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Abstract An integrated plasma-Li/MgO system is efficient for the oxidative conversion

of hexane. In comparison to the Li/MgO catalytic system, it brings considerable

improvements in the yields of light olefins (C2
=–C5

=) at relatively low temperatures indi-

cating synergy from combination of plasma and catalyst. The study on the influence of

temperature on the performance of the integrated plasma-Li/MgO system shows domi-

nancy of plasma chemistry at the lower temperature (500�C), while contribution from the

catalyst both in hexane activation and in enhancing olefin formation becomes significant at

the higher temperature (600�C). At 500�C significant amount of acetylene formation is

observed. This is minimized at 600�C at oxygen depleting conditions.

Keywords Barrier discharge � Plasma � Hexane � Oxygen � Oxidative conversion �
Olefins � Oxicracking � Li/MgO

Introduction

Catalytic oxidative cracking of naphtha is conceptually a potential alternative process to

steam cracking. Both the presence of oxygen and catalyst are beneficial for facilitating

cracking reactions at lower temperatures. Reactions in presence of oxygen are exothermic,

thus internally provide heat for endothermic cracking reactions (C–C, C–H bond cleavage).

Presence of catalyst stimulates C–C, C–H bond scission in the alkane and induces cracking

at lower temperatures than in the homogeneous phase. The development of an efficient

oxidation catalyst that minimizes combustion, however, remains a challenge. Recent

studies on oxidic catalysts with no facile red-ox properties have shown tremendous
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increase in olefin yields [1, 2]. Among these is the Li/MgO catalyst, which has been

extensively studied in literature for the oxidative conversion of alkanes; oxidative coupling

of methane [3, 4] and oxidative dehydrogenation/cracking of ethane [5, 6], propane and

butane [7–11]. Unlike in the case of oxidic catalysts with red-ox properties [12], sequential

combustion of olefins over Li/MgO occurs to a minimal extent, resulting in an olefin

selectivity which is almost invariant with the alkane conversion levels. Recently, we [13]

reported on the performance of Li/MgO catalyst for the oxidative conversion/cracking of

hexane. The catalyst showed very good selectivity to C2–C4 olefins (60 mol %) at a

temperature as low as 575�C, which is much lower than temperatures used in steam

crackers (T C 800�C). Similar to what is reported in literature and our earlier studies for

oxidative conversion of lower alkanes (methane [3], ethane [4–6, 12], propane [6–11] and

butane [7]), we proposed hexane activation via the [Li?O-] sites of Li/MgO abstracting

H•. The hexyl radical formed then undergoes complex radical chemistry in gas phase in

presence of molecular oxygen, forming the product mixture of C1–C5 products, including

olefins, paraffins and combustion (COx) products.

Li/MgO has no cations with variable valency and unlike catalysts with red-ox properties

(Mn2?,3?, Co2?,3?), has lower oxidation activity. This results in relatively low hexane

conversions during the oxidative cracking of hexane [13]. Kinetic results from the oxi-

dative conversion of alkanes over the Li/MgO show that C–H bond splitting is the rate

limiting step in these reactions [9]. Even in the presence of strong H• abstractor, e.g.,

[Li?O-], high temperatures C550�C are still required to induce this step.

In an attempt to enhance the H• abstraction in the alkane, we recently investigated the

oxidative conversion of propane [14, 15], ethane and methane [14] at ambient conditions in

presence of plasma in a micro-reactor both in presence and absence of Li/MgO catalyst.

Indeed, in these experiments plasma induced alkane activation and alkyl radicals were

formed at ambient conditions as result of electron impact collisions caused by plasma. In

the case of propane plasma experiments, higher conversions were observed in the presence

of Li/MgO catalyst as compared to empty micro-reactor. This is due to enhanced plasma

efficiency as result of increase in permittivity of the system, leading to increase in electron

density, hence electron impact collisions [15]. The presence of Li/MgO catalyst also

resulted in enhanced selectivity to propylene. Propyl radicals, generated from propane via

activation by plasma, interact with the [Li?O-] sites of the catalyst, where the latter

abstracts a second hydrogen atom from the propyl radical forming propylene [15].

Recently, we [16] investigated the oxidative conversion of hexane in a plasma reactor in

the temperature range 400–600�C. Similar to lower alkanes, the application of plasma

induced hexane and oxygen conversion at temperatures as low as 400�C. At the lower

temperatures (400, 500�C) coupling of formed radicals was observed leading to formation

of C6
? hydrocarbons. However, at the higher temperature (600�C) cracking and lower

olefins (C2
=–C4

=) formation became more significant. Optimum olefins yields were observed

at 8% of oxygen in the feed, as increasing oxygen concentrations above this resulted in the

formation of combustion products.

Although application of non-thermal plasma (plasma at ambient conditions) is more

commonly reported, integrated plasma-catalytic systems at elevated temperatures,

so-called plasma/catalysis have also been of continuous interest, especially for decom-

position of hydrocarbons [17, 18]. In particular, decomposition of methane to hydrogen

and carbon has been investigated [19, 20]. Nozaki et al. [20], investigated steam reforming

of methane using plasma with a Ni/SiO2 catalyst. A strong synergistic effect and hence

significant improvement in the methane conversion was observed at 400�C. Similarly, the

292 Plasma Chem Plasma Process (2011) 31:291–306

123



presence of catalyst downstream to plasma, during the oxidative conversion of methane

[21], improved selectivities to ethylene.

In analogy to such systems, in the present work the performance of an integrated

plasma-Li/MgO system for the oxidative conversion of hexane is reported. Our objective is

to further enhance the yields of olefins, compared to those achieved in the plasma reactor in

the absence of the catalyst. The influence of plasma on the selectivities to various products

in relation to the chemistry on the surface; i.e., the role of Li/MgO catalyst in hexane

activation and controlling olefin formation, is discussed.

Experimental

Materials and Methods

Commercially available Mg(OCH3)2 solution in methanol (Aldrich, 6-8wt% in methanol),

CH3OH (Merck), LiNO3 (Aldrich, assay C99.99%) were used for preparation of Li/MgO

catalysts. Sol–gel synthesized Li/MgO catalyst used in this study was prepared according

to the method described earlier by us [10].

BET surface area of the catalyst was determined with nitrogen physisorption using a

Micro-metrics Tristar instrument. The samples were out-gassed in vacuum at 250�C for

24 h prior to the analysis. BET surface area of the catalyst was 82 m2/g. The elemental

composition of the catalyst was determined with atomic absorption spectroscopy (AAS). Li

content in the catalyst was 0.86 wt%.

Catalytic Measurements

Measurements with the integrated plasma-Li/MgO system were carried out at atmospheric

pressure and isothermal conditions in a fixed-bed reactor [16]. A quartz reactor of 4 mm

internal diameter was used. The reactor was equipped with an internal stainless steel wire

(ID 1.5 mm) as high voltage electrode and an external aluminum foil as ground electrode.

Plasma was generated between the high voltage wire electrode and the grounded aluminum

foil around the quartz tube using 6 kV peak AC voltage. The power supply had an output

of 10 Watts maximum. The power absorbed by the plasma was calculated to be *3 W

(180 J/min). This was evaluated using the corresponding V-Q Lessajous figures, obtained

using an oscilloscope [19]. Light emission from the discharge was collected through a

collimating lens placed at a 90o angle to the outside of the reactor. An optical fiber was

used to transmit the light to an optical emission spectrometer (HR 4000, Ocean Optics).The

HR 4000 spectrometer was responsive from 200 to 1,100 nm with a resolution of 0.04 nm.

Catalyst or quartz particles (300–500 mg depending on the experiment) were packed

between two quartz-wool plugs in the quartz reactor according to configuration in Fig. 1a.

For gas phase non-catalytic reactions, an empty reactor according to configurations in

Fig. 1b, c were used. A different reactor configuration with Li/MgO downstream to plasma

(Fig. 1d) was as well investigated. Powder catalyst was pressed, crushed and sieved to

particle size range of 0.4–0.6 mm before use. Reactions were studied at both 500 and

600�C. The reactor was heated using an electrical furnace. The temperature of the furnace

was controlled by a thermocouple placed outside the reactor tube within the isothermal

zone of the tubular furnace. Total gas feed of 100 ml/min was used. This consisted of

10 mol% of hexane vapor, 8 mol% of oxygen and balance helium. Before each catalytic

test, the catalyst was pretreated in 50%O2/He (60 ml/min) for 1 h at a temperature of
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650�C. For analysis of the product mixture two online micro GCs were utilized. The

experimental setup used for catalyst testing and analysis details are described in [13].

Hexane conversions were calculated on carbon mol basis; i.e., (C6
in moles–C6

out moles)/

C6
in moles 9 100%. The carbon balance closed between 100 and 110%. Selectivity to

individual products was also calculated based on the number of moles of carbon contained

in the products.

Fig. 1 Reactor configurations used; Plasma applied to Li/MgO (P_Li/MgO) or quartz (P_Quartz) (a),
plasma applied to empty reactor (P_ER) (b, c), and Li/MgO downstream to plasma zone (PB_Li/MgO) (d)
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Results and Discussion

Figure 2 shows hexane conversions from the oxidative conversion of hexane both at 500

and 600�C, (1) in an empty reactor in the absence and presence of plasma and (2) with

Li/MgO catalyst without plasma. Gas phase activation of hexane in the empty reactor and

in absence of plasma, occurs via thermal cleavage of C–C and C–H bonds leading to

radical formation and/or via collision of hexane with oxygen molecules forming hexyl

(C6H13
• ) and HO2

• radicals. The latter act as the main chain propagators in the gas phase

radical chemistry [13, 16]. At both temperatures hexane conversions in the empty reactor

were almost negligible. The introduction of the catalyst however, resulted in a considerable

improvement in hexane conversions. Significantly, the application of plasma enhanced

hexane conversions at both temperatures.

Thus, results of hexane conversions in Fig. 2 elucidate the significant influence of both

Li/MgO catalyst and plasma on hexane activation. Temperature has also a clear effect on

hexane conversions but was more significant in the case of the Li/MgO catalyst. Details of

the oxidative conversion of hexane in the presence of both (1) plasma and (2) Li/MgO

catalyst at 500 and 600�C are presented in sections below.

Oxidative Conversion of Hexane in the Presence of Plasma

During the oxidative conversion of hexane, we previously showed that the role of plasma

was to induce both hexane and oxygen conversions via electron impact excitations.

The average electron energy for the ‘hexane ? oxygen ? helium’ system, solving the

Boltzmann distribution [16], was calculated to be 4.3 eV. This is sufficient to induce C–C

(bond energy 3.17 eV) and C–H (bond energy 3.97 eV) bond scission in the hexane, and

the fraction of electrons with higher energy can also cause dissociation of molecular

oxygen (*6 eV). The dramatic improvement observed [16] in hexane conversions with

the introduction of oxygen in the system, confirmed the existence of new routes for hexane

Fig. 2 Hexane conversions (1) in an empty reactor, (2) with Li/MgO and (3) in a plasma reactor. Oxygen
conversions (mol%): At 500�C; 4 (ER), 56 (Li/MgO), 71 (P_ER) and at 600�C; 10 (ER), 100 (Li/MgO),
100 mol% (P_ER). Reaction conditions: 100 ml/min, 10% hexane, 8% oxygen and balance helium. WHSV
(weight hourly space velocity) = 3.08 h-1
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conversion, involving gas phase activation of oxygen by plasma. Calculation of the frac-

tional energy dissipated in the electron impact processes leading to vibrational excitation,

ionization and dissociation of both hexane and oxygen molecules showed that dissociation

of these molecules is a more significant pathway [16]. Thus, in the presence of plasma the

following hexane dissociation routes were proposed (2) C–C, C–H bond scission by

electron-impact excitation of hexane molecules (1–4) and (3) C–H bond scission by col-

lision of hexane molecules with O(3P) oxygen atoms (5) formed from electron impact

excitations of molecular oxygen (6–7). Moreover, we showed previously [16], the reaction

of molecular oxygen with hexyl radicals forming HOO• radicals (8). HOO• radicals act as

the main chain propagators and increase the radical concentration during oxidative

conversion.

C6H14 þ e� ! C6H�13 þ H� þ e� ð1Þ

C6H14 þ e� ! C5H�11 þ CH�3 þ e� ð2Þ

C6H14 þ e� ! C4H�9 þ C2H�5 þ e� ð3Þ

C6H14 þ e� ! C3H�7 þ C3H�7 þ e� ð4Þ

C6H14 þ O 3P
� �

! C6H�13 þ OH� ð5Þ

O2 þ e� ! 2O 3P
� �

þ e� ð6Þ

O2 þ e� ! O 3P
� �

þ O 1D
� �

þ e� ð7Þ

O2 þ C6H�13 ! C6H12 þ HOO� ð8Þ

Optical emission spectrum of a C6H14–He mixture in plasma (Fig. 3) confirms the

influence of plasma on hexane activation. Features of the electronic excitation of the CH•

radical corresponding to the A2D?X2p transition at 431.15 nm and bands corresponding

to H• radicals (656.05 nm) (Ha, Balmer series) and helium (587.61 and 667.78 nm) were

observed. The existence of CH and H bands in the optical emission spectrum of C6H14-He

mixture indicate the decomposition of hexane in plasma via C–H and C–C bond cleavage.

CH• radicals in the presence of plasma are generally formed, as proposed in literature by

Kado et al. [22], through the extensive dehydrogenation of methyl radicals via multiple

electron impact excitations (9–10) and/or from the coupling of atomic C and H radical (11)

formed through extensive dissociation of methane (12).

Fig. 3 Optical emission
spectrum for a gas mixture of
10% hexane in helium in the
presence of plasma at 3 W and at
ambient conditions. The HR 4000
spectrometer was responsive
from 200 to 1,100 nm with a
resolution of 0.04 nm
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CH�3 þ e� ! CH�2 þ H� þ e� ð9Þ

CH�2 þ e� ! CH� þ H� þ e� ð10Þ

Cþ H� ! CH� ð11Þ

CH4 þ e� ! Cþ 4H� þ e� ð12Þ
CH• radicals further follow predominantly two reactions; (1) Dimerization of CH•

radicals lead to formation of C2H2, and (2) reaction with oxygen lead to CO2. Experiments

studying the influence of oxygen concentrations during oxidative conversion of hexane in

the plasma reactor [16], showed dramatic decrease in C2H2 formation with addition of

oxygen in the feed. Since carbon balance in our experiments were relatively good (±10%)

and experiments were carried out in the presence of oxygen, it is less likely that CH• is

converted to coke. It is essential to note that gas phase radical chemistry is very complex

and CH• radicals can also possibly follow various other reaction routes.

Figure 4 presents the selectivities to various products obtained from oxidative con-

version of hexane in the plasma empty reactor. Temperature has a clear influence on the

product distribution. At 500�C, significant formation of C6
? products was observed. These

products were not precisely identified at molecular level due to limitation of the micro

GCs, but their presence indicates the coupling of the C1–C5 radicals subsequent to their

formation from dissociation of hexane (13). At 600�C, however, the formation of less C6
?

products and more C3–C5 olefins was observed. This indicates that at this temperature

coupling reactions of C1–C5 radicals occur to a lesser extent. C–C bond formation is

exothermic hence favored at the lower temperatures. In agreement, during the oxidative

conversion of methane, ethane and propane in a plasma-micro reactor [14, 15], coupling

reactions and formation of hydrocarbons with carbon numbers higher than the feed were

observed at lower temperatures.

CxH�2xþ1 þ CyH�2yþ1 ! CnH2nþ2 x; y ¼ 1� 5; n ¼ � 6 ð13Þ
At 500�C, significant formation of acetylene and ethylene and lower amounts of C3–C5

olefins was observed (Fig. 4), i.e., (C2H2 ? C2H4) [ (C3
=–C5

=). Acetylene formation is

Fig. 4 Effect of temperature on the product distribution of oxidative conversion of hexane in the presence
of plasma. Hexane conversions: 29 mol% (500�C) and 31 mol% (600�C). Reaction conditions: 100 ml/min,
10% hexane, 8% oxygen and balance helium
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strong evidence of plasma chemistry. Two routes for formation of acetylene have been

proposed in literature [16, 20]. In addition to dimerization of CH• radicals discussed above,

acetylene is also formed through the extensive dehydrogenation of ethane (14).

C2H6 ! C2H4 ! C2H2 ð14Þ
At 600�C, however, a higher ratio of (C3

=–C5
=)/(C2H2?C2H4) was observed than at

500�C. This indicates that at this temperature the reaction of C1–C5 radicals with molecular

oxygen to olefins is more favored (15).

CnH�2nþ1 þ O2 ! CnH2n þ HOO� n ¼ 1� 5 ð15Þ

Oxidative conversion of hexane over Li/MgO catalyst

In the case of Li/MgO catalyst, [Li?O-] defect sites are responsible for catalytic activity

[3, 4, 8–11]. Oxidative conversion of hexane, thus, involves hexane activation via

homolytic scission of C–H bond on the [Li?O-] sites, forming a hexyl radical (16) [13].

C6H14 þ LiþO� ! C6H�13 þ LiþOH� ð16Þ

Figure 5 shows the product distribution obtained from the oxidative conversion of

hexane over Li/MgO catalyst at 500 and 600�C. At 500�C Li/MgO catalyst showed high

selectivity to combustion products (75 mol %) and only 21 mol% of total olefins (C2
=–C5

=).

In the oxidative conversion of lower alkanes/alkenes over MgO, the interaction of

hydrocarbons with O2- sites of MgO forming surface alkoxides as precursors for COx, has

been reported by Aika and Lunsford [23, 24]. Similarly, in the oxidative conversion of

hexane over Li/MgO, the high selectivity to combustion products, especially at the low

temperature (500�C), has been shown by us [13] to be due to the adsorption of the

intermediate radicals on O2- sites of MgO, and their consecutive transformation to COx via

molecular oxygen. At the higher temperature (600�C), however, cracking and olefin for-

mation were more favored (62 mol% of C2
=–C5

= and 28 mol% of COx). This is due to the

high temperatures favoring desorption of radicals formed by hydrogen abstraction, and

limiting reaction with surface oxygen for alkoxide formation.

Unlike in the presence of plasma, C2H2 or C6
? products were not observed here. Both at

500 and 600�C selectivities to C3–C5 olefins were higher than those to C2H4 (C3
=–C5

= [ C2
=)

Fig. 5 Effect of temperature on the product distribution of oxidative conversion of hexane over Li/MgO
catalyst. Hexane conversions: 7 mol% (500�C) and 31 mol% (600�C). Reaction conditions: 100 ml/min,
10% hexane, 8% oxygen and balance helium. WHSV = 3.08 h-1
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which is an indication of role for Li/MgO in cracking and olefin distribution, as homo-

geneous cracking would yield higher amounts of ethylene than higher olefins (C3
=–C5

=). In

the oxidative conversion of hexane over Li/MgO, we proposed, based on experimental

results [13] and similar to propositions by Sinev [25], the preference of the [O-] sites

of Li/MgO for hydrogen abstraction from a secondary carbon atom in hexane. This

increases the probability of formation of iso-hexyl radicals. b-scission of iso-hexyl radicals

yields preferentially more of C3–C5 olefins than ethylene.

Oxidative conversion of hexane in the situations discussed so far i.e., (1) in the presence

of plasma without catalyst and (2) in the presence of Li/MgO catalyst without plasma,

however, yields even at the higher temperature (600�C) limited C2–C5 olefins

(*18 mol%) due to formation of COx (*28 mol%). [Li?O-] sites have a strong affinity

for H• abstraction, and since presence of plasma (1) enhances formation of hydrocarbon

radicals and (2) abstraction of H• from a hydrocarbon radical leads to olefins, combination

of plasma with Li/MgO may be useful. In an attempt to further increase olefin yields, i.e.,

enhance both hexane conversions and selectivities to total olefins (C2
=–C5

=), the integrated

plasma-Li/MgO system is studied for the oxidative conversion of hexane.

Integrated plasma-Li/MgO for the oxidative conversion of hexane

Figure 6 presents hexane conversions in the absence of plasma with Li/MgO catalyst

(Li/MgO), and in the presence of plasma in each of the following systems: (1) an empty

reactor (P_ER), (2) a reactor packed with catalyst particles (P_Li/MgO) and (3) a reactor

packed with quartz inert particles (P_Quartz). Results of experiments with quartz inert

particles were included mainly for comparison.

At 500�C the integrated plasma-Li/MgO system resulted in higher hexane conversions

than the cumulative conversions achieved with plasma and Li/MgO separately, showing

synergy. This effect was not observed at 600�C, due to depletion of oxygen (O2 conver-

sion = 100%) from reaction stream limiting hexane conversions.

Fig. 6 Hexane conversions with the systems; (1) Li/MgO, (2) P_ER, (3) P_Li/MgO, and (4) P_Quartz.
Oxygen conversions (mol %): At 500�C; 56 (Li/MgO), 71 (P_ER), 75 (P_Li/MgO), and 68 (P_Quartz) and
at 600�C; 100 (Li/MgO), 100 (P_ER), 100 (P_Li/MgO) and 97 (P_Quartz). Reaction conditions: 100 ml/
min, 10% hexane, 8% oxygen and balance helium. WHSV = 3.08 h-1
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In order to explain the influence observed we will discuss two propositions: (1) Firstly,

it concerns the presence of new [O-] defect sites on the surface of Li/MgO catalyst created

by UV light generated from plasma. Knozinger and co-workers [26], reported, using EPR

studies, that monochromatic UV irradiation of MgO particles at 5.4 eV (230 nm) and

4.6 eV (270 nm) leads to the ionization of low-coordinated surface oxygen anions (OLC
2 )-

in MgO, forming a localized surface hole state [O-] and a surface-trapped electron.

Moreover, they reported [27], that such surface species are as well formed from the

polychromatic (200–900 nm) irradiation of MgO with low energy photons (3.9–1.5 eV)

resulting in a different dynamics of hole and electron center signals compared to those

induced with monochromatic irradiation (282 nm). Thus, based on studies by Knozinger

and co-workers [26, 27], we propose that in our helium–oxygen-hexane system, UV light

(400–700 nm) generated by plasma, as observed in the optical emission spectrum (Fig. 3),

leads to the ionization of the low-coordinated surface oxygen anions (OLC
2 )- in MgO,

forming a localized surface hole state [O-] and a surface-trapped electron (17).

O2�
LC þ hv! O�LC þ e� ð17Þ

These [O-] defect sites created by the plasma, similar to the [Li?O-] sites, can also

enhance H• abstraction from hexane forming hexyl radicals. (2) Secondly, we explain the

synergistic effect by the accelerated gas phase radical chemistry due to the higher per-

mittivity of Li/MgO (dielectric constant of MgO = 9.7 [28]) in comparison to that of

plasma (dielectric constant of plasma \1 [29]) in the empty reactor. The relative permit-

tivity of a dielectric barrier can strongly determine the amount of charge that can be stored

for a certain value of applied electric field [30]. The higher the number of charges

transferred, the higher is the number of electron impact excitations of hexane molecules

[31]. The presence of Li/MgO particles would also, additionally, influence the strength of

the electric field. Kang et al. [32] studied the influence of the ferroelectric pellets on the

discharge characteristics of dielectric barrier discharges (DBD). They reported that the

presence of ferroelectric pellets in plasma can create a non-uniform stronger electric field.

This effect created by the packing material, can result in an increase in the average electron

energy. Consequently, the number of electron impact dissociations of hexane molecules

increases resulting in improved hexane conversions.

Table 1 shows the influence of plasma on the selectivities to various products during the

oxidative conversion of hexane over the Li/MgO catalyst. At both temperatures, applica-

tion of plasma improved the product distribution resulting in a considerable increase in the

formation of total olefins (C2
=–C5

=) and a decrease in formation of COx. In accordance to our

earlier suggestions of alkoxides as precursors to combustion [13], it is possible that in the

P_Li/MgO system, the presence of new [O-] defect sites created from the photo-excitation

Table 1 Selectivity to various
products with Li/MgO in the
absence and the presence of
plasma

Reaction conditions: 100 ml/min,
10% hexane, 8% oxygen and
balance helium.
WHSV = 3.08 h-1

Li/MgO P_Li/MgO Li/MgO P_Li/MgO

T (�C) 500 600

Selectivity (mol%)

COx 75.0 30.5 28.4 19.0

C1�–C5� 0.8 5.1 9.3 16.9

C2H2 – 16.7 – 0.4

C2
=–C5

= 21.2 43.9 62.3 63.7

C6
? 3.0 3.8 – –
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of the O2- sites of MgO, minimizes the unselective interaction of radicals with the latter

for alkoxide formation, thus minimizing combustion.

Results discussed above indicate that combination of plasma and Li/MgO catalyst

during the oxidative conversion of hexane is advantageous resulting in significantly higher

hexane conversions and higher selectivities to olefins. However, it is crucial to investigate

the contribution of the catalyst surface in both hexane activation and olefin formation when

plasma chemistry is occurring.

At 500�C, the similarity in hexane conversions with both the catalyst and quartz systems

(Fig. 6) indicates less significant contribution from the catalyst in hexane conversion at this

temperature. The higher conversions achieved with the presence of a dielectric material

(Li/MgO catalyst and quartz inert) compared to the plasma reactor (P_ER), is thus due to

accelerated gas phase chemistry as result of increase in both permittivity and electron

energy with the introduction of the packing material. However, at 600�C, hexane con-

version from the P_Li/MgO was significantly higher than that from P_Quartz system. This

indicates that at this temperature there is more contribution from the catalytic defect sites

([O-]) in hexane activation.

Figure 7 presents the product distribution from the oxidative conversion of hexane at

500�C in the systems: (1) plasma empty reactor (P_ER), (2) plasma- Li/MgO (P_Li/MgO)

and (3) plasma-quartz inert (P_Quartz). Compared to both P_ER and P_Quartz systems,

P_Li/MgO resulted in less formation of C6
? products, and more of combustion products.

This is mainly explained, as discussed earlier, by the unselective interaction of interme-

diate radicals with the O2- sites of MgO, enhancing combustion and minimizing coupling

reactions. Both the catalyst and quartz systems resulted in significantly higher C2H2 for-

mation than the empty reactor. It is reported by Kado et al. [22] that extent of C2H2

formation depends on the concentration of CH radicals; thus depends on the extent of

dissociation and dehydrogenation reactions via electron impacts. In agreement, the high

selectivities to C2H2 observed for both catalyst and quartz systems are due to the increase

in extent of electron impact excitations as result of increase in permittivity and electron

energy with the introduction of the packing material.

The olefin distribution, i.e., (C2H2 ? C2H4) [ (C3
=-C5

=) for the above three systems

(Fig. 7) strongly suggests that at this temperature plasma chemistry is more dominant.

Fig. 7 Product distribution of oxidative conversion of hexane at 500�C, with (1) P_ER (2) P_Quartz and (3)
P_Li/MgO systems. Reaction conditions: 100 ml/min, 10% hexane, 8% oxygen and balance helium.
WHSV = 3.08 h-1
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Further, to gain insight on the contribution of Li/MgO catalyst in hexane activation and in

controlling olefin formation, a different reactor configuration with Li/MgO downstream to

plasma (Fig. 1.d) was investigated and compared to gas phase non-catalytic reactions in an

empty reactor as in Fig. 1c. Results of experiments with this reactor configuration at 500�C

(Table 2) confirm the low contribution of the catalyst in hexane activation and in olefin

formation. At this temperature the catalyst downstream to plasma (PB_Li/MgO) showed

slightly lower hexane conversion due to quenching and similar selectivity to C2-C5 olefins,

compared to the plasma reactor in absence of the catalyst (P_ER) (Fig. 1c). Thus, at 500�C,

plasma chemistry is more dominant, where hexane activation in gas phase via electron

impact excitations and collisions with O(3P) atoms (1–7) is a more significant pathway.

Figure 8 presents the product distribution at 600�C of the three systems: (1) plasma

empty reactor (P_ER), (2) plasma- Li/MgO (P_Li/MgO) and (3) plasma-quartz inert

(P_Quartz). Similar as in P_ER, acetylene formation in the P_Li/MgO system was minimal

mainly due to complete oxygen consumption (O2 conversion = 100%). In the quartz

system, as oxygen was not completely consumed (O2 conversion = 97 mol %), C2H2

formation was still observed. We speculate that in oxygen depleting conditions, hence in

absence of HO2
• chain propagators, CH• radicals act as the main chain propagators and

react further with intermediate radicals enhancing olefin formation.

Table 2 Influence of catalyst
downstream to plasma zone

Reaction conditions: 100 ml/min,
10% hexane, 8% oxygen and
balance helium.
WHSV = 5.1 h-1, T = 500�C

P_ER PB_Li/MgO

Conversion (mol%)

C6H14 23.2 20.3

O2 72.1 92.3

Selectivity (mol%)

COx 20.0 54.7

C1
o–C5

o 2.3 3.6

C2H2 5.3 10.5

C2
=–C5

= 30.1 31.2

C6
? 42.3 –

Fig. 8 Product distribution of oxidative conversion of hexane at 600�C, with (1) P_ER, (2) P_Quartz and
(3) P_Li/MgO systems. Reaction conditions: 100 ml/min, 10% hexane, 8% oxygen and balance helium.
WHSV = 3.08 h-1
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Generally at this temperature more of C3–C5 olefins than ethylene was observed with all

the systems, i.e., (C3
=–C5

=) [ C2H4. The P_Li/MgO system, however, resulted in consid-

erably higher formation of C3-C5 olefins (38 mol%) than P_ER (32 mol%) and P_Quartz

systems (30 mol%). This indicates the role of the Li/MgO in enhancing C3–C5 olefin

formation.

Further, experiments with Li/MgO downstream to plasma (PB_Li/MgO) at 600�C

(Table 3) showed higher hexane conversion and significantly higher C2–C5 olefins

(64 mol%) than with the P_ER (48 mol%). The higher selectivity to olefins suggests

consecutive interaction of alkyl radicals formed in the plasma with the active sites of

Li/MgO, abstracting a second hydrogen atom from the alkyl radical forming an olefin.

Thus at 600�C, even in presence of plasma, the surface chemistry of Li/MgO becomes

significant; i.e., (1) hexane activation via the [Li?O-] defect sites, forming iso-hexyl

radicals, which through b-scission yield C3-C5 olefins, and (2) consecutive interaction of

intermediate radicals with the [O-] defect sites of the catalyst leading to more olefin

formation. A simplified mechanism for hexane cracking via [O-] sites of Li/MgO at 600�C

is illustrated in scheme 1.

Optimal Reactor Configuration for the Oxidative Conversion of Hexane

The integrated plasma-Li/MgO system is the optimal reactor configuration with the highest

yields of C2–C5 olefins, as shown in Fig. 9. The introduction of the catalyst in the plasma

system results in an increase in both electron density and energy; thus the number of

electron impact excitations increases, leading to improved hexane conversions. Moreover,

UV light from plasma creates new [O-] defect sites on the catalyst surface, enhancing

activity and minimizing combustion reactions.

Scheme 1 Mechanism of
hexane cracking via [O-] sites of
Li/MgO at 600�C

Table 3 Influence of catalyst
downstream to plasma zone

Reaction conditions: 100 ml/min,
10% hexane, 8% oxygen and
balance helium.
WHSV = 5.1 h-1, T = 600�C

P_ER PB_Li/MgO

Conversion (mol%)

C6H14 30.5 38.0

O2 99.4 99.3

Selectivity (mol%)

COx 27.8 26.1

C1
o–C5

o 7.2 8.1

C2H2 1.3 1.0

C2
=–C5

= 48.2 64.8

C6
? 15.6 –
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In order to explore the potential for industrial application of the integrated plasma-

Li/MgO system, an estimation of the energy efficiency of the system was attempted.

Table 4 shows a qualitative estimate of the energy efficiency of the integrated plasma-

Li/MgO system. The amount of the energy absorbed by plasma (180 J/min) was compared

to the amount of energy needed for dissociation of the C–H bond in the converted hexane

(54 J/min). Results indicate that only 30% of energy absorbed by plasma is utilized for

hexane conversion. Inefficient utilization of plasma energy, thus, strongly suggests that

further improvement in the energy efficiency of the system is required.

Conclusion

Application of both plasma and Li/MgO catalyst in oxidative conversion of hexane results

in considerable improvements both in hexane conversions and selectivities to light olefins

(C2
=–C5

=) at a relatively low temperatures of 500–600�C. The yields of olefins achieved with

the integrated plasma-Li/MgO-catalyst are considerably higher than those achieved with

Li/MgO in absence of plasma or in plasma reactor in absence of catalyst.

The combination of plasma and catalyst results in synergy. (1) Presence of plasma

creates new [O-] defect sites in the catalyst. These enhance hexane activation and

moreover minimize the unselective interaction of radicals with O2- sites of MgO resulting

in alkoxide formation, hence minimize combustion. (2) The presence of the Li/MgO

catalyst in the plasma reactor, results in an increase in both electron-density and -energy,

leading to enhanced electron impact dissociations of hexane and oxygen molecules.

Fig. 9 Yields of C2–C5 olefins with different reactor configurations. Reaction conditions: 100 ml/min, 10%
hexane, 8% oxygen and balance helium. T = 600�C

Table 4 Estimated energy for integrated plasma-Li/MgO

BDE, 2ndary
C–H (KJ/mol)

Hexane converted
(mol/min)

Energy needed
(J/min)

Energy absorbed
by plasma (J/min)

Energy loss (%)

394 1.38E-04 54 180 70
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In the integrated plasma-Li/MgO system hexane activation takes place via three main

routes; (1) C–H bond scission via the [O-] defect sites originally present as [Li?O-] as

well as created via photo-excitation of O2- sites of MgO, (2) C–C, C–H bond scission by

electron-impact excitation of hexane molecule with electrons, and (3) C–H bond scission

by O(3P) oxygen atoms formed from collisions of oxygen molecules with electrons.

Temperature influences the performance of the integrated plasma-Li/MgO system,

as illustrated by the differences in the product distribution at both temperatures. At

500�C, significant formation of acetylene and ethylene and low formation of the high

olefins (C3
=–C5

=) was observed. It is proposed that at this temperature plasma chemistry is

more dominant. Acetylene formation is a characteristic of plasma chemistry, and can be

formed via dimerization of CH species formed in the presence of plasma and through the

extensive dehydrogenation of ethane.

At 600�C, the reaction of intermediate radicals with oxygen to from olefins, is more

favored, hence more formation of the high olefins was observed, i.e., (C3
=–C5

=) [ C2H4. At

this temperature the contribution of Li/MgO catalyst in hexane activation and enhancing

olefin formation becomes more significant. The absence of acetylene at this temperature

together with oxygen depletion, suggest that oxygen depleting conditions are required to

minimize acetylene formation.

Despite the significant improvements achieved with the application of plasma in the

yields of C2–C5 olefins, the integrated plasma-Li/MgO system still can not compete with

the conventional cracking processes, due to the low energy efficiency.
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