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Abstract

The direct excitation of CO, using fast (nanosecond) and ultrafast (femtosecond) pulsed lasers was investigated. A gas reaction cell was
used to excite CO; in a 50 : 50 mixture of CO; and CH4 using nano- and femtosecond laser systems, to induce a reaction between these
two compounds. FT-IR spectra showed that CO was formed using the nanosecond and femtosecond laser systems. It was also found that
hydrocarbons, containing C—C bonds were formed. For both the nanosecond and femtosecond laser, it was found that more C-C higher
hydrocarbons were formed after 5 h compared to 3 h of irradiation. Irradiation at pressures of 250, 350 and 500 kPa with the femtosecond laser
system showed the expected increase in the amount of CO formed with an increase in pressure. Results from this study showed that carbon
dioxide and methane can be activated successfully using nanosecond laser pulses at 2000 nm and femtosecond laser pulses at 795 or 2000 nm
and that these activated species react to form CO and C-C containing products.
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1. Introduction

One of the greatest challenges facing mankind in this cen-
tury is to find a balance between the need for energy and the
responsibility towards the environment. The two main con-
tributors to global warming are carbon dioxide (CO;) and
methane (CHy). It is imperative to obtain a better understand-
ing of the chemical characteristics of these molecules and to
develop new technologies for use of these gasses emitted by
industries [1].

Interest in the conversion of CO; and CHy to higher value
compounds exists. The aim of this investigation is to use fast
and ultra-fast laser pulses to excite CO;, and thereby try to
induce a reaction between carbon dioxide and methane. As
these compounds do not readily react with each other, at-
tempts at enhancing the reaction between carbon dioxide and
methane had been made in the past. These attempts include
using catalysts, photo-catalysts, high temperatures and high
pressures [2—7].

In 1928, Fischer and Tropsch explored the catalytic re-
forming of CH4 and CO; to produce synthesis gas, a mixture
of carbon monoxide and hydrogen [8]. Their main objective
was to describe a route by which they could produce synthesis

gas with a ratio of H,/CO =1 [8].

Yuliati et al. [9] indicated that methane and carbon diox-
ide can be photo-catalytically converted to higher hydrocar-
bons, CO and hydrogen via mainly non-oxidative coupling
of methane (NOCM) and CO; (dry) reforming of methane
(DRM) over a Ga; O3 photo-catalyst. The NOCM process can
proceed at room temperature, but the photo-catalytic DRM
process requires both photo-energy and thermal energy.

Gondal et al. [10] used a high power laser at 355 nm to
irradiate a reaction cell containing methane and carbon diox-
ide, without using a catalyst. They observed the production
of hydrogen and higher hydrocarbons. They showed that
through laser excitation, methane molecules were converted
into methylene and methyl radicals, which could react to pro-
duce hydrocarbons. According to the HITRAN database, CO;
absorbs light in the region of 2000 nm [11]. Methane absorbs
radiation in the region of 1600 nm [11].

Laser chemistry includes the study of chemical reac-
tions on extremely short timescales, approximately 10~!3 sec-
onds (ultra-fast) in femtochemistry and 10~ seconds (fast) in
nanochemistry. Laser chemistry poses the possibility to con-
trol and induce chemical reactions otherwise difficult or im-
possible to achieve [12].
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2. Experimental

The diagnostic method employed in this study was to de-
tect the formation of CO and hydrocarbons containing C—-C
bonds within a specialized gas cell, using Fourier Transform
Infrared (FT-IR) spectroscopy of the irradiated gas samples.
A Vertex 40 FT-IR spectrometer was used and 30 scans were
used to obtain a single spectrum. A gas cell equipped with
CaF, windows to allow transmission of IR beams was built to
use as a reaction vessel and to use for FT-IR analyses of the
gas product mixtures.

2.1. Nanosecond laser system

A Powerlite 9000 Series Nd:YAG laser was used to pump
the LAMBDA PHYSIK Optical Parametric Power Oscilla-
tor (OPPO) at 355 nm, which makes use of a Barium Borate
(BBO) crystal. A frequency of 10 Hz was used in the Nd: YAG
laser system and the maximum energy per pulse was deter-
mined as 185 mJ at 355 nm. The pulse length for this Nd:YAG
laser system was measured as 3.5 nm to 3.9 nm and the pulse
duration was just below 10 ns.
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2.2. Femtosecond laser system

The femtosecond laser setup consists of an oscillator, re-
generative amplifier, pump lasers and an optical parametric
amplifier (OPA). The mode-locked Ti:Sapphire femtosecond
seed laser (Mira oscillator) emits pulses of approximately
120 fs at a repetition rate of 76 MHz. This laser is optically
pumped by a Verdi pump laser, a 5 W Nd:YVOy4 continuous
laser.

2.3. Experimental set-up

Figure 1 illustrates the experimental setup. A gas cell was
built and fitted with two CaF, windows to allow transmission
of infrared (IR) radiation. This gas cell was manufactured
to hold gas pressures up to 500 kPa. The gas cell was filled
with a 50 : 50 mass ratio of CO; and CHy up to the indicated
pressures. All the experiments were carried out at room tem-
perature of approximately 20 °C. The gas mixture was ob-
tained from AFROX South Africa and was certified as being
99.995% pure.
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Figure 1. Experimental setup for the absorption measurements

A Quartz beam splitter was used to split off approxi-
mately 8% of the laser beam, which was used as a reference
beam. The reference beam (/r) is measured by an IR Photo
diode (1.0-3.8 um). The transmitted power (/L) was mea-
sured by a power meter. The ratio I1./Ir was calculated and a
good linear correlation of 0.9887 was obtained over a wave-
length range of 1950 to 2060 nm.

3. Results and discussion

3.1. Laser excitation of COy at 150 kPa in the nanosecond
laser system

FT-IR spectroscopic analysis of the CO production during
the possible reaction between carbon dioxide and methane af-
ter irradiation at 2 ym by the nanosecond laser system for 3 h
and 5 h are shown in Figure 2. FT-IR measurements were per-
formed on the gas mixtures before and after irradiation in all
cases and the un-irradiated FT-IR spectra were used and re-
ported as the baseline from which product formation may be
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Figure 2. Infrared spectra after irradiation of a carbon dioxide and methane

(50 : 50) mixture at 2 pum for 3 and 5 h with the nanosecond laser, focusing
on the region of the C=0 FT-IR peak

indicated. The formation of CO is indicated by a C=0 IR vi-
bration peak at 2080 cm ™! [13]. This peak is due to the stretch
mode of CO while a peak at 2060 cm ™! is reported to be due
to the stretch mode of other organic CO bonds that may have
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formed [13]. Results show that CO; has been excited by the
nanosecond laser pulse at 2 ym and that it either decomposed
or reacted with CHy.

Figures 3 and 4 show peaks in the 1600 to 1500 cm™!
region of the FT-IR spectrum. These peaks represent the for-
mation of higher hydrocarbons [14]. The peaks at 1540 cm™!
in the un-irradiated cells are due to the C-H bending modes
of CH4 as well as C-C stretching vibrations [14]. The peak
height at 1540 cm~! (Figure 3) is 15% higher than the peak
observed for the un-irradiated sample, which indicates that
C—C bonds have formed during the irradiation process.

The 29% difference in peak heights between the un-
irradiated and irradiated samples after 5 h of irradiation un-
der similar conditions (Figure 4) is bigger than that in the
case of 3 h of irradiation (Figure 3), indicating an increase
in reaction products. These results showed that after nanosec-
ond laser irradiation at 2 um for 5 h, although the yields were
still small, more higher hydrocarbons were produced than af-
ter 3 h of irradiation under similar conditions of temperature
and pressure.
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Figure 3. Infrared spectra after irradiation of a carbon dioxide and methane

(50 : 50) mixture at 2 ym for 3 h with the nanosecond laser, focusing on the
region of the C-C FT-IR peak of higher hydrocarbons
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Figure 4. Infrared spectra after irradiation of a carbon dioxide and methane

(50 : 50) mixture at 2 um for 5 h with a nanosecond laser, focused on the
region of the C-C FT-IR peak of higher hydrocarbons

3.2. Femtosecond laser system
3.2.1. Laser excitation of CO; at 150 kPa

FT-IR spectroscopic analysis of CO production after irra-
diation of the gas mixture at 2 ym and 150 kPa by the fem-
tosecond laser system for 3 h and 5 h is shown in Figure 5.
FT-IR measurements were performed on the gas mixtures be-
fore and after irradiation and the un-irradiated FT-IR spectrum
was used and reported as the baseline from which product for-
mation may be indicated. These result in a unique baseline for
each set of data.

0.11

® 0Oh
A 3h

0.10 ¥ 5h i

Absorption units
f=4
=3
Nl
T T T T

V"‘
v v v
VLY
AN NN
0.08 f x
g
g e S
007 Ll v v b e

2000 2020 2040 2060 2080 2100 2120 2140
Wavenumber (cm ')
Figure 5. Infrared spectra after irradiation of a carbon dioxide and methane

(50 : 50) mixture at 2 um for 3 and 5 h with the femtosecond laser, focusing
on the region of the C=0 FT-IR peak

As indicated by the C=0 peak of CO at 2080 cm™! in
Figure 5, it is clear that CO was produced after femtosecond
irradiation at 2 ym and that the amount of CO produced in-
creased with increasing irradiation duration.

Peaks formed for higher hydrocarbons were observed in
the region of 1600 to 1500 cm™! (Figures 6 and 7) [14]. As
in the case of the nanosecond laser irradiation, the peaks
at 1540 cm~! in the un-irradiated cells are due to the C-H
bending and the C-C stretching modes. The peak height at
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Figure 6. Infrared spectra after irradiation of a carbon dioxide and methane

(50 : 50) mixture at 2 pm for 3 h with the femtosecond laser, focusing on the
region of the C-C FT-IR peak of higher hydrocarbons
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1540 cm™! (Figure 6) is higher than the peak observed for the
un-irradiated sample, which indicates that C—C bonds have
formed during the irradiation process. The C-H bending mode
peak and the C-C peaks in the spectra of the irradiated cell
overlap, but differences in the spectra and increased peak
heights indicate the formation of more C—C bonds.

The 33% difference in peak heights between the un-
irradiated and irradiated samples after 5 h of exposure (Fig-
ure 7) is bigger than that in the case of 3 h of irradiation
(Figure 6), indicating an increase in the amounts of reaction
products. These results show that after femtosecond laser ir-
radiation at 2 pym for 5 h, more hydrocarbons containing C—C
bonds were produced than after 3 h of similar irradiation.

0.20

— No excitation
" -~~~ Excitation

Absorption units

1 1 1

L L L L L L 1 L " s L L L | n s n
1500 1520 1540 1560 1580 1600

Wavenumber (cm ')

Figure 7. Infrared spectra after irradiation of a carbon dioxide and methane
(50 : 50) mixture at 2 pm for 5 h with the femtosecond laser, focusing on the
region of the C-C FT-IR peak of higher hydrocarbons

3.2.2. Laser excitation of CO; at higher pressures

The effect of the pressure in the reaction cell on the prod-
uct formation was investigated. Figure 8 gives the infrared
spectra of carbon dioxide and methane (50 : 50 mixtures) at
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Figure 8. Infrared spectra after irradiation of a carbon dioxide and methane

(50 : 50) mixture at 2 um for 5 h with a femtosecond laser, focussed on the
region of the CO FT-IR peak, at 250, 350 and 500 kPa

250, 350 and 500 kPa after irradiation at 2 um for 5 h with the
femtosecond laser system.

Figure 8 shows the increase in amount of CO formed with
an increased pressure. Using the C=0 stretching peak height
at 2080 cm™! as an indication of the amount of CO formed,
Figure 9 illustrates the increase in formation of CO with pres-
sure inside the gas cell. A linear increase in amount of CO
with pressure is observed between 250 and 500 kPa.
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Figure 9. C=0 FT-IR peak heights (as an indication of the amount of CO
formed) with increase in the pressure inside the gas cell

3.2.3. Laser excitation of CO; at 795 nm

To explore the possibility that the femtosecond laser sys-
tem induces a reaction of carbon dioxide regardless of the
wavelength at which it irradiates the femtosecond laser ex-
citation was repeated at 795 nm. The gas cell at a pressure of
500 kPa was irradiated with 70 mW and 700 mW laser pulses
at 795 nm for 5 h.

The CO peaks on the FT-IR spectra after irradiation at
795 nm and 700 mW (Figure 10) was only slightly higher than
the peak obtained at 70 mW. The results after femtosecond
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Figure 10. Infrared spectra after 70 and 700 mW irradiation of a carbon
dioxide and methane (50 : 50) mixture (500 kPa) at 795 nm for 5h with a
femtosecond laser, focussing on the region of the CO FT-IR peak
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laser pulse irradiation of the gas mixture at 500 kPa for 5 h at
2000 and 795 nm are similar.

4. Conclusions

CO, absorbs laser pulse energy at approximately 2000 nm
[12]. A gas cell was filled with a 50 : 50 mixture of CO; and
CHjy to a pressure of 150 kPa and exposed to nanosecond laser
pulses at 2000 nm for 3 and 5h. A similar mixture in the
gas cell was exposed under similar conditions to femtosecond
laser pulses of 2000 nm.

FT-IR spectra showed that CO was formed using the
nanosecond and femtosecond laser systems at a wavelength
0of 2000 nm. Some higher hydrocarbons were also formed as
indicated by the C-C stretching modes at 1540 cm™! on the
FT-IR spectra.

The results of the laser irradiation by the nanosecond and
femtosecond laser systems after 3 and 5 h indicated a slightly
higher yield of CO formed. Repeating irradiation at pressures
of 250 kPa, 350 kPa and 500 kPa with the femtosecond laser
system showed an expected increase in the amount of CO
formed as the pressure increased.

A comparison was made between irradiation at 795 nm
and 2000 nm of the femtosecond laser pulses. It was found
that the femtosecond laser system excited carbon dioxide, re-
gardless of the wavelength.

Gondal et al. [10] used a high power laser at 355 nm to
irradiate a reaction cell containing methane and carbon diox-
ide, without using a catalyst. They observed the production of
hydrogen and higher hydrocarbons through their process [10].
They proposed the following mechanism for the irradiation
process:

CH4 +nhv (UV laser) — CH; + H'
H +H — H, (Hydrogen production)
CH4 +nhv (UV laser) — CH, +H;
CH, + CH; — C,H4 (Ethane production)

C,H4 4+ CH;, — C3Hg (Higher hydrocarbons)

Through laser excitation, methane molecules are con-
verted into methylene and methyl radicals, which could re-
act to produce hydrocarbons. The mechanism proposed by
Gondal et al. [10] contributes to the explanation of the pres-
ence of C-C peaks on the FT-IR spectra that were obtained
after nanosecond and femtosecond laser pulse irradiation at
2000 nm.

Kroll et al. [2] reported that CO, would dissociate into
gaseous CO and adsorbed O on a catalytic surface. Similarly,
a reaction mechanism for the formation of CO is proposed.
Upon irradiation the CO, may dissociate into gaseous CO and
O'. The oxygen radical may further react with gases in the
cell.

COz +nhvy — O 4 CO

Results from this study show that carbon dioxide may be
excited successfully using nanosecond laser pulses at 2000 nm
and femtosecond laser pulses at 795 or 2000 nm. The excited
carbon dioxide and methane then decompose and/or react to
produce CO and hydrocarbon products containing C—C bonds.
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