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ABSTRACT

In this work, the effects of the plasma chemistry of an argon microwave (2.45
GHz) discharge at reduced pressure on the conversion of three different alkanes (n-
pentane, n-hexane and n-heptane) have been studied. Optical emission spectroscopy has
been used for identifying the species generated in the plasma and for estimating its gas
temperature. Gas chromatography, mass spectrometry, X-ray diffraction and FTIR
spectroscopy have been employed for identifying and analyzing all the compounds
present as reaction products. Microwave power and hydrocarbon flow rate have been
found critically to affect both conversion and selectivity. The main gas products have
been hydrogen and ethylene. At low powers (100-150 W) the conversion to hydrogen
has been quite selective. However, at high powers (>300 W) or slow hydrocarbon flow
rate ethylene has resulted to be the major product. In most cases, an important fraction
of a carbon deposit has been obtained which has been characterized as an amorphous
hydrogenated carbon film. Some plausible mechanisms explaining the formation of the

main reaction products have been discussed.
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1. Introduction

Hydrogen is nowadays widely used in the chemical industry as a raw material
(i.e., ammonia synthesis, refining, etc.) and is becoming more and more popular due to
its application in fuel cells. Concerning hydrogen production, it should be clearly
distinguished between mobile and stationary applications since one of the main
drawbacks of hydrogen is its difficult storage. Hydrogen can be produced from
hydrocarbons by a variety of processes, such as partial oxidation with air, steam
reforming, CO; reforming, and pyrolysis [1-4]. Methane is commonly selected as the
hydrogen source by steam reforming on nickel catalysts.

Pyrolysis, often also called thermolysis or direct decarbonization, consists in the
dissociation of the hydrocarbon to hydrogen and carbon in the absence of an oxidizer
(air, water, etc.), thus avoiding the emission of CO and CO; [5]. These by-products
would impose additional purification steps for hydrogen in order to fulfill some of its
end-use applications [6]. In particular, for its application in fuel cell, hydrogen must be
of a high purity. Additionally, it would reduce the amount of CO> emitted from fossil
fuels, so decreasing the needs for its capture or sequestration. Moreover, the carbon
produced would be free of sulfur and ash and could be used in a variety of applications
or stored in an environmentally safer manner than CO;. The hydrocarbon
decomposition processes can be catalytic or non-catalytic [7,8]. Among the catalysts,
nickel is the most common because it provides the highest activity.

In the last years, the use of plasmas in hydrocarbon reforming applications for
different purposes (such as growth of carbon nanotubes, deposition of diamond-like
carbon films, conversion of methane into more valuable hydrocarbons, or hydrogen
production) has northerly increased. Plasma offers an interesting means for producing

active species (electrons, ions, free radicals, metastable species or photons) that allows



synthesizing chemicals with high activation energy. Thus, the employ of plasma
reactors for the production of H; is very attractive, even for on-board applications [9-
13]. They have several important advantages, such as their high conversion efficiencies
and their possibilities to operate with a broad range of fuels, including higher
hydrocarbons [14-18], alcohols [19], ethers [20,21] or biomass [22].

Different types of plasmas have been used for the transformation of
hydrocarbons. Glow discharges at atmospheric pressures were successfully used by
Nozaki et al. in the growth of carbon nanotubes [23]. Dielectric-barrier discharges have
been employed in deposition of amorphous hydrogenated-carbon thin films [24],
conversion of methane into more useful chemicals including synthesis gas, gaseous and
liquid hydrocarbons and oxygenates [25-28], and in conversion of natural gas to Cz
hydrocarbons [29]. A maximum hydrogen yield of 4 mol of hydrogen per mol of
hydrocarbon has been reported in the auto-thermal reforming of isooctane by combining
a dielectric barrier discharge on the surface of bimetallic catalysts [16]. Pulsed corona
plasmas were used by Zhu et al. [30] to study methane conversion and Sobacchi et al.
[31] used them (followed by a catalytic system) for the partial oxidation based
reforming of isooctane at atmospheric pressure. Corona discharges have been also
resulted to be effective to produce synthesis gas from methane and air together with C»
hydrocarbons and carbon oxides [32] as well as C> hydrocarbons by oxidative coupling
of methane [33]. Kéning et al. [34] and loffe et al. [35] have studied the dissociation of
methane in capacitively coupled RF plasmas, and Chiang and Hon have utilized positive
direct current (DC) plasmas of methane-hydrogen for diamond deposition [36]. A
hydrogen-rich gas can be produced by using a non-thermal gliding arc reactor to convert
gasoline under auto-thermal or steam reforming conditions for automotive applications

[18]. A periodic pulsed spark discharge has been used for direct conversion of methane



to acetylene or syngas by Kado et al. [37]. Finally, both DC arc and low current
plasmatron fuel converters have been used to convert natural gas, gasoline and diesel
fuel into a hydrogen-rich gas under partial oxidation conditions [10,11,14]. The
application of the plasma catalysis technique, which integrates plasma and thermal
catalysis, in hydrocarbon reforming for hydrogen production has been recently reviewed
[38].

Microwave induced plasmas (MIPs) have been also employed with similar
purposes. Suib and Zerger [39] have study the conversion of methane to higher
hydrocarbons by using MIPs. Heintze and Magureanu have investigated the conversion
of methane to aromatic hydrocarbons [40] as well as to acetylene [41,42] in a pulsed
microwave plasma at atmospheric pressure. Hatano et al. [43] have also claimed the
selective conversion of methane to acetylene. loffle et al. [44] and Kovacs and Deam
[45] used MIPs for decomposing methane over carbon. Several authors have employed
microwave plasma reactors for hydrogen production by steam reforming [46] or by dry
reforming without additives [47,48]. Microwave discharges have been used for the
steam reforming of hexane to produce syngas [49]. However, this process requires the
subsequent transformation of CO into CO> with H2O with the simultaneous production
of Hz by means of a water-gas shift reaction.

Against other plasmas, in microwave discharges the plasma is not in direct
contact with the electrodes which prevents their erosion and the subsequent plasma
contamination. Surface Wave Sustained Discharges (SWDs) generated in dielectric
tubes are a special kind of MIPs with numerous and interesting features [50]: they can
be generated under a broad range of frequency, using different support gases (argon,
helium, xenon, nitrogen,...), at different pressure conditions (from few mtorr to several

atmospheres), and employing tubes of different shapes (cylindrical or flat) and sizes.



The electromagnetic field that sustains a SWD column is provided by a travelling
surface wave linked to the plasma-dielectric interface. This surface wave gradually
transmits energy as it propagates throughout the discharge (energy that is partially
employed to excite, to ionize and/or to dissociate the different species and molecules
existing in the support gas) what provokes a progressively decay of the electron density
and temperature (and so of the number of active species) along the plasma column. This
feature could be very useful because allows to adapt the design of plasma reactor in
order to optimize the results of the application needed, capability that does not have
other kind of MIPs, such as those generated at resonant cavities or microwave plasma
torches, in which the microwave power is absorbed more uniformly within the whole
plasma volume [51].

Often, a surplus of naphtha in the refineries exceeding the needs for its
incorporation to the gasoline blend is used for the production of certain hydrocarbons,
particularly ethylene, as well as hydrogen. Ethylene is a very useful bulk chemical. It is
the organic compound of higher production by virtue of its use as a raw material for the
synthesis of very important chemicals, such as polyethylene, ethylene glycol, ethanol or
styrene. In fact, more than 70% of the ethylene is currently produced from naphtha.
Hydrogen is widely used in refinery for numerous processes (hydrodesulfurization,
hydrocracking, hydrogenation, etc.) and is produced in two steps from naphtha, the first
one involving its prereforming to hydrogen and methane, and the second consisting in
methane to hydrogen conversion via steam reforming. Herein, the transformation of
several paraffins in a microwave SWD plasma reactor is reported. In the present work,
n-pentane, n-hexane and n-heptane have been chosen as model hydrocarbons of light
naphtha. Optical Emission Spectroscopy (OES) techniques have been used in order to

gain into the knowledge of the hydrocarbon cleavage process inside the plasma. In the



last years, the employ of optical emission spectroscopy in the plasma process control
technology is getting more and more concern. OES is a non-invasive technique (does
not affect the plasma) that offers the possibility of observing the plasma in real-time,
and whose implementation in the experimental set-up is very simple, since only requires
a diagnostic port providing a line-of-sight through the plasma. On the other hand, the
combination of OES techniques with GC and mass spectrometry has permitted to get a
better understanding of the chemical processes that take place in the post-discharge
leading to the production of hydrogen and other hydrocarbons as well as to the

deposition of carbon films.

2. Experimental Set-up

2.1. Plasma Reactor design

Figure 1 shows the experimental set-up used for the generation of the plasma. A
surfaguide device [52] was used to couple the energy coming from a SAIREM GMP 20
KED microwave (2.45 GHz) generator (with a maximun startionary power of 2 kW in
continous-wave mode) to the support gas (argon with a purity > 99.995 %) within a
quartz reactor tube of 12 and 16 mm of inner and outer diameter, respectively. In this
work the microwave power ranged from 100 to 500 W levels and a vacuum pump was
used to maintain a pressure of about 10 Pa inside the tube. Surface Wave Sustained
Discharges of different dimensions were obtained when different amounts of microwave
power were injected into the plasma. The movable plunger and stubs permitted the
impedance matching so that the best energy coupling could be achieved, making the
power reflected back to the generator (P,) negligible (< 5%). Argon flow rate was set at

100 ml min™', and was adjusted with a calibrated mass flow controller.



Three different paraffins were introduced into the plasma reactor: n-pentane, n-
hexane and n-heptane. The hydrocarbon introduction system consisted in a liquid and a
gas mass flow controllers connected to a controlled evaporator mixer (Bronkhorst) and
took place at the end part of the plasma column. Argon was used as carrier at 25 ml min
1

The identification and the analysis of the reaction products were carried out by
using a gas chromatograph (Varian 450, equipped with both FID and TCD detectors)
and a quadrupole mass spectrometer (OmniStar from Pfeiffer Vacuum) connected on
line to the reactor tube. The separation of all compounds was accomplished in a CP-
Porabond U capillary column (25 m X 0.32 mm i.d.) with an oven program of 50 to 150
°C at 4 °C min'!.

Carbon powders were characterized by X-ray on a Siemens D 5000
diffractometer using Cu Ko radiation as well as by FTIR spectroscopy on a Perkin
Elmer FT-IR Spectrum 100 instrument. The hydrogen content was estimated by FTIR
applying a multivariate analysis.

The results obtained from the reaction of the paraffins were expressed as
follows:

Paraffin conversion = [Fo(n-paraffin) — F(n-paraffin)] / Fo(n-paraffin) x 100

where Fo(n-paraffin) and F(n-paraffin), both in mol h'!, denote the flow rates of the
paraffin in the feed and the product gas, respectively, and

Production rate = F(product)

where F(product) indicates the flow rate of each compound in the product gas (in mol h°
"but g h! for carbon). Finally, the selectivities to products were defined as follows:

Product selectivity = F(product) / [Fo(n-paraffin) — F(n-paraffin)] x 100



2.2. Optical measurements

Light emission from the plasma was analyzed by employing an AvaSpec
Multichannel Fiber Optic Spectrometer, configured with three 75 mm focal length
spectrometer (Czerny-Turner type) channels, all consisting of 2048 pixel CCD
detectors, holographic diffraction gratings of 1200 grooves/mm, and 10 um slit widths
(spectral resolution in 0.1-0.2 nm range). The wavelength ranges for every channel were
300-450 nm, 450-670 nm and 670-850 nm, respectively. Emission from the plasma was
side-on collected at different axial position of the plasma column through three optical
fibers every one connected to their corresponding spectrometer channel.

Spectra recorded permitted us both to gain knowledge into the different species
existing in the plasma and to estimate the plasma gas temperature from the theoretical
simulations of CH (4300 A system) and CN (violet system at 388 nm) spectra and their
comparisons to the experimental ones [53,54]. For this purpose, LIFBASE software

developed by Luque and Crosley [55] was employed.

3. Results and discussion

3.1. General observations

The introduction of a hydrocarbon (n-pentane, n-hexane, and n-heptane) into the
argon SWD had three effects clearly observable: i) the length reduction of the plasma
column, ii) the colour change of the light emitted by the plasma and iii) the deposition
of carbon films under some experimental conditions.

Theoretically it can be expected that the introduction of molecules (in general)
into a pure argon plasma would provoke important changes in its microscopic kinetics

because, among others, the energy transfer from electrons to heavy particles (very poor



in argon pure plasmas as a consequence of the big mass difference between electron and
argon atoms or ions) could improve due to electron induced vibrational excitation of
molecular species. Moreover, the usual ionization/excitation mechanisms of argon
atoms will be altered because part of the energy available in the plasma is employed in
the processes of dissociation/excitation of molecules.

Upon the introduction of hydrocarbons, the spectra emitted by the plasma were
dominated by new molecular bands (what provoked the colour change observed)
originated from diatomic species formed inside the plasma. A similar result has been
also observed by Timmermans et al. [56] upon introduction of H2O, N2 or CO; in argon

SWDs sustained both at atmopheric and reduced pressures.

3.2. OES analysis
3.2.1. Plasma species

Figure 2 shows the optical emission spectra characteristic of the argon-hexane
plasmas studied when microwave powers of 100 and 400 W were injected. They
exhibited a relatively strong emission of lines of the Ar I system (corresponding to
radiative deexcitation of 4p and 4p’ levels), of H I system (Ho, Hp and Hy), and of the
molecular bands of NH (3360 A system, A’IT — X> £ ") and CN (violet system, B2Z —
X%%), and a moderate emission of OH (3060 A system, A3t — X?II), N2 (second
positive system, C°IT,— B’Ily), CH (4300 A system, A’A — X°II) and C, (Swan
system, A’I1,— X°I1,) molecular bands. Atomic carbon lines were not detected in any
case. Table 1 summarizes the band heads identified for each molecular band detected
and their spectroscopic characteristics. Spectra with similar aspect were detected when
experimental conditions were changed (kind of hydrocarbon introduced, microwave

power injected or the plasma position considered).



The existence in the spectra of emissions corresponding to species containing
nitrogen (N2, NH, CN) can be understood taking into account that N> was present as
pollutant at trace level in the argon main gas. The existence of OH impurities inside the
plasma was provoked by the plasma-etching of the tube walls.

The presence of N, (C°Il,) states in the plasma can be ascribed to excitation
transfer from argon metastables (E ~ 11.5 — 11.8 eV) towards ground state of molecular
nitrogen (E ~ 11.1 eV) [57-59].

Ar™ + Na (X'Z,1) = A% + N2 (C°Iy) (1)

Emissions from N> (CsIl,) are enhanced by reaction (1) which results in an
enhancement of the emission of N> second positive system

N2 (C°Tly) — Na (B°TI) + hy (2)

At atmospheric pressure, molecular species NH and CN were likely created by

three body association type reactions
A+N+S—> AN +S )
where A (H or C) and N were associated in the presence of a spectator, S.

At reduced pressures, it can be expected the rate of reactions (3) being rather low
and inadequate to explain AN molecule formation. Timmermans et al. [56] proposed
reactions

A + N (+ wall) > AN" (+ wall) 4)
The formation of NH molecules could be a channel of hydrogen level depopulation.

The green C (Swan) emission proceeded from the radiative decay of A%, level
towards ground state XTI,

C2 (A’Ily) — C2 (X°Iy) + hv @)
The low excitation energy for Cz (A’Il,) states (2.40 eV) made ground state C, could

easily be repeatedly excited towards this level likely by electron impact:



C: (XIIy) + € (2.40 eV) — C2 (A’II,) + € (6)
At reduced pressures, three-body reaction:

C+C+X->C +X (7)
is inadequate to explain the formation of species C: and the strong Swan system
detected, because its rate is rather low.

The C, (A1) states could be created out of single carbon atoms in a two--
particle reaction at the wall quartz tube:
C + C (+ wall) > C; (+ wall) (8)
This mechanism has been also proposed by Timmermans et al. [56] for Ar + CO>
plasmas at low pressure.
Emission of CH (4300 A system) corresponded to radiative transitions from AA
levels (3 eV) to the ground state XI1. The presence of methylidyne radical CH inside
the plasma can be related to the hydrocarbon dissociation process that was taking place,

as will be explained in following sections.

3.2.2. Gas temperatures

By using LIFBASE software, the rotational temperature was determined from
theoretical simulations best reproducing profiles of CN and CH experimental spectra.
Figure 3 shows the axial evolution of rotational temperatures obtained from CH and CN
spectra for the different hydrocarbons injected into the plasma under different
experimental conditions of hydrocarbon flow rate. In all the cases studied, the value of
rotational temperature measured from CH spectra was of about 1250 K, regardless of
the paraffin length or the hydrocarbon flow rate. The values of rotational temperatures

obtained from CN spectra were someone higher (around 1400 K), although they showed



the same axial tendency than the previous ones. This small difference is not significant,
because it is included within the error range made in the calculations.

In all the cases, rotational temperatures showed a slight tendency to increase
with the amount of hydrocarbon injected into the discharge, which is consistent with the
thesis that molecule injection improves the energy transfer from electrons to heavy
particles.

On the other hand, Figure 4 depicts the rotational temperatures measured from
CH and CN rotational spectra when the microwave power injected into the plasma was
changed. The values of the gas temperature increased with the microwave power which
indicated that the transfer of energy towards heavy particles, inside this plasma in which

molecules had been introduced, had improved as predicted previously.

3.3. Transformation of light paraffins

The decomposition of light paraffins, i.e. n-pentane, n-hexane and n-heptane,
inside the microwave plasma reactor led to lower hydrocarbons, from Cl to C4,
hydrogen and a carbon deposit as a result of pyrolysis reactions. In general, the main
hydrocarbon products were methane and particularly a C2 fraction consisting of
ethylene and acetylene as well as C3 and C4 hydrocarbons, most of them unsaturated
(Figure 5).

The conversion of n-pentane at applied microwave powers from 100 to 450 W is
depicted in Figure 6. As can be observed, the conversion increased with the power,
being practically constant (ca. 60-65%) above 300 W. At low discharge powers (100-
200 W), n-pentane was predominantly transformed into hydrogen and carbon, whereas
above 250 W the main product was ethylene (Figure 7). Due to the importance of

ethylene in the current petrochemical industry, these results might represent a promising



alternative process to produce it since SWDs are relatively easy to scale-up [51, 60]. In
general, the yields to other compounds followed the order: Hz > acetylene > C4 > C3 >
methane. Nevertheless, the amount of hydrogen obtained at any power was comparable
and in fact at 150 W it could be produced from n-pentane at moderate conversion (ca.
35%) with a high selectivity. Acetylene was not a major product in contrast to the
results obtained by other authors in the study of the microwave plasma methane
conversion to higher hydrocarbons [39].

Similarly, n-hexane and n-heptane were also transformed in the plasma reactor
giving rise to conversions close to 80% at the higher powers (Figure 6). Powers above
200 W produced ethylene as the main reaction product (Figure 7). In these cases, the
distribution of products followed the order: H> > C4 > acetylene > C3 > methane. The
amounts of hydrogen obtained were comparable for all hydrocarbons probably because
of the analogous H/C ratio of the three paraffins. Prieto et al. [15] obtained hydrogen
and ethylene as the major compounds in the non-continuous reforming of heavy oils by
using a plate-plate plasma reactor which generated a spark discharge. They found that
the selectivity toward both compounds decreased with increasing input power, whereas
that to methane and Cs+ hydrocarbons increased.

At a slower hydrocarbon flow rate, n-hexane was also converted to the same
compounds as shown in Figure 7. However, in this case the percentage conversion was
usually higher (Figure 6) and the major product was always ethylene.

At low powers, the decomposition of the light paraffins was quite selective
towards hydrogen besides the corresponding carbon film deposited on the reactor walls
(Figure 8). According to (9), hydrogen could be theoretically obtained in a ca. 16% at
the most for the three paraffins. The carbon deposit increased with the power as

conversion did (Figure 9). Clearly, at a slower hydrocarbon flow the weight of carbon



generated by decomposition decreased as a result of both the lower mass flow fed to the
plasma and the higher ethylene selectivity.

These results could be explained according to the following reaction in the
plasma:

CiHoniz —» nC + (2n+2)H )
if all C-H and C-C bonds were cleaved through collisions with high energy species in
the plasma. Afterwards, carbon and hydrogen atoms would recombine in the post-
discharge yielding a carbon film and hydrogen. However, it is rather unlikely that the
mechanism of full decomposition expressed by reaction (9) would take place because it
would not explain the higher selectivity to ethylene at increased microwave powers. On
the contrary, the dehydrogenation of the paraffins would better explain the major
formation of hydrogen and carbon at low powers:

CiHupi2 > H+ CHot > H+ CGHw — ... GHi ... > H+ G, (10)
As power increased, the production of ethylene was greatly enhanced, becoming
the main reaction product. Ethylene could be formed by several routes. A carbocationic
mechanism by reaction of the hydrocarbon with Ar* should be discarded since the
product distribution can not be explained by B-scission [61]. Therefore, a free radical
mechanism might be proposed. Firstly, it would be expected that the paraffin would
crack through collisions with electrons or other excited species in the plasma. Thus, the
cleavage of C-C and C-H bonds in the hydrocarbon would result in several radicals:
CiHonze > a CiHy [x=2ton, y=0to 2n+2)]+ b CH3 +cCH2+dCH+e C+fH (11)
Hydrogen in the post-discharge seems to come from the coupling of H radicals from the
plasma since there is a linear relationship between the intensity of the Hp emission line
measured and the Hz production rate (Figure 10). This is a very interesting result from

the point of view of the utility of OES techniques, because the H» production in the



reactor could be controlled by means of the emission intensity measurement of the Hp
line in the plasma.

C1 species could be subsequently dehydrogenated according to the following

equations:
CH; —» CH; + H (12)
CH, -» CH + H (13)
CH - C+H (14)

and finally by successive reactions, some CxHy species would also give CH, radicals
(with z=0, 1, 2 or 3). However, the formation of methane could be tentatively proposed
by hydrogenation of C1 radicals according to:

CH, + 4z)H — CHs (15)
Although the only C1 radical detected in the plasma by OES was CH, the intensity of
the band head of CH (4300 A system) measured at 431.42 nm correlated quite well with
the methane production rate (Figure 10). This relationship has been also found by
Chiang et al. [36] and Fantz [62] in plasmas containing methane.

Also, all C2 compounds could be easily formed by coupling of C1 radicals:

CH; + CH; — CyHs (16)
CH; + CH, —» C:Hq4 (17
CH + CH —» CH» (18)

However, according to the product distribution, the process described by equation (17),
which accounts for the production of ethylene, should prevail. This could be tentatively
explained by two reasons: a) the existence of more methylene than methyl groups in all
the paraffins studied; and b) the differences in the enthalpies of formation of free
radicals and so their stabilities which follow the order: CHs >> CH> > CH [63]. On the

other hand, equation (18) would explain the formation of acetylene. Ethane was absent



in the reaction mixture and so if the process (16) would have taken place, this
compound should have been quantitatively dehydrogenated to ethylene, as described by
equation (19):

CHs —» CHs + H» (19)
The selective conversion of ethane to ethylene in microwave plasmas has been
previously described [39]. Moreover, the dehydrogenation of ethylene to acetylene
requires more energy than that of ethane to ethylene. This could explain the high
ethylene to acetylene ratio in all hydrocarbon transformations studied in this work.

When comparing the reaction of n-hexane at two different flow rates, it was
observed that at a slower hydrocarbon flow rate the selectivity towards ethylene
increased whereas that to hydrogen decreased (Figure 8). This fact supports the
mechanisms previously proposed because now the same power is applied to a lesser
number of molecules, thus favouring reaction (11) more than reaction (10). Also, the
acetylene to ethylene ratio was higher for this reaction at low powers, thus indicating a
more intense dehydrogenation via reactions (13) and (20):

C:Hs — CoHz + Hp (20)

Higher hydrocarbons, particularly C3 and C4 compounds, could be generated
either by coupling of free radicals formed by equations (11)-(14) or by incomplete
cleavage of the parent hydrocarbons by scission of only some of their C-C bonds via
CxHy species generated by equation (11).

The emission of the C, (Swan system), species which necessarily comes from
the cleavage of C-C and C-H bonds in the parent hydrocarbon, is a good indicator of the
extension of the reaction process. The C> (Swan system) represents an optical signature
of the C-C bond carriers in the plasma [64]. As can be seen in Figure 11, the intensity of

C> band head at 512.93 nm correlated quite well with the production rates of the carbon-



containing reaction products, i.e. ethylene and carbon deposits. This result agrees with
those obtained by Fantz [62] and Chiang and Hon [36], concerning the correlation
between the C> (Swan system) radiation and C; particle densities which are formed by
the dissociation of C2Hy species.

The differences in the reaction mechanisms at lower and higher powers, i.e. the
preferential cleavage of C-H or C-C and C-H bonds, respectively, are also supported by
the relative emission intensity of the Hp line and Cz band head at 512.93 nm (Figure 2).
Thus, the Hpg to C2 (512.93 nm) intensity ratio was much higher at 100 W (1.9) than at

400 W (0.8).

3.4. Carbon deposits

Just after introducing the feed (n-pentane, n-hexane or n-heptane) in the
microwave plasma reactor, a carbon film was deposited on the wall of the quartz tube,
although a great part was blown off. XRD patterns of the carbon powders exhibited a
low-intensity wide peak centered at ca. 20= 27°, which can be assigned to the don2
difraction of the hexagonal-rhombohedral graphite. No peaks associated to (111), (220)
and (311) cubic diamond planes at 26= 43.8°, 75.4°, and 91.0°, respectively, were seen
in the spectrum. Application of the Scherrer equation to the carbon samples obtained
from the reactions of n-pentane, n-hexane and n-heptane revealed an average crystallite
size of 12, 14 and 18 A, respectively.

FTIR analysis provided a hydrogen content of ca. 36 at% for the carbon films
deposited on the reactor tube, in the range of other carbon films reported previously
[65,66]. Deconvolution of the C-H stretching bands in the IR spectra of the carbon
powders allowed to estimate the sp’/sp? ratio [67,68]. Thus, the carbon samples

comprised about 90% of tetrahedrally coordinated carbon (sp?), and about 10% of three-



fold coordinated carbon (sp?). This form of carbon containing a significant fraction of
sp’> bonds and a considerable content in hydrogen is usually named amorphous
hydrogenated carbon (a-C:H) and has attracted a great interest due to its mechanical,
thermal, and electronic properties, many of which are inbetween those of graphite and

diamond [69,70].

4. Conclusions

Surface wave sustained discharges generated in a quartz tubular reactor have
been proven to be effective in converting light paraffins, more specifically n-pentane, n-
hexane and n-heptane. According to the present study, it can be concluded that:
a) As revealed by OES, when the paraffins are introduced in the argon plasma, the main
species generated are H, C> and CH radicals besides argon excited atoms (including
argon metastables) as well as nitrogen-containing species. Theoretical simulations from
CH and CN bands allow to calculate the rotational temperatures which, depending on
the microwave power conditions, range from 800 to 1250 K.
b) The overall conversion depends on the applied power and the hydrocarbon flow rate.
In some cases, it can be higher than 80%. Regardless of the reacting paraffin, the main
products are methane, acetylene and C3 and C4 hydrocarbons but particularly hydrogen
and ethylene, both of a great interest for the petrochemical industry. In most cases, a
carbon film deposits on the reactor tube.
c¢) Both microwave power and hydrocarbon flow rate have a marked influence on the
selectivity to hydrogen or ethylene. At low powers (100-150 W) the reaction is quite
selective towards hydrogen whereas at high powers (>300 W) ethylene can be obtained

with selectivities close to 60% at conversions above 70%. A slower flow rate of the



paraffin increases the selectivity to ethylene close to 80%. Interestingly, unlike the
results reported by other authors in the transformation of methane, whose coupling leads
particularly to acetylene, the most useful ethylene is mainly produced from light
paraffins in argon SWDs.
d) Under certain experimental conditions, the transformation of the paraffins produces a
carbon deposit which consists of an amorphous hydrogenated carbon film with a high
sp> coordinated carbon proportion. These materials have potential applications in many
areas.
e) OES measurements and product distribution analysis suggest that the mechanism of
the reaction proceeds by the cleavage of C-H bonds at low powers and that of C-H and
C-C bonds at high powers and the subsequent coupling of the radicals formed. Several
factors such as the probability to generate different radicals, their stabilities and the
energies involved in all reactions might explain the high selectivity to either hydrogen
or ethylene under certain conditions.

Finally, the present study reveals the great perspectives of the SWDs for the
transformation of hydrocarbons and for tailoring the selectivity to different products as
required. Many other variables can be modified and so these results can be further

improved in the near future.
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Table and figure captions

Table 1. Spectroscopic features of diatomic species observed by OES in the plasma.

Figure 1. Schematic representation of the microwave reactor system.

Figure 2. Optical emission spectra of the argon-hexane plasmas at microwave powers of

100 and 400 W.

Figure 3. Rotational temperatures obtained from theoretical simulations with LIFBASE
of CH and CN spectra for the different hydrocarbons fed into the plasma (in position 0)

at different flow rates.

Figure 4. Rotational temperatures obtained from theoretical simulations with LIFBASE
of CH and CN spectra for n-hexane fed into the plasma (2.35-102 mol h! in position 0)

at different microwave powers.

Figure 5. Typical chromatogram showing the reaction products after introducing n-
hexane into the plasma. Both insets depict the analysis of several products by mass

spectrometry.

Figure 6. Overall conversion as a function of microwave power for different paraffins

and flow rates.



Figure 7. Product distribution as a function of microwave power for different paraffins

and flow rates.

Figure 8. Selectivity to different reaction products [left: ethylene; right: hydrogen (solid
line) and acetylene (dashed line)] as a function of microwave power for different

paraffins and flow rates.

Figure 9. Carbon deposition rates as a function of microwave power for different

paraffins and flow rates.

Figure 10. Intensity of the Hp emission line vs. H> production rate (black line) and

intensity of the CH emission line vs. CH4 production rate (red line).

Figure 11. Intensity of the C> Swan system vs. production rate of ethylene (black line)

or carbon (red line).
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Table 1 - Spectroscopic features of diatomic species

observed by OES in the plasma.

Species i (nm) Band head Transition v,y
OH 308.90 A’ = X1 0,0
NH 336.01 AT - X7E” 0,0
N, 315.93 Gly > B o 1,0
337.13 Glly - B H, 0,0
353.67 c’m, — B* I, 1,2
357.69 c’nm, — B’ 11, 0,1
CN 386.19 BZS — X%z 9.2
387.14 B’S - X’% 1,1
388.34 B’S - X*3 0,0
421.60 BZE — X%% 0y
CH 431.42 A%A — XTI 0,0
o 469.76 ATl — X1, 3,2
471.52 ACTT, > X, 2
473.71 ATl XTI, 1,0
512.93 Pl T 1,1
516.52 A’TI, — X*10, 0,0
550.19 ATl — X710, 3,4
554.07 AT, — X, 2,3
558.55 AT — X, 1.7
563.55 A’ — XM, 0,1
600.49 A’y — XM, 3,5
605.97 AT, — XM, 2,4
612.21 AT, — XM, 1,3

619.12 AP, — X710, (2]
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