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The aromatization of light alkanes to obtain the benzene–toluene–
xylene (BTX) fraction is a promising direction in the development 
of modern science and technology in the field of value-added 
hydrocarbon production.1,2 The most effective for this process are 
bifunctional catalysts based on ZSM-5 zeolite containing a 
promoter metal, primarily gallium and zinc, alone or with the 
addition of a second transition metal.3–5 The selectivity of 
aromatization of C3/C4 hydrocarbons on modified ZSM-5 zeolites 
is about 60–70%. This process has two significant disadvantages: 
first, a rapid deactivation of the catalyst due to the formation of 
coke and, secondly, the excessive formation of light C1–C4 
hydrocarbons as a result of cracking or hydrogenolysis reactions.6,7 
The developed industrial processes of aromatization of light 
hydrocarbons, such as M2 forming (Mobil), Cyclar (UOP-BP), 
Aroforming (IFP-Saluted), are not widely used. The main 
disadvantage of these processes is significant coking on catalysts. 
Long-term stable operation requires continuous regeneration of 
catalysts to remove carbon deposits (coke) and by-products from 
the catalyst surface. In recent years, the production of BTX from 
alternative renewable raw materials (e.g., ethanol,8 glycerol9 and 
ethyl acetate10) has been reported. However, catalyst deactivation 
remains an unsolved problem, and this raw material itself is much 
more valuable than light alkanes.

As previously reported,11,12 carrying out aromatization under 
supercritical conditions (at 530 °C and 190 atm) can prevent the 
catalyst deactivation. Under the conditions of aromatization of 
supercritical butane, stable operation of catalysts based on  
ZSM-5 zeolite is observed.12

In this work, we investigated the effect of hydrogen removal 
from the reaction zone using a Pd membrane during the 
aromatization of n-butane on a Ga/H-ZSM-5† catalyst.
†	 We used a commercial sample of zeolite ZSM-5 (Süd-Chemie, Si/Al = 25). 
The Ga/H-ZSM-5 catalyst contained 2 wt% of gallium. The H-form of 
zeolite was obtained by thermal decomposition of the NH4-form. The 
H-form of zeolite was modified with gallium by impregnating in an 
aqueous solution of the calculated amount of gallium nitrate [Ga(NO3)3, 

It should be noted that Ga/H-ZSM-5 catalyst used in this 
research is well known. Ga-modified high-silica zeolite H-ZSM-5 
has been studied for decades and has also been utilized in the 
commercial aromatization process UOP Cyclar.13,14 In particular, 
the Ga/H-ZSM-5 catalyst for the aromatization of light paraffins, 
especially effective for the conversion of propane and butane, was 
the subject of our publications in the 1990s.15,16 According to 
diffuse-reflectance IR spectroscopy using adsorbed probe 
molecules (H2, CH4 etc.) and X-ray photoelectron spectroscopy, 
gallium in zeolite is present in two states, Ga3+ and Ga+, which act 
as strong Lewis acid–base pair sites, responsible for the initial 
stage of the aromatization process, i.e., the dehydrogenation of the 
substrate to produce primary olefinic species. Although a Pd 
membrane has already been used in many catalytic studies17–19 to 
remove hydrogen from the reaction zone, we combined for the 
first time the butane aromatization process under supercritical 
conditions and the use of a Pd membrane for hydrogen removal to 
maximize the yield of aromatic hydrocarbons.

Aromatization of n-butane at high temperatures is a multistage 
process. The first stage is the formation of butenes from the 
original butane, a reaction that limits the rate of the entire 
process. The olefins rapidly oligomerize to larger intermediates, 
which are further cyclized to naphthenes. And the last stage is 
the dehydrogenation of naphthenes to aromatic hydrocarbons.  
A temperature of 500 °C or more is necessary because the 
aromatization involves the formation of butenes in the first stage, 
favored by a higher temperature. Theoretically, the aromatization 
of n-butane into xylenes occurs according to the total reaction 
equation:

2C4H10          Me–C6H4–Me + 5H2,	 (1)

Acros] at 80 °C for 4 h with stirring. Then the solvent was removed in 
vacuo, and the precipitate was dried at 120 °C and calcined in an air flow 
at 450 °C. Thereafter, the powder was pressed and crushed, and then a 
fraction of particles with a size of 0.25–0.50 mm was selected. Before the 
catalytic test, the catalyst was activated in a flow of hydrogen at 450 °C.
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The successful use of a palladium membrane to enhance the 
yield of benzene–toluene–xylene (BTX) fraction in n-butane 
aromatization at 530 °C and 95 atm on a Ga/H-ZSM-5 
catalyst has been shown. Removal of hydrogen from the 
reaction zone through the palladium membrane led to an 
increase in both the n-butane conversion and the selectivity 
of the BTX fraction formation.
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where 5 moles of hydrogen are formed per 2 moles of the original 
hydrocarbon. During aromatization, the reaction volume 
significantly increases due to the released hydrogen. Therefore, 
in order to shift the equilibrium towards aromatic products and, 
as a consequence, to increase the selectivity to BTX and other 
aromatic hydrocarbons, it is necessary to remove the hydrogen 
evolved as a result of the dehydrocyclization reaction. One of the 
methods for the selective extraction of hydrogen from the 
reaction zone is the use of palladium membranes. In principle, 
the palladium surface can act as a dehydrogenation catalyst, but 
then the reaction rate would be too slow due to the extremely 
small surface area. Thus, the Pd membrane is involved only in 
the removal of hydrogen from the reaction zone and does not 
perform the primary catalytic function.19 Pure palladium 
undergoes embrittlement due to the hydride phase transition 
when exposed to hydrogen at temperatures below 300 °C.20 The 
aromatization process and the accompanying hydrogen evolution 
occur at temperatures above 500 °C. Nevertheless, certain 
precautions must be taken due to the hydrogen embrittlement 
effect of Pd membranes. The experiment is shown in Scheme 1.

The catalytic tests of n-butane aromatization were performed 
at a temperature of 530 °C and a pressure of 1 or 95 atm.‡ The 
critical parameters of n-butane are 152 °C and 37 atm. Thus, at 
530 °C and 95 atm, it can be considered as a supercritical fluid.
The butane conversion and selectivities to main products on the 
Ga/H-ZSM-5 catalyst with and without a Pd membrane in the 
reaction zone are presented in Table 1 and Figure 1. The products 

‡	 Catalytic experiments were performed at a temperature of 530 °C and 
atmospheric or elevated pressure (95 atm) in a flow-type fixed-bed 
stainless steel reactor with an inner diameter of 10 mm. The catalyst was 
mixed with quartz of the same grain in the ratio of 1 : 3. The free volume 
of the reactor was filled with quartz particles. The catalyst was heated to 
the required temperature in a flow of helium. Then n-butane was supplied 
using a gas flow regulator (at 1 atm) or a syringe liquid pump (at 95 atm). 
The pressure was regulated by a needle valve. The feed of n-butane in the 
experiments at 1 atm was 0.97 g h–1 cm–3 cat., which corresponds to the 
gas hourly space velocity (GHSV) of 400 h–1 (NTP), and at 95 atm  
–17.8 g h–1 cm–3 cat. or 7300 h–1 (NTP). A palladium capillary with an 
outer diameter of 1 mm and a wall thickness of 0.2 mm was used as a Pd 
membrane. It was sealed on one side, and its outlet was connected to a 
gasometer. The duration of the experiments was 4–5 h. The reaction 
products were analyzed by gas chromatography on a capillary column 
(100 m) with the OV-101 phase. The products were identified by gas 
chromatography–mass spectrometry.

consisted of both aromatic hydrocarbons such as BTX fraction, 
ethylbenzene and others with 9 carbon atoms or more, including 
naphthalenes (C9+ ArH), and aliphatic hydrocarbons C1–C4 
(methane, ethane, ethylene, propane, propylene, isobutane and 
butenes) and C5–C8 (alkanes and olefins).

Figure 1 demonstrates that the catalyst stability is improved 
under supercritical conditions (at 95 atm) compared to the gas 
phase. This is probably due to the continuous removal of coke 
precursors, which are washed out from the catalyst by 
supercritical n-butane.11 While maintaining a high degree of 
butane conversion over time, the presence of a Pd capillary in the 
reaction zone increases the conversion from 65 to 87%. Also it 
increases the selectivity to BTX from 17 to 23% and the total 
selectivity to aromatic hydrocarbons by 10%. At the same time, 
the yield of aliphatic products, viz. cracking gas and C5+ 
hydrocarbons, decreases.

Figure 2 shows the time variations in hydrogen evolution 
under reaction conditions in the presence of a Pd membrane. 
Whithin 4 h of the experiment, up to 570 ml of hydrogen was 
evolved (Figure 2, curve 1). The average rate of hydrogen 
evolution (Figure 2, curve 2) during the aromatization of 
supercritical butane is about 5 times slower than the theoretically 
possible value.§ This is probably why the increase in the content 
of the BTX fraction in the reaction products was not so 
significant. In addition, the slight slope of curve 2 (see Figure 2), 
indicating a decrease in the rate of hydrogen evolution in a real 
experiment, can be associated with a small deposition of carbon 
on the surface of the Pd capillary. Palladium is subjected to 
deactivation by deposition of carbonaceous residues at 

§	 A theoretically possible value for the hydrogen evolution rate was 
calculated as follows: Vmax = n-butane feed [mol h–1] × conversion × 
selectivity to BTX × 5/2 × volume of 1 mol gas at NTP. The 5/2 factor 
follows from the reaction equation for the conversion of butane to 
xylenes. The Vmax value was 735 ml h–1.
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Scheme 1 Aromatization of n-butane using a Pd membrane.

Catalyst
P/
atm

GHSV 
(NTP)/ 
h–1

Conversion 
(%)

Selectivity (%)

C1–C4 C5–C8 BTX C9+ ArH

Ga/H-ZSM-5 1 400 91 38 0 53 9

Ga/H-ZSM-5 95 7300 65 66 6 17 11

Ga/H-ZSM-5 
with Pd 
membrane

95 7300 87 59 3 23 15

Figure  1  n-Butane conversion on Ga/H-ZSM-5 at 530 °C and a pressure 
of (1) 1 and (2,3) 95 atm (1,2) in the absence and (3) in the presence of a 
palladium membrane. GHSV was (1) 400 and (2,3) 7300 h–1.

Table  1  n-Butane aromatization on Ga/H-ZSM-5 in the presence and 
absence of a Pd membrane (530 °C, time on stream of 3 h).

Figure  2  Time course of hydrogen evolution during n-butane 
aromatization on Ga/H-ZSM-5 in the presence of a Pd membrane (530 °C, 
95 atm, GHSV = 7300 h–1): (1) the total volume of evolved hydrogen and 
(2) the rate of hydrogen evolution.
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temperatures above 450 °C.18,20 A decrease in the hydrogen 
permeability of the palladium membrane could occur due to the 
carbonization of its surface.

It is of note that moving from the gas-phase conditions  
(1 atm) during the high-temperature conversion of n-butane to 
supercritical conditions (95 atm) leads to a significant 
decrease in the selectivity to BTX and C9+ aromatic 
hydrocarbons and, at the same time, to a twofold increase in 
the selectivity to gas cracking products. If the catalytic 
aromatization of n-butane was carried out under supercritical 
conditions in the presence of a Pd membrane, then the 
selectivity to aromatic hydrocarbons becomes higher with a 
significant improvement in the performance of catalyst, in 
particular its productivity. According to Figure 3, the overall 
productivity to aromatic products under supercritical 
conditions increases by a factor of ~6, and under supercritical 
conditions with a Pd membrane, by a factor of ~11 as 
compared to the gas phase.

Thus, the data obtained demonstrate that the use of a Pd 
membrane to remove hydrogen evolved during the aromatization 
(dehydrocyclization) of n-butane in combination with 
supercritical conditions for n-butane can significantly increase, 
by an order of magnitude, the productivity of the aromatization 
process, as well as the stability of the catalyst compared to the 
gas-phase process.
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Figure  3  Productivity to the BTX and C9+ aromatic hydrocarbons during 
n-butane aromatization on Ga/H-ZSM-5 in the absence and presence of a Pd 
membrane at 530 °C and a pressure of 1 (GHSV = 400 h–1) and 95 atm 
(GHSV = 7300 h–1).
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