Hydrogenation of Xylenes, Ethylbenzene, and Isopropylbenzene on Ni Nanocatalyst
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Abstract—Kinetic and thermodynamic parameters of the catalysts containing 15% of
the Ni nanoparticles prepared by levitation-jet method in hydrogenation of xylenes,
ethylbenzene, and isopropylbenzene were studied using a laboratory-made
chromatographic setup. At relatively low hydrogen pressure (2 atm) and
temperatures of 423-493 K, our catalysts provide a high extent of conversion of the
compounds studied and selectivity with respect to p-xylene.
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1. INTRODUCTION

In a view of their specific structural, physicochemical, and catalytic parameters,
metal nanoparticles find application in petrochemical industry [1-3] as catalysts for
hydrogenation of unsaturated and aromatic hydrocarbons [4, 5]. In this context, a
search for new effective, selective, and environment-friendly catalysts is of current
importance and significance [6, 7].

In this communication, we report on the catalytic behavior of the composite
containing 15% Ni nanoparticles prepared by levitation-jet method in hydrogenation
of xylenes, ethylbenzene, and isopropylbenzene.

2. EXPERIMENTAL



The nickel nanoparticles with a size of 50-200 nm were home-made at ISMAN by
using a levitation-jet generator [8]. The TEM image of studied Ni nanoparticles is
shown at Figure 1. The catalysts used in our experiments were prepared by
deposition of Ni nanoparticles in an amount of 15% onto Inerton NAW-DMCS in
hexane followed by sonication before evaporation.

Catalytic hydrogenation reaction was run under steady-state conditions using the
laboratory-made setup described elsewhere [3]. A 1-mL stainless steel tube was used
as a reactor. A hydrocarbon in an amount of 0.5 puL was injected into the reactor in a
hydrogen flow using a micro syringe. The hydrogenation reaction was run at a
hydrogen pressure of 2 atm and T = 423-493 K. A hydrogen/hydrocarbon molar ratio
in the reactor was kept around 18. For more details of our chromatographic
experiments, see [9-11].

Based on the results of chromatographic measurements, we could determine the
following kinetic parameters of hydrogenation reaction.

— Rate constant for first-order reaction
k = (1/t) In (So/Sy) (1)

where So is the peak area of starting hydrocarbon in a chromatogram at t = 0 and St is
that at time t.

— Extent of conversion (k) for a hydrocarbon
Kk =1-SiSo )

— Pre-exponential factor A was derived from the Arrhenius equation written in the
form [11]:

Ink=InA—E*RT )

— Entropy of activation AS; was calculated as

Ah
xkgTe*

AS? = RIn( )+(L—X)RIn(RT) (@)

where R is absolute gas constant, kg is the Boltzmann constant, h is the Planck
constant, x is a reaction order, and y is a transmission coefficient.
3. RESULTS AND DISCUSSION

3.1. Hydrogenation of Xylenes



Figure 2 presents the chromatograms of reaction mixture for the hydrogenation of p-
xylene. Chromatogram (a) was obtained using katharometer as a detector while
chromatogram (b), a mass-spectrometric detection system. Similar chromatograms
were recorded for the hydrogenation of o- and m-xylenes.

Using the chromatograms, taken at some certain t values and Eqg. (1), we could
plot the linear dependences of In S on t (Fig. 3) for all three xylenes. Rate constants k
derived from these plots are collected in Table 1.

We also theoretically estimated the activation energy and formation entropy for
transition complex in the process of hydrogenation. The results are presented in
Table 2. Figure 4 represents the extent of xylene’s conversion k at 7 =423 K as a
function of t.

Therefore, our results suggests that an isomeric structure of xylenes markedly
affects a magnitude of k and E*. In case of p-xylene, a key role in the formation of
activation complex is played by the entropy factor, while in case of o- and m-xylene,
by the energy factor. It implies that, in simultaneous hydrogenation of all three
xylenes, the reaction is most selective for p-xylene. Hence, it is p-xylene that can be
separated from its isomers in some certain conditions.

3.2. Hydrogenation of ethylbenzene and isoprpopylbenzene

Figure 5 represents the chromatograms of reaction mixture for the hydrogenation of
ethylbenzene and isopropylbenzene. The rate constants k derived from these results
are presented in Table 3. The results of our calculations are presented in Table 4, Fig.
6, and Fig. 7. The above results allowed us to conclude that: (a) activation energy
plays a key role in the formation of activation complex and (b) the hydrogenation of
ethylbenzene and isopropylbenzene proceeds by close mechanisms.

CONCLUSIONS

Our catalysts containing Ni nanoparticles prepared by levitation-jet method may turn
interesting to those engaged in R & D of new catalytic systems for hydrogenation of
aromatic hydrocarbons.
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Table 1. Rate constants k (min~* x 10%) for hydrogenation of xylenes at 423 and 493
K

T,K m-xylene 0-Xylene p-Xxylene
423 13.9 16.3 4.2
493 514 18.7 13.8

Table 2. Activation energy E* and entropy S* for the formation of transition
complexes in hydrogenation of xylenes

Compound E*, kJ/mol -S#, J/mol K
m-xylene 102 17
o-xylene 11 231
p-xylene 29 197

Table 3. Rate constants k (min?) for hydrogenation of ethylbenzene and
isopropylbenzene at 423 K and 443 K (x 10°)

T, K Ethylbenzene  Isopropypbenzene
423 6.1 8.3
493 15.2 19.9

Table 4. Activation energy E* and entropy S* for the formation of transition
complexes in hydrogenation of ethylbenzene and isopropylbenzene

Compound E*, kJ/mol -§*, JiImol K
Ethylbenzene 23 211

Isopropypbenzene 26 203
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Fig. 1. TEM image of Ni nanoparticles prepared by levitation-jet method.
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Fig. 2. Chromatogram of reaction mixture for the hydrogenation of p-xylene: t =5
min, T =423 K, P (H2) = 2 atm. Peak assignments: (1) trans-1,4-
dimethylcyclohexane, (2) cis-1,4- dimethylcyclohexane, (3) p-xylene.
Chromatogram (a) was obtained using a katharometer as detector while
chromatogram (b), a mass-spectrometric detection system.
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Fig. 3. Hydrogenation of p-xylene at 423 K (¢) and 493 K (): In S as a function of t;
P(H.) = 2 atm.
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Fig. 4. Hydrogenation of meta- (0), ortho- (o), and para-xylene (A): extent of
conversion k as a function of t at 7= 423 K, P(H2) = 2 atm.
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Fig. 5. Chromatograms of reaction mixture for the hydrogenation of:

(a) ethylbenzene [t =5 min, T = 423 K, P(H2) = 2 atm]: (1) ethylcyclohexane, (2)
ethylbenzene; and (b) isopropylbenzene [t =5 min, T = 433 K, P(H2) = 2 atm]: (1)
ethylcylohexane, (2) ethylbenzene, (3) isopropylcyclohexane, (4) isopropylbenzene.
Chromatogram (a) was obtained using a katharometer as detector while
chromatogram (b), a mass-spectrometric detection system.
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Fig. 6. Hydrogenation of ethylbenzene at 423 K (¢) and 493 K (o): extent of
conversion k as a function of t; P(H2) = 2 atm.
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Fig. 7. Hydrogenation of ethylbenzene at 423 K: extent of conversion k as a function
of t; P(H2) = 2 atm.



