved to be
very interesting and further investigation along this line will be pursued in our future
studies.
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