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PREFACE
One of the greatest challenges facing humankind in upcoming future is the
energy. Starting with the revolution of technology in eighteenth century, energy became
one of the most important subjects in science. Fossil fuels such as coal, petroleum, and
natural gas have been the main energy resources for everything vital for human society.
However, they are not environmentally friendly and have several adverse effects such as
global warming and air pollution.
In order to solve some of these problems, alternative energy sources are required.
One of the alternatives is hydrogen gas since it is abundant enough and has no adverse
effect to the environment. However, it does not exist in its gas form, it must be produced
from the other sources.
In this project, we worked on generating hydrogen from fossil fuels and water
using nanosecond laser pulses. Since both the fossil fuels and water are abundant and
cheap, our goal was to generate hydrogen by the cheaper and simpler method. We have
been working on this project for nearly 18 months in order to obtain and analyze the
results to understand how laser affects fossil fuel in water yielding hydrogen. Outcomes
and results will be discussed in several sections. First, importance of hydrogen energy
will be introduced which will be followed by detailed information about laser-material
interactions. After that, experimental methods, results, and outcomes based on our
research will be provided. In Appendix section, supplementary information about
experimental results and instruments will be included. All of the results in this thesis is a
result of our hard work so we wish it would be valuable contribution to the state of
science.
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This study presents a simple way of obtaining hydrogen gas (H2) from various
ranks of coal, coke, and graphite using nanosecond laser pulses. Powder samples of coal
and graphite with and without water were irradiated with 1064 nm and 532 nm pulses
from an Nd: YAG laser for 45 minutes under air and argon atmospheres. It was observed
that 532 nm laser pulses were more effective than 1064 nm pulses in gas generation and
both were nonlinearly correlated with respect to the laser energy density. Mainly hydrogen
(H2) and carbon monoxide (CO) were observed. The H2 to CO ratio shows that the highest
efficiency rank was the anthracite coal, with an average ratio of 1.4 due to its high fixedcarbon content and relatively high hydrocarbon amount. Coal samples were characterized
by scanning electron microscope (SEM), Fourier transform infrared (FTIR) spectroscopy,
Thermogravimetric analyzer (TGA), and calorimeter. Graphite was used as a pure carbon
source to study the possible reactions of gas yielded during irradiation process. The
amount of H2 produced was negligible when graphite powder was exposed under the air
and argon atmospheres. On the other hand, H2 was obtained from irradiation of graphite
powder in the presence of water due to a possible carbon-water reaction. When coal
powders were irradiated under air and argon atmosphere, the amount of produced H2
increased drastically compared to graphite due to the presence of hydrocarbons in coal. In
addition, theoretical simulations by a standard finite difference method supported
experimental observations.
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CHAPTER 1
INTRODUCTION
1.1.Hydrogen
The energy crisis that is humankind is facing needs to be explained in order to
understand why alternative energy sources like hydrogen are needed. Today, most of the
energy consumed release carbon dioxide and other small particulate matters (such as dirt,
liquid droplets emitted from the cars, factories etc.) that cause air pollution and global
warming. On the other hand, fossil fuels, the most common energy source currently used,
are a finite source and there is an urgent need for alternative energy sources such as
hydrogen.

Figure 1. Illustration of hydrogen gas molecule.
Hydrogen gas is the simplest molecule consisting of two hydrogen atoms. It is a
promising alternative to replace fossil fuels based on its characteristics such as being nontoxic, high in energy, and the most abundant element on Earth, along with having no
adverse effect on the environment. One of the excitement about hydrogen is that it can be
produced directly from the water which is one of our planet’s most common substances.
Hydrogen require energy input to be produced, it is considered as an energy carrier and
1

readily can be generated from any type of energy available today [1]. The concept of
hydrogen economy is based on the future where all of our energy needs will be met by
hydrogen that is produced from renewables such as wind power or solar energy.

Figure 2. Trend toward lower carbon fuels from the past (1850) to nowadays (2000)
based on the market share percentage of energy sources [2].
Hydrogen is the ultimate goal in fuel industry to remove carbon emissions since
burning hydrogen releases nothing but water. Figure 2 shows that from the past to the
present days, emissions of carbon to hydrogen ratio decreases. In early history people used
dry wood as their energy sources which has the carbon/hydrogen ratio of roughly 10:1.
Later on the coal dominates as main energy source with even more less carbon to hydrogen
ratio (from 2:1 up to 1:1). The oil slides further down the carbon scale with 1:2 ratio on
average. And as you can guess, natural gas has even less carbon and more hydrogen than
oil (a 1:4 ratio) [3]. It can be clearly seen that humankind made a progress to reduce carbon
to hydrogen ratio, hence to reduce air pollution and global warming by reducing carbon
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emissions. However, hydrogen will be the optimum point for humanity with 0 carbon
emissions.
Energy source must be cost effective in order to be accepted and used widely in
society. The main drawback of hydrogen is that the cost is not as cheap as fossil fuels or
natural gas (yet). For comparison cost of fossil fuel is $1 per million BTU, natural gas is
$4 per million BTU which is considered as expensive in today’s energy economy.
Hydrogen gas is even more expensive to generate with about $7 per million BTU [4].
However, as today natural gas gaining on oil’s market, it is a hope that one day, hydrogen
will gain on natural gas market and the 0% carbon emission goal will be achieved.
1.2. Hydrogen Production
Hydrogen does not exist naturally on Earth in its molecular form, instead it
requires energy to be produced and must be generated from other sources such as natural
gas, coal and renewable sources with input from renewable energies such as solar light,
wind, and hydropower [5, 6]. Most hydrogen today is produced through natural gas
(and/or coal) reforming at large refineries and by coal gasification, i.e. reacting coal with
oxygen and steam under high pressures and temperatures to form synthesis gas-a mixture
consisting primarily of carbon monoxide and hydrogen. Another most known
conventional method of hydrogen production is electrolysis of water which breaks down
water in its components releasing hydrogen and oxygen. However, this method is
expensive and needs an improvement to be economically ready.
The near-term solution will be the production of hydrogen by reforming natural
gas and liquids until the cleaner processes using renewable energy become practical. In
the first step of this method, methane (CH4) reacts with steam at temperatures of about
3

800º–900ºC (1,500º–1,600ºF), accelerated by a nickel catalyst. This reforming step
produces a synthesis gas, or syngas, composed of hydrogen (typically 75%), carbon
monoxide (15%), and CO2 (10%). Then a reaction with additional steam (called the watergas shift reaction) converts the carbon monoxide to CO2 and produces more hydrogen,
which can be separated from the syngas and purified. CO2 is removed by an adsorption
process, typically pressure swing adsorption (PSA). Syngas can also be used for many
purposes including power generation and oil refining [3]. Overall, the methane steam
reforming process can be represented by:
CH4 + 2H2O → 4H2 + CO2
The other conventional method is production of hydrogen from coal. The primary
route for producing hydrogen from coal is via gasification. Rather than burning coal
directly, gasification breaks coal into its basic chemical components. The coal is exposed
to steam, along with carefully controlled amounts of air or oxygen, resulting in partial
oxidation at high temperatures and pressures. Other solid fuels such as biomass can also
be gasified [7]. In one of the early studies, direct reaction of carbon with water (which is
called the water-gas reaction) was shown and takes place at high temperatures (~1300 K)
[5].
Although these conventional hydrogen productions involve a mature technology
and market applications, the high cost and carbon monoxide pollution limits its application
[8]. Electrolysis of water does not generate air pollution (CO, CO2). However, this method
requires electrical energy to split water into hydrogen and oxygen and it is expensive if it
is not integrated with renewables.

4

Several other alternatives also present rather than these well-known conventional
methods. For instance, a photocatalytic system was reported in 1979 in which the carbon
was used as the raw material to decompose water and produce hydrogen gas at lower
temperatures. This indicates that oxygen produced on the surface of the photocatalyst has
a strong oxidizing effect on the carbon [6]. With the desire of an alternative fast and costeffective method of hydrogen production, various light sources have been utilized in the
search for a sustainable hydrogen production mechanism with low environmental impact.
Powdered photocatalysts (such as TiO2, Sr3Ti2O7, and BaTi4O9) have been used with solar
and UV light sources to produce hydrogen by decomposing water [9]. In this process, the
photon energy is converted to chemical energy accompanied by a positive change in the
Gibbs free energy [9]. Carbon was shown to assist the photocatalytic decomposition of
water on TiO2 and platinized TiO2 using an intense mercury lamp by suppressing reverse
reactions that lead to water [10].
Hydrogen generation using light sources as an energy input have been studied for
a long time now. As an example, nanodiamonds dispersed in water and subjected to pulsed
laser irradiation were found to generate hydrogen and carbon monoxide [11]. Laserinduced graphitization of nanodiamonds to “onion-like” graphitic layers and the
incorporation of various metals (e.g., Au, Pt, Pd, Ag, and Cu), have been shown to be an
effective mechanism of hydrogen generation [11]. Several other techniques of hydrogen
generation using nanosecond laser pulses have been proposed since the temperature and
pressure of the plasma during nanosecond-ablation in liquids were reported to be as high
as 4000 K and several GPa, respectively [12-14]. Green laser irradiation has been shown
to increase hydrogen production by inducing an additional field to assist conductivity in
5

the water electrolysis [13]. Recently, Akimoto et. al. showed that the amount of gas
yielded from high-grade carbon powder and Bincho-Tan charcoal powder depends
nonlinearly on the laser energy density [14]. However, the energy and wavelength
dependence of hydrogen generation amounts and concentrations from different ranks of
coal were not analyzed in detail. In this work, we use nanosecond laser to produce
hydrogen from coal and graphite.
1.3. Laser material interactions
A laser is a device that generates coherent light beam. The acronym LASER stands
for Light Amplified by Stimulated Emission of Radiation. Lasers are used in a variety of
applications in daily life. Laser effects on solids have been examined in a variety of
contexts, including laser desorption mass spectrometry, laser welding and surgery, and
laser induced melting of semiconductors [15-18]. Along with development of lasers, laser
ablation of materials was commonly used by researchers due to some intrinsic properties
of lasers namely, high monochromaticity, coherence, and directionality. Laser ablation
was first used in 1965 using ruby laser [19]. However, it was not until 1980’s that it
attracted too much attention in research laboratories.
In order to understand how the laser interaction of coal in water could generate
hydrogen, laser properties and laser-material interactions need to be examined. One of the
most important factors of pulsed laser-material interactions is the thermal and shock effect
on the surface. Lasers provide the ability to accurately deliver large amounts of energy
into confined regions of a material in order to achieve desired conditions. For instance,
laser could generate high temperature-high pressure conditions which are required for coal
gasification. The variables which control the interaction between laser and material can
6

be classified into three groups: those relating to the materials, those of the laser, and those
of the medium in which irradiation occurs [20]. Parameters that governs the laser-material
interactions will be discussed in this section.
Laser parameters such as wavelength, energy per pulse, pulse duration, beam size and
repetition rate contribute to heat and shockwave generation on target material.
The laser wavelength determines the photon energy, the shorter the wavelength
the higher the photon energy. For instance, IR photons could generate heat with material
interaction since they interact with vibration and rotational modes of the material, while
ultraviolet (UV) photons can break chemical bonds directly. It was shown that Pd
nanoparticles fabricated by a Q-switched Nd:YAG laser (1064 nm) show a perfect
spherical morphology, whereas those due to the ArF excimer laser (193 nm) undergo
fragmental shapes [21]. Absorption efficiency of an organic chemical compound was
reported in laser-irradiated plane-target experiments with various laser wavelengths (1.06,
0.53, and 0.26 μm) and was found that absorption is efficient in shorter wavelengths [22].
Pulse energy is another important parameter that determines the laser-material
interaction. For instance, most materials show linear dynamics at low energy density.
However, when energy density reaches up to certain point, the process becomes highly
nonlinear. Laser energy density was shown to determine the final crystal structure and
nitrogen content on NbN pulsed laser deposition [23]. The choice of optimal laser pulse
energy and beam size also found to be important to the microstructure and dielectric
properties of polycrystalline films [24].
The pulse length is important since it determines the high peak power intensity
results from short pulse duration. The shorter the pulse is the faster the energy being
7

distributed preventing the heat from dissipating inside the material. As a result, laser
pulses could generate high temperatures for a really short time ranges allowing material
to stay in low temperatures [25]. The ablation effect decreased with the increasing beam
diameter due to the effect of increased vaporization rate, and deeper hole was observed
for the larger pulse width due to the higher thermal ablation efficiency [26]. The effect of
laser pulse on laser percussion drilling was found that the shorter pulse width gives better
hole geometry repeatability [27].
Pulse repetition rate is the number of released pulses per second. Higher pulse
repetition rates was shown to lower the breakdown threshold of quartz glass [28]. Also,
the higher repetition rate increased ablation efficiency by decreasing ablation threshold of
paint [29]. In addition, pulse repetition rate plays an important role in pulsed laser
deposition (PLD) systems. The simulated early stage of film growth in PLD process shows
that at a lower pulse repetition rates, there is such a longer pulse interval that film layers
are given more time to grow [30].
The material properties that affect laser-material interaction are their reflectivity,
absorbance, heat capacity, and thermal conductivity. Reflectivity and absorbance are the
ability of material to store (absorb) the light energy inside. Different type of materials
have different mechanism to absorb laser energy. For instance, in insulators and
semiconductors, the absorption of laser light predominantly occurs through resonant
excitations such as transitions of valence band electrons to the conduction band (interband
transitions) or within bands (intersubband transitions) [31], while in optical absorption is
dominated by the free electrons through such mechanisms as inverse bremsstrahlung [32].
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Thermal conductivity and heat capacity are the ability to store the heat generated due to
the absorbed laser light.
In the medium, the heat generated due to the laser-material interactions (e.g. lasercoal interaction in water) may result in a lower temperature than predicted, since the part
of the heat is used to vaporize the solvent [20]. Laser-material interactions in confined
medium also could result in high pressure environments due to laser shockwave travelling
through the material. The confined ablation is the covering the target (i.e. coal) by a
transparent medium to the laser radiation (water, glass, air), slowing down the plasma
expansion. The confining medium results in two major effects on the pulse communicated
pressure to the target (Fig. 3) [33, 34]:
- An increase of ablation pressure by a factor 5 to 10 compared to direct ablation
(i.e. no medium),
- An increase of shock duration by a factor 2 to approximately 3.

Figure 3. Shock generation in direct irradiation (a) or confined interaction (b) and
associated pressure profiles (inset).
9

There are several other studies regarding the capability of nanosecond laser pulses
generating high pressures (up to several GPa) and high temperatures (up to ~3000 K) [12,
20, 35]. The reasons behind these high temperature and high-pressure conditions which
were discussed above might be several of the many explanations for hydrogen generation
by nanosecond laser irradiation of coal samples in water.
Laser ablates the sample in water in several mechanisms such as photothermal,
photochemical, hydrodynamical and exfoliational, and ultrafast laser ablation depending
on the pulse width [36, 37].
If the pulse width is longer than electron-phonon relaxation time and characteristic
time of electron heat conduction time, ablation is considered as conventional equilibrium
evaporation and thermal ablation. If pulse width is smaller than those equilibrium times,
ablation is then considered as non-thermal and it contains many physical phenomena. In
photothermal ablation, laser is absorbed by material and it heats up the lattice, which will
then melts and vaporizes the material. For metal targets, laser absorption by free electrons
takes place via an inverse Bremsstrahlung mechanism. Thermalization of these hot
electrons takes place through (i) heat transport into the bulk by thermal diffusion and (ii)
electron-phonon coupling by transferring their energy to the lattice. However, in
photochemical ablation, laser energy is directly absorbed by chemical bonds. And this
mechanism generally requires higher energy than photothermal ablation. In
hydrodynamical ablation, bulk material, particulate and droplets could be ejected due to
ablation. Laser ablation generally occurs in nanosecond range. The target material will be
ejected if the laser energy is higher than ablation threshold of the target.
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Figure 4. Mechanisms of laser-material interactions.
At low laser flux in thermal ablation, the material is heated by the absorbed laser
energy and evaporates or sublimates, whereas at high laser flux and short pulse duration,
the material is typically converted to plasma. Ablation is related to direct transmission
from solid to gaseous state without liquid phase and involves many physical phenomena
such as collisional, thermal, and electrical excitation. Laser ablation induces the
conversion of an initial electronic or vibrational photoexcitation into kinetic energy of
nuclear motion, leading to the ejection of atoms, ions, molecules, and even clusters from
a surface. It is possible to ablate material with a continuous wave laser beam if the laser
intensity is high enough. The laser absorption depth and thus the amount of material
removed by a single laser pulse depend on the material's optical properties and the laser
wavelength as discussed above. Given the laser pulse duration, one can estimate the depth
11

of heat penetration, which is the distance that heat can be transferred to during the laser
pulse D=(4αdT)1/2, where D is the depth of heat penetration α is the diffusivity of
materials, dT is the pulse duration. Conversely, one can estimate the minimum pulse
duration needed to penetrate a certain depth from the same formula [38].
The important parameters determining the effect of the laser pulse duration on the
ablation process include: the heat diffusivity of the material, velocity of sound and the
time scale for electron-electron thermalization and electron-phonon coupling, which was
shown to be on the order of ~1 picosecond [39].
In this study, we mainly focus on non-catalytic hydrogen generation from coal in
water by using nanosecond laser pulses. The mechanism was discussed above in detail
and the illustration of the experimental setup is shown in Fig. 5. In experimental
observations, 4 different ranks of coal were used which are anthracite, bituminous, lignite,
and coke. Anthracite coal was shown to be the most efficient rank of coal in terms of
H2/CO ratio due to its fixed carbon and hydrocarbon content. The possible reactions which
take place after irradiation were analyzed in detail and compared to the classic technique

Figure 5. Illustration of the hydrogen generation from coal by irradiating with
nanosecond laser pulses.
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of coal gasification, that is, the steaming of coal at high temperature (nearly 1300 K) and
high pressure (a few MPa) [40-42].
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CHAPTER 2
MATERIALS AND METHODS

Different ranks of coal, namely anthracite, bituminous, lignite and coke were used.
Coal samples were purchased from Mini Me Geology Inc. and smithing coke from
Centaur Forge LLC. Each of these coal and coke rocks were pulverized for 15 minutes by
using a Ring and Puck coal pulverizer. The particle size distribution for each rank was
investigated by Scanning Electron Microscopy (SEM) (JEOL 6510LV). The distribution
shows that the particles have mean diameters between 1-5 µm, which is much smaller
than the porous structure of coal [43]. Each of the gas generation experiments were
performed under an air atmosphere unless otherwise stated. Additionally, pure carbon
(graphite), with or without water, was also analyzed in an argon atmosphere. Component
analysis of the SEM Electron Diffraction Spectrum (EDS) (JEOL 6510LV) was
performed at the secondary electron imaging (SEI) mode at 15 kV. FTIR analysis was
performed to understand the bond structure of the coal samples. The proximate analysis
of the coke and coal samples were conducted by the Thermogravimetric analyzer
(TGA701, Leco) using method D5142 with accordance to ASTM. Energy analysis of coal
and coke powders were analyzed by the calorimeter.
In a 20 ml vial with a small magnetic stirring bar (10 mm length, 3 mm diameter),
the powder samples were dispersed in distilled water at a ratio of 30 mg: 9.5 ml. The
mixture was sonicated with ultrasonic cleaner (Branson 2510) for 5 minutes to get the
uniform powder-water mixture. Vials were sealed with aluminum seal caps and
Polytetrafluoroethylene/Silicone Septa in order to prevent any possible gas leak Vials
14

were tested for leakage under with water after injecting air with a syringe to pressurize the
vials; there was no leak even at a pressure higher than that was created from gas
generation. Then the water-coal mixture was irradiated with an unfocused beam (6 mm in
diameter) of 5 ns laser pulses from a Q-Switched Nd: YAG laser (Continuum Surelite SL
II-10) at 10 Hz frequency for 45 minutes, with magnetic stirring (Sci-Basics, MHS-800)
1500 rpm. The laser energy density was adjusted in the range of 90-700 mJ/cm2 (25-200
mJ/pulse). The mixture was irradiated with both 1064 and 532 nm laser pulses; a second
harmonic crystal (Continuum SL SHG T-2) was used in order to obtain the 532 nm laser
pulses.
Gas components generated from these irradiations were analyzed by gas
chromatography (Shimadzu GC8A with Thermal Conductivity Detector) (see the
Appendix B). To resolve the detections of H2, O2, N2, CH4 and CO, a Molecular Sieve 5A
Packed Column (Restek Corporation, USA) was used. To resolve the detections of CO2,
hydrocarbons (ethane, ethylene etc.), a Hayesep Q Packed Column (Restek Corporation,
USA) was used. In order to calibrate the gas chromatography (GC), multiple calibration
gas samples with multiple concentrations of gasses (MESA Specialty Gases and
Equipment, USA) were used. 10 µl of the gas sample from the vial was injected to GC via
a gas-tight syringe (Hamilton Company, USA). After the analysis, the remaining gas in
the vial was transferred to the water displacement method in order to measure the
generated gas volume after 45 minutes.
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CHAPTER 3
RESULTS AND DISCUSSIONS
3.1.

Characterization of the samples
Coal is classified in several ranks such as anthracite, bituminous, lignite and coke.

These ranks are classified according to the purity of the carbon content (fixed carbon) in
the coal. In this experiment, SEM-EDS was used to determine the major elemental
composition for each rank of coal that we used, as shown in Table 1.
Table 1. Atomic mass concentrations of elements in the coal and coke powder.
Elements (%)
Coal Rank
C

O

Si

Al

Ca

S

Mg

Fe

P

5.70

0.44

0.30

0.26

0.26

0.08

0.07

0.00

5.50

0.92

0.68

2.60

0.32

0.07

0.20

0.01

Bituminous 84.20 11.00

0.71

0.64

0.76

0.30

0.15

0.04

0.00

1.50

0.65

0.38

0.40

0.25

0.10

0.15

Anthracite 92.50
Coke

Lignite

89.00

71.80 24.80

Samples were prepared by spraying coal powders on carbon tape which was
attached to an aluminum stub. The analysis shows that anthracite coal has the highest
weight percentage of carbon. It is important to note that the SEM-EDS analysis shows
overall carbon weight percentage rather than the fixed carbon percentage. The fixed
carbon content of the coal is the solid combustible residue that remains after a coal particle
is heated and the volatile matter is expelled. This differs from the ultimate carbon content
of the coal because some carbon is lost in hydrocarbons with the volatiles [44]. As
expected, lignite has the lowest weight percentage of carbon since it is the lowest rank of
16

coal with the lowest fixed carbon content. On the other hand, lignite has the highest
amount of oxygen by weight. Coal is known to have a variety of inorganic matters and
trace elements some of which are present in our analysis - the Table 1. Most of the trace
elements in coal are present as oxides such as Si2O, Al2O3 and CaO [15]. SEM-EDS
analysis shows only elements in the sample separately, not as a compound, thus Al, Ca,
Si, and O can be seen from the Table 1 separate as elements.
It is essential to determine the fixed carbon content for explaining the conditions
behind the reactions which will be discussed in this section. In order to measure the fixed
carbon content, the proximate analysis of the coke and coal samples were performed.
Table 2 shows the (as-received basis) proximate analysis result for coke and coal samples
where coke has the highest fixed carbon content and lignite coal has the lowest.
Table 2. Proximate analysis results of coke and coal samples.
%

Anthracite

Bituminous

Lignite

Coke

Moisture

3.74

6.20

12.76

0.90

Ash

6.63

6.03

6.25

9.79

Volatile matter

18.54

40.80

45.56

3.86

Fixed carbon

71.09

46.97

35.43

85.45

Total

100

100

100

100

To estimate the amount of the energy stored in our sample powders, calorimetry
(Isoperibol Calorimeter Leco AC350) analysis was performed. 1 g samples were prepared
from of each coal and coke powders. The results show that anthracite coal contains 15531
BTU/lb, bituminous coal contains 12677 BTU/lb, lignite coal contains the lowest energy
17

(8135 BTU/lb), and finally, coke contains 14648 BTU/lb. These results agree with
literature results in which anthracite, bituminous and lignite have 13000-16000, 1200014000, and 6000-12000 BTU/lb gross calorific values (on a moist, mineral-matter-free
basis), with fixed carbon percentage ranges of 86-99%, 40-78%, and 35-65%, (on a dry,
mineral-matter-free basis) respectively [45]. Thus, anthracite is ranked highest due to its
calorific value and high level of fixed carbon content amongst coal samples. Coke has
more fixed carbon than anthracite, and lignite has the lowest fixed carbon content of them
all.

Figure 6. The results from FTIR analysis of coal samples.
FTIR analysis, shown in Fig. 6, illustrates that the lignite and bituminous coal
samples exhibit bands at around 2919 cm-1 which are characteristic of aliphatic sp2 and
sp3 C-H stretching vibrations. All the coal and coke samples show bands near 1415 cm-1
which are assigned to aliphatic sp C-H bending vibrations. The aromatic stretching
vibration at 1580 cm-1 can be seen in the lignite, bituminous and anthracite samples, but
not the coke sample, which is likely due to the coke being highly amorphous sponge coke.
18

Aromatic sp2 C-H bending bands were observed in all coal samples as well as the coke
sample from 700-900 cm-1. The bands in the lignite, bituminous and anthracite samples at
around 1035 cm-1 are mineral bands assigned to Si-O bending. It is known that intensities
of FTIR peaks show the concentration of the corresponding bonds [46]. The higher
intensities of hydrocarbon bond peaks in bituminous and lignite coal show the higher
amount of hydrocarbons compared to anthracite and coke.

Figure 7. Prepared coal samples (a) before irradiation, (b) before irradiation after full
precipitation in 12 hours, and (c) after irradiation full precipitation in 30 seconds.
The as-prepared coal (anthracite) samples in water are shown in Fig. 7 (a). Coal
powders take nearly 12 hours to precipitate if there is no irradiation, as shown in Fig. 7(b).
On the other hand, after irradiating sample by 270 mJ/cm2 (75 mJ/pulse) 1064 nm laser
pulses, coal powders precipitate in only about 30 seconds and clear transparent water
remains on top, as shown in Fig. 7(c).
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Figure 8. SEM images of powders before (a, b) and after (c, d) irradiating by 270
mJ/cm2 (75 mJ/pulse) 1064 nm laser with wide (a, c) and focusing (b, d) views.
Size and morphological characteristics of particles before and after irradiation
were investigated by SEM images, as shown in Fig. 8. The coal particle sizes were
distributed between 1-5 µm before irradiation, Fig. 8(a). Powder particles were clustered
after irradiation as the distribution of particles size increased up to 20 µm, Fig. 8(c). Before
irradiation, the powder particles had smooth surfaces and sharp edges (Fig. 8b), while
after being irradiated they show rough surfaces and sponge-like shapes (Fig. 8d). The
increased particle size distribution is attributed to the quick precipitation after irradiation
possibly because the weight of individual particles increases, thus difference between the
forces opposing gravity (i.e., buoyancy, viscous forces etc.), so that the weight becomes
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larger yielding faster precipitation. The particle coarsening, a thermodynamically driven
spontaneous process also called Ostwald ripening, occurs because large particles are more
energetically favorable than smaller particles. In this process, large particles, with their
lower surface area to volume ratio, results in a lower surface energy. As the system tries
to lower its overall energy, molecules on the surface of a small (energetically unfavorable)
particle will tend to detach and diffuse through the solution and then attach to the surface
of the larger particle. Therefore, the number of smaller particles continues to shrink, while
larger particles continue to grow. Ostwald ripening effect was also reported in emulsions
[47], the growth of nanoparticles and quantum dots [48, 49].

Figure 9. Laser energy density dependence of generated gas volume with irradiation at
1064 nm and 532 nm wavelength for 45 minutes from Anthracite Coal, Bituminous
Coal, Lignite Coal and Coke in water.
After the SEM analysis, the amounts of gas yield from laser irradiation of coal
powders in water were analyzed. Fig. 9 shows the dependence of generated gas volume
on laser energy after irradiation at wavelengths of 532 nm and 1064 nm for different ranks
of coal. Gas volumes of more than 0.05 mL were detectable. The minimum energy to
generate a detectable amount of gas was 180 mJ/cm2 (50 mJ/pulse) for anthracite, coke,
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and bituminous coal while the minimum energy was 350 mJ/cm2 (100 mJ/pulse) for lignite
coal when 1064 nm irradiation was used. At 532 nm irradiation, 90 mJ/cm2 (25 mJ/pulse)
was high enough to generate detectable gas volume from all of the samples in water. The
gas generated from bituminous coal-water mixture is extremely low relative to a cokewater mixture (Fig. 9), despite having nearly the same weight percentage of carbon, as
shown in Table 1. This can be related to the difference between carbon content and fixed
carbon content since the proximate analysis show that bituminous coal has less fixedcarbon content than its overall carbon amount, as discussed above. Thus, the volume of
the gas generated increases with fixed carbon content. However, further analysis showed
that the hydrocarbon content of coal also plays an important role on the hydrogen yield.
3.2.

Gas components and possible reactions
For the further investigation, the generated gases after irradiating samples with

1064 and 532 nm wavelength laser pulses in the energy densities between 90-700 mJ/cm2
(25-200 mJ/pulse) were analyzed by gas chromatography (GC) (Appendix A, Table A1A4). Table 3 shows the percentage of generated gas components (~78% nitrogen and
~21% oxygen gas already exists in air) and the remaining air after irradiating coal-water
mixture samples in an air atmosphere with 532 and 1064 nm laser pulses at 350 mJ/cm2
(100 mJ/pulse) energy.
Hydrogen and carbon monoxide were the main gases generated (~80% of the
generated gas). The ratio of hydrogen to carbon monoxide was calculated to find the
efficiency of each rank at hydrogen generation. On average, gas generated from anthracite
produced nearly 1.4 times more hydrogen than carbon monoxide, while this ratio is less
than 0.8 for other ranks. The highest ratio of hydrogen to carbon monoxide (H2/CO) while
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irradiating anthracite coal-water mixture was obtained at 350 mJ/cm2 (100 mJ/pulse) in
1064 nm irradiation, (ratio of 1.98) and at 180 mJ/cm2 (50 mJ/pulse) in 532 nm irradiation
(ratio of 2.63). Thus, the highest ratio is increased from 1.98 to 2.63 as well as the amount
and the rate of the gas, as shown in Fig. 4.
Table 3. Gas concentrations (bold) and remaining air from each rank of coal-water in air
after irradiating by 1064 nm (532 nm) laser pulses at the energy of 350 mJ/cm2.
(%)

H2

CO

CO2

CH4

C2H6

O2

N2

Anthracite

8.1(23.8)

4.1(19.7)

0.1(0.5)

0.31(1.8)

1.8 (4.6)

19.7(11.9) 67.7(43.1)

Coke

5.1(17.3)

5.7(25.8)

0.01(0.42)

0.01(0.8)

2.2 (5.1)

20.1(12.1) 69.3(44.4)

Bituminous

2.3(3.0)

2.4(4.8)

0.01(0.5)

0.2 (0.8)

0.5 (1.5)

20.5(20.1) 73.8(71.1)

Lignite

0.3(0.85)

0.4(1.8)

0.01(0.9)

0.01(0.08) 0.01 (0.4) 21.8(21.1) 76.1(75.5)

It is known that the optical absorption of the coal is higher at 532 nm compared to
1064 nm and surface temperature generated by a nanosecond laser is related to the
materials absorption coefficient, to the reflectance of the material and to the laser
wavelength [20, 50]. The increased efficiency of gas generation shown in Fig. 9 can
possibly be related to the change in temperature and an additional induced electric field
generated by green laser pulses [13]. Therefore, further analysis was carried out with 532
nm laser pulses to see the effects more clearly.
As discussed in laser-material interactions section, nanosecond laser pulses are
capable of generating high pressures (up to several GPa) and high temperatures (up to
~3000 K) [12, 20, 35]. Conventional coal gasification reactions also take place at high
temperature (from 1000 to 2200 K) and high pressures (up to 10 MPa). Thus, to explain
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the gas generation process in this experiment, the following possible coal gasification
reactions were investigated:
1. Coal → Char (C) + Coal volatiles

Initial reaction (Pyrolysis)

2. Coal volatiles + H2 → CH4 + H-C

ΔH<0 (Hydrocracking)

Coal volatiles include all gases, tar, and light gaseous hydrocarbons. Reaction 1
occurs under all conditions of gasification processes and is the first step of many coal
gasification process. The tar undergoes hydrocracking in reaction 2 and releases
methane[51]. Then, the combustion reactions take place, which are exothermic and
consume oxygen:
3. C(s) + ½O2(g) → CO(g)

ΔH= -111.4 kJ/mol (Combustion)

4. CO(g) + ½O2(g) → CO2(g)

ΔH= -283 kJ/mol (Combustion)

Reaction 3 is known as the partial oxidation reaction and the heat produced from
both combustion reactions is used in the following gasification reactions to produce
hydrogen and carbon monoxide [52, 53]:
5. C(s) + CO2(g) ⇄ 2CO(g)

ΔH=172.5 kJ/mol (Boudouard reaction)

6. C(s) + H2O(g) ⇄ CO(g) +H2(g)

ΔH=131.3 kJ/mol

Reaction 5, also known as the Boudouard reaction, is endothermic in nature. This
reaction is thermodynamically favored towards the product at high temperatures, which
means most of the produced CO2 gas will be converted to CO [51]. This also explains why
CO2 was in negligible amounts compared to CO (Table A1-A4). Reaction 6, known as the
steam gasification reaction, is also an endothermic reaction which requires high
temperature and usually an excess amount of steam [51].
7. CO(g) + H2O(g) → CO2(g) + H2(g)

ΔH= -41.5 kJ/mol (WGS)
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Reaction 7, known as the water gas shift (WGS) reaction, is mildly exothermic in
its forward direction and thus the least dependent on temperature variations.

Figure 10. (a) H2 (b) CO (c) O2 (d) Ethylene gas percentage under different conditions
by irradiating samples with 532 nm wavelength laser at the energy of 350 mJ/cm2 (100
mJ/pulse).
To better understand the mechanisms of gas yield, various experiments under air
and argon atmospheres in both the presence and absence of water, were performed. All
experiments were performed by irradiating samples with a 532-nm wavelength laser at
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energy densities of 180, 350 and 525 mJ/cm2 (50, 100, and 150 mJ/pulse, respectively).
Fig. 10 summarizes the results at 350 mJ/cm2 (100 mJ/pulse) (others in Appendix A, Figs.
A1 and A2).
Fig. 10 shows the hydrogen (a), carbon monoxide (b), oxygen (c), and
hydrocarbon (Ethylene) (d) concentrations under different circumstances from different
ranks of coal and graphite. These results are discussed in the several sub-sections.
i. Graphite under air and argon atmosphere without water.
As shown in the Figs. 10a and 10b, a negligible amount of hydrogen and a large
amount of CO was generated when graphite was irradiated under an air atmosphere
without water. This shows that under air, only combustion reactions 3, 4, and 5 could
possibly take place. Indeed Fig. 10b shows that removing oxygen (under an argon
atmosphere) results in a drastic decrease from 15% to 3% in CO generation, further
confirming role of reactions 3, 4, and 5. Also, the CO2 percentage decreased from 1.9%
to 0.01% under argon atmosphere (Appendix A, Table S5). Also, a comparably low
percentage of CO2 (~1%) gas was detected relative to CO (~15%). This ratio is an
indicator of CO2 to CO conversion and supports that reaction 5 takes place.
ii. Graphite under air and argon atmosphere with water
Next, water was added to the 20 ml vial and mixed with 30 mg of graphite powder.
Fig. 10a shows that under an air atmosphere with water ~5% hydrogen was produced,
while roughly 6% of carbon monoxide was detected, (Fig. 10b). Presence of hydrogen
after the addition of water supports the existence of the reactions above that includes water
as a reactant, eventually producing hydrogen gas (reactions 6 and 7). Fig. 10b shows that
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carbon monoxide percentage in this case decreased (from 15% to 6%) after the presence
of water due to smaller amount of dissolved oxygen in water compared to air.
When argon replaced the air in the water (argon/water-green), both the hydrogen
and carbon monoxide percentages decreased to ~3%, Fig. 10a and 10b. It is known that
argon has roughly the same solubility with oxygen and it could displace oxygen. In this
case, effect of reaction 3 will further decrease and amount of hydrogen will decrease as
well. This decrease in percentage could be attributed to the diminishing of reaction 3
which in turn will decrease the yield of reaction 7. When the oxygen amount is decreased,
the amount of carbon monoxide and carbon dioxide decreases (reactions 3, 4, and 5). On
the other hand, the percentage of hydrogen also decreases from 5% to 3% possibly because
CO and CO2 directly affects hydrogen generation and decrease in their amount decreases
the amount of hydrogen. Fig. 10c shows that the remaining oxygen content as a result of
irradiating graphite in air is ~11 %. No hydrocarbons were detected from graphite when
it’s irradiated without water under both an air and argon atmosphere (Fig. 10d). This is
possibly due to the lack of hydrocarbons in graphite’s structure.
iii. Coal samples under air and argon atmosphere without water
In this section, coal powder was used instead of graphite. Under both argon and
air atmospheres, Fig. 10a shows that the amount of hydrogen generated from bituminous
coal without water is the highest while that from graphite is the lowest. This can be related
to the existence of the hydrocarbons (volatile matters) in coal samples. Table 2 shows that
lignite have the highest and coke has the lowest volatile matter content. Bituminous coal
has ~5% less volatile matter than lignite but produced more hydrogen than lignite which
could be due to the lower absorbance of the lignite coal. The volatile matter percentage in
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anthracite, bituminous and lignite coal are in the ranges of 2-12%, 15-45% and 24-32%,
respectively [44]. It is known that the dehydrogenation reaction of hydrocarbons, resulting
in unsaturated hydrocarbons with release of hydrogen, is possible at the high temperatures
and pressures achievable by a nanosecond pulsed laser[12, 54]. Under an argon
atmosphere without water, due to a trace amount of oxygen (~2%), the dehydrogenation
reaction (reaction 8) contributes more to hydrogen generation, whereas, under air, the
partial combustion reaction of hydrocarbons (reaction 9) is dominant. Reaction 9 is the
overall reaction of partial oxidation reaction and water gas reaction [53].
8. H-C + heat → H-C (unsaturated) + H2
9. CnHm + n/2O2 → nCO + m/2H2

ΔH>0 (Dehydrogenation)
ΔH>0 (Partial combustion reaction)

Figure 10b shows that under air, bituminous coal has the highest and graphite the
lowest amount of CO gas gene[55]rated (Fig. 10b). Despite graphite having the highest
carbon content (99.99%), it has the lowest amount of CO gas generated. The excess
amount of CO produced from bituminous coal in air is possible by the partial combustion
of hydrocarbons which produces CO and H2 as shown above. On the other hand, lignite
coal has the highest, and graphite has the lowest, amount of carbon monoxide gas
generated under an argon atmosphere. This correlates with the EDS results from Table 1,
which shows that lignite coal has the highest oxygen content which leads to a CO increase
by reaction 3. Also, lignite coal harbors the highest percentage of moisture compared to
other ranks, which triggers reaction 6.
As shown in Fig. 10c, compared to graphite, coal samples in air has higher amount
of decrease in oxygen percentage (~2 % compared to ~11 %) possibly due to the
hydrocarbons (H-C) in their structure, since oxygen is needed for the combustion of
28

hydrocarbons. In our case, 98% of the hydrocarbons observed was ethylene, along with
other small hydrocarbons. Fig. 10d supports this by showing that bituminous coal has the
highest amount of ethylene produced under air atmosphere as a result of using the highest
amount of oxygen required for combustion of hydrocarbons (reaction 9). However, under
an argon atmosphere, despite having the lower amount of oxygen compared to air
atmosphere, ethylene percentage increases (being the highest in bituminous). This may
possibly be due to the cracking reaction of long-chained hydrocarbons into small ones
mostly containing less than six carbon atoms [55]. The cracking is known to prefer giving
rise to ethylene under high temperatures [56]. This result also agrees with Fig. 10a which
shows that bituminous coal has the highest amount of hydrogen gas generated due to the
dehydrogenation reaction of hydrocarbons under an argon atmosphere. If cracking is
possible, the higher amount of ethylene produced indicates a high content of hydrocarbons
in bituminous. Accounting for the possibility of cracking, Fig. 10d is also in good
agreement with the FTIR results in Fig. 6, which show that bituminous coal has the highest
amount of hydrocarbons leading to the highest ethylene generation under an argon
atmosphere by dehydrogenation of hydrocarbons. As a result, under air mostly
combustion of hydrocarbons (reaction 9) dominates and under argon mostly
dehydrogenation of hydrocarbons (reaction 8) is the source of hydrogen (Fig. 10a) and
ethylene released (Fig. 10c).
iv. Coal samples under air and argon atmosphere with water
In the presence of water, anthracite and coke releases higher amount of hydrogen
and carbon monoxide compared to graphite (Figs. 10a and 10b). On the other hand, the
gas yield from lignite and bituminous is decreased after the presence of water and also
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lower than the gas amount released from graphite in water (Figs. 10a and 10b). In fact, the
amount of all other gasses also decreases with the addition of water from lignite and
bituminous (Appendix A, Table S5). This change in gas amounts can be explained by
cooling effect of water on the sample surfaces and the differences in absorption
capabilities of different ranks of coals. It is known that part of the surface temperature
generated by a nanosecond laser is used to vaporize water, resulting in a lower surface
temperature than expected [20]. Considering that water in the above reactions is in a
gaseous state and could thus act as a coolant, this scenario is quite probable [56]. Thus,
the lowest gas generation from lignite in water could be due to the cooling effect of water
along with lignite’s low optical absorption coefficient. Besides, lignite has a lowest fixed
carbon content which will also work against the generated gas amount [44, 45, 50].
Moreover, our UV-VIS measurement shows that lignite in water has the lower absorption
compared to anthracite. This supports the reasoning above for a low amount of generated
gas from bituminous and lignite.
On the other hand, gas generated from anthracite and coke in water under air
atmosphere is higher than absence of water conditions. When water added, amount of
oxygen produced was comparable to the amount in air, as shown in Fig. 10c, which
basically implies that most of the released gas comes from the water-coal reactions. Figure
10d supports this result by showing that the ethylene amounts generated from pure carbon
(graphite) and other coal ranks are comparably low. This also shows that there are other
possible reactions that leads the reaction of carbon with water to release ethylene (Fig.
10d). On the other hand, nearly no ethylene was produced from either lignite or
bituminous coal. As discussed above, water could act as a coolant in the pulsed laser
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ablation of particles in liquid, with part of the laser energy used to vaporize water which
in turn will decrease the generated surface temperature [20, 56]. Moreover, since the
absorption coefficients of anthracite and coke are much higher than lignite and
bituminous, the temperature is still high enough to generate a reasonable amount of gas
from anthracite and coke, regardless of the decrease in the surface temperature [50]. In
addition, the amount of all other gas released from the bituminous and lignite-water
mixture also decreased (Appendix A, Table A1-S5) in this condition, indicating that the
energy absorbed is not high enough to produce a temperature high enough for the most of
the reactions to occur. Fig. 10d shows that ~5% of ethylene gas was generated from
graphite, coke and anthracite coal under an air atmosphere in water. This may be related
to the high fixed carbon content and high light absorption capability of graphite, coke and
anthracite powders.
Under an argon atmosphere with water, all gas amounts decreased (Fig. 10). This
shows that under water, reactions depend on oxygen amount in the environment and
oxygen related reactions are also present under these conditions (samples under argon and
air in water).
The process for ethylene production could be through the reaction of pure carbon
and water [14]:
10. 2C(s) + 2H2O(g) → CH4(g) + CO2(g)
The methane produced from the above reaction and volatile matters, in the case of
coke and anthracite coal, can be converted to ethane and eventually to an ethylene by the
oxidative coupling reaction, which is exothermic and thus requires high temperature and
a metal oxide catalyst [57]. From the SEM-EDS elemental analysis shown in Table 1,
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small amounts of aluminum and magnesium are seen, which could act as catalysts for the
reaction above. The low amounts of generated methane produced also supports these
discussion (Appendix A, Table A1-S5).
v. Time dependency of generated gas
In addition to these analyses, Fig. 11 shows the gas yield over time as a result of
irradiating samples under an air atmosphere in water with 1064 nm laser pulses at 700
mJ/cm2 (200 mJ/pulse). The slope of each graph indicates the rate of generated gas.
Despite of coke-water mixture having the highest fixed carbon content only anthracite
results in no decrease in gas generation per unit time, Fig. 6. This observation can be
explained by the reactivity of the char in the coal samples that is formed after the reaction
1. Reactivity of the char depends on several factors like the nature of parent coal, thermal
treatment received during its formation, the surface area and the catalytic effect of mineral
matter in char[52]. The reactivity of the char increases with the oxygen content of the
parent coal but decreases with the fixed carbon content. Table 1 shows that anthracite and
coke both have almost same amount of oxygen and carbon. However, as the fixed carbon
content increases the volatile matter decreases which in turn will decrease the reactivity
of the char because all reactive functional groups residing in the volatile matter is less.
Thus, anthracite results in no decrease in gas generation per unit time due to its fixed
carbon and volatile matter content. The fixed carbon content is the highest in the
anthracite-water mixture and results in no decrease on gas generation per unit time.
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Figure 11. Time dependency of generated volume from different ranks of coal after
irradiating with 1064 nm laser at 700 mJ/cm2 (200 mJ/pulse) in water.
However, the generated gas per unit time starts to decrease in coke (a), bituminous
and lignite (b) possibly indicating that the fixed carbon content decreases over time. The
amount of hydrogen generated using anthracite-water and coke-water mixtures is more
than for graphite-water, indicating the effect of hydrocarbon and mineral content in
anthracite and coke. However, using a graphite-water mixture is much more efficient for
gas generation than lignite-water and bituminous coal-water mixture, indicating that the
hydrocarbon content is not effective in this case due to the lack of hydrocarbons in
graphite’s structure. Figs. 10a and 10b show that lignite and bituminous coal without water
under argon atmosphere generate the most hydrogen and carbon monoxide due to far
higher hydrocarbon content. As discussed above, the surface temperature generated by a
nanosecond laser may not be high enough to trigger reactions 8 and 9 due to the cooling
effect of water and the low absorption coefficient of lignite and bituminous. However, the
temperature is high enough to trigger carbon-related reactions, hence, from bituminous
and lignite ~1 mL of gas is generated. On the other hand, due to the higher absorptions of
coke and anthracite along with far higher fixed carbon contents, the rate of the gas
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generation using anthracite and coke does not decrease over time as it does for bituminous
and lignite coal.
vi. Laser-coal interactions: Simulation
Direct laser heating and pulse duration was also considered as an important
parameter determining the gas generation mechanism. The temperature rise of water due
to laser absorption was calculated. Our calculation shows that the temperature increase
was around 27 °C. The water temperature was measured and a 25 °C increase was
observed at the end of anthracite irradiation with 1064 nm for 45 minutes.
Due to the nonlinear laser-power dependence of gas generation, one can expect
that pulse duration may play an important role. It is well known that the important thermal
processes are greatly modified once the laser pulses are shortened to a picosecond or
femtosecond time scale [58, 59]. The response of the material to ultrashort pulses involves
many physical phenomena including inverse Bremsstrahlung, electron-electron
thermalization, and electron-phonon coupling. In addition, the changes in thermodynamic,
optical, and transport properties of the target after intense laser irradiation have been
studied by various techniques [35,36,34]. Akimoto et al. also performed irradiation
experiments with a femtosecond laser, with similar energy to the nanosecond laser pulses
and obtained no gas formation [14]. Although further time-resolved pump probe
experiments are required to explain the mechanism, the effect of shorter pulse duration
can be ruled out in the present study.
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Figure 12. Evolution of surface temperature at different powers (a) and 3D plot of
surface temperature at 150 MW/cm2 (b) for a 1064 nm laser pulse absorption by
graphite.
Furthermore, we studied the surface temperature evolution of the graphite sample
in order to understand the laser irradiation process we solved the following heat equation
𝝏𝑻

𝝆𝑪𝑷 𝝏𝒕 = 𝛁. (𝜿𝛁𝑻) + (𝟏 − 𝑹)𝜶𝑰𝟎 𝒆−𝒕

𝟐 /𝒕𝟐
𝒑

𝒆−𝜶𝒛

(1)

where T is the temperature, ρ(T) is the density, Cp (T) is the specific heat, κ(T) is the
thermal conductivity, R is the reflection coefficient, α is the absorption coefficient, I_0 is
the laser pulse power density, tp is the pulse duration, and z is the depth as measured from
the sample surface. Here, the source term to account for the energy of the laser pulse has
been assumed to have a Gaussian power intensity. We neglected the radiation effect and
considered the evolution dynamics in one-dimensional framework since the amount of
heat which would flow laterally out of the absorption region is significantly smaller
compared to the heat flow in the depth direction [20]. In our simulations, we used the
experimentally-verified empirical models of Steinbeck et al. [15, 20] for material
properties of the graphite as well as the optical properties reported by Djurišić and Li [60].
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Similar to the approaches described in [15, 20], we utilized a standard finite difference
method, and prescribed a Neumann boundary condition at the sample surface in addition
to a Drichlet boundary condition at the far field distance. Evolution of the surface
temperature of the graphite at different powers and spatio-temporal temperature
distribution through the thickness of the absorption layers at 350 mJ/cm2 (100 mJ/pulse)
are given in Fig. 12. As can be seen, heating of the graphite sample occurs almost
instantaneously, reaching the melting temperature of 4300 K or higher. However, it
decreases to relatively low values almost within a couple of pulse durations.
When a high-power laser pulse interacts with materials in a thin layer, it can induce
a very high amplitude plasma pressure (>1GPa) in a short duration (on the order of 10-9
seconds). The laser absorption depth and the amount of material removed by a single laser
pulse depend on the material's optical properties, the laser wavelength, and the laser
energy density. These results support that hydrogen generation due to laser absorption is
similar to conventional coal gasification methods in which high temperature and high
pressure are used.
Although the method discussed herein provides an easy and fast way to obtain
hydrogen, it should be noted that the amount of hydrogen from this method may not be
enough to power large devices such as an electric motor. A delivery rate of 1.6 g H2/sec
(18 liters H2/sec) is required for an 80 kW vehicular fuel cell [61]. The maximum delivery
rate of hydrogen from our method is only 3.3×10-5 g H2/sec per g of coal (35 mL H2/45
min per 30 mg of coal) which is five orders lower than the required delivery rate for fuel
cells. However, this method could be used in low-delivery-rate portable fuel cell devices
such as emergency generators or laptop computers. On the other hand, the amount of
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hydrogen generated in our studies is higher than the hydrogen generation by laser
irradiation of carbon powders in water [14]. Regardless of similarities in both laser
energies used and the method of the irradiation, the higher gas amount generation in this
method is related to the hydrocarbon content in coal along with its fixed carbon content.
CONCLUSION
Hydrogen was generated from a mixture of carbon-water and graphite-water by
irradiating with nanosecond laser pulses through dehydrogenation and combustion
reactions. The possibility of each reaction was discussed for different conditions.
However, the exact sequence of reactions is not clear. There appears to be several
reactions occurring at different rates depending on the experimental conditions. Graphite
did not generate hydrogen efficiently due to the lack of hydrocarbons in its structure
(99.99% carbon). The amount of gas generated by 532 nm laser pulses was higher than
the one generated by 1064 nm pulses due to the higher absorption rate. Anthracite was
shown to be the most effective rank of coal at generating hydrogen as a clean fuel source
by nanosecond pulsed laser irradiation of coal powders in water. This result can be related
to the high fixed carbon and hydrocarbon contents due to the fact that each of these
processes triggers certain reactions which are responsible for gas generation. This
hydrogen production method differs from conventional gasification methods by virtue of
its simplicity. In this process carbon monoxide by-product is generated, thus further
improvements are needed to increase the efficiency of hydrogen generation relative to CO.
Produced hydrogen via such a method might be employed to power fuel cell devices for
portable applications such as emergency generators and laptop computers.
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APPENDIX A: SUPPLEMENTARY INFORMATION
Table A1. Gas percentages generated from Anthracite coal-water mixture.
Anthracite coal

Energy density (mJ/cm2)

90

180

270

350

525

700

Gas
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
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Wavelength (nm)
1064.00 532.00
0.15
3.29
23.16
21.86
76.69
73.90
0.00
0.23
0.10
1.33
0.00
0.25
0.00
0.41
1.41
9.26
22.58
19.69
76.00
67.01
0.09
0.42
0.93
3.60
0.00
0.38
0.22
2.22
5.96
16.05
20.47
16.14
69.68
55.87
0.26
1.02
3.56
11.03
0.00
0.43
0.74
2.80
8.10
23.84
19.70
11.85
67.75
43.06
0.31
1.77
4.12
19.72
0.13
0.53
1.76
4.64
26.18
30.59
10.94
8.25
40.42
31.36
1.22
2.36
21.25
28.02
0.46
0.73
4.78
8.06
34.12
33.15
7.31
6.67
28.05
26.36
1.72
2.69
28.80
31.18
0.86
0.95
7.90
9.61

Table A2. Gas percentages analyzed by GC generated from Coke-water mixture.
Coke
Energy density (mJ/cm2)

90

180

270

350

525

700

Gas
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
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Wavelength (nm)
1064.00 532.00
0.72
1.90
22.82
22.09
76.47
74.23
0.00
0.00
0.86
1.99
0.00
0.00
0.01
0.29
3.32
4.16
20.80
20.68
71.80
70.59
0.00
0.00
4.17
5.13
0.00
0.00
0.49
1.05
4.66
7.56
20.18
18.35
69.74
63.48
0.00
0.27
5.42
9.26
0.00
0.14
1.61
2.32
5.06
17.26
20.18
12.05
69.31
44.36
0.00
0.75
5.70
25.80
0.00
0.42
2.17
5.08
9.58
24.50
17.45
8.40
60.77
31.93
0.24
1.21
11.96
34.15
0.19
0.72
4.36
6.84
25.23
27.00
7.61
7.10
29.49
27.27
0.98
1.42
36.69
37.55
0.59
0.90
7.26
8.75

Table A3. Gas percentages analyzed by GC generated from Bituminous coal-water
mixture.
Bituminous coal
Energy density (mJ/cm2)

90

180

270

350

525

750

Gas
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
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Wavelength (nm)
1064.00 532.00
0.11
0.24
23.24
23.16
76.66
76.17
0.00
0.04
0.12
0.26
0.00
0.21
0.00
0.07
0.68
0.93
22.93
22.37
76.52
74.74
0.01
0.22
0.81
1.26
0.11
0.29
0.16
0.32
1.32
2.07
22.58
21.34
76.10
73.17
0.16
0.51
2.01
3.24
0.00
0.39
0.23
0.85
2.34
3.01
21.28
20.55
73.81
71.01
0.22
0.79
2.40
4.84
0.00
0.50
0.53
1.48
3.44
7.40
20.26
17.57
71.59
63.04
0.33
1.79
4.38
10.58
0.21
0.78
0.87
3.60
4.63
8.73
19.39
16.32
69.55
60.07
0.42
2.48
6.00
12.84
0.31
0.75
1.56
4.02

Table A4. Gas percentages analyzed by GC generated from Lignite coal-water mixture.
Lignite coal

Energy density (mJ/cm2)

90

180

270

350

525

750

Gas
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
H2
O2
N2
CH4
CO
CO2
C2H4
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Wavelength (nm)
1064.00 532.00
0.11
0.10
23.03
23.36
75.64
76.40
0.00
0.00
0.10
0.12
0.11
0.10
0.00
0.00
0.20
0.17
21.87
20.62
77.72
78.47
0.00
0.00
0.20
0.23
0.12
0.24
0.00
0.06
0.28
0.36
23.08
20.59
76.30
78.06
0.00
0.03
0.32
0.87
0.00
0.40
0.01
0.13
0.33
0.85
23.16
21.85
76.13
76.02
0.01
0.08
0.42
1.82
0.01
0.96
0.01
0.36
0.43
1.45
22.87
17.75
75.99
74.98
0.01
0.37
1.72
5.82
0.00
1.10
0.11
0.76
0.58
2.01
22.69
16.64
75.57
73.33
0.01
0.65
1.04
9.18
0.01
1.15
0.13
0.80

Table A5. All generated gas percentages under different conditions by irradiating
samples with 532 nm wavelength laser at the energy density of 350 mJ/cm2.
532nm at 350
Graphite Coke Anthracite Bituminous Lignite
mJ/cm2
water-air
water-argon
air
argon
water-air
water-argon
air
argon
water-air
water-argon
air
argon
water-air
water-argon
air
argon
water-air
water-argon
air
argon
water-air
water-argon
air
argon

H2
H2
H2
H2
CO
CO
CO
CO
O2
O2
O2
O2
CO2
CO2
CO2
CO2
CH4
CH4
CH4
CH4
C2H4
C2H4
C2H4
C2H4

4.86
2.83
0.77
0.56
5.94
3.06
15.02
2.66
17.48
2.00
10.94
2.00
0.49
0.13
1.90
0.01
0.22
0.09
0.01
0.01
4.75
2.07
0.23
0.01

17.26
4.09
3.47
2.89
25.80
4.43
26.29
11.56
12.05
2.00
4.85
2.00
0.42
0.10
2.04
0.01
0.75
0.18
0.15
0.05
5.08
2.47
2.19
1.64
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23.84
10.69
18.00
11.46
19.72
7.71
30.86
10.70
11.85
2.00
2.30
2.00
0.53
0.31
1.57
0.16
1.77
0.57
1.43
0.46
4.64
3.34
9.34
12.51

3.01
1.34
22.23
17.53
4.84
1.84
36.50
18.66
20.55
2.00
1.76
2.00
0.50
0.24
0.91
0.42
0.79
0.33
2.09
0.81
1.48
0.89
10.50
20.40

0.60
0.28
11.14
13.34
2.67
0.79
32.12
20.77
20.30
2.00
3.02
2.00
0.96
0.32
3.37
0.69
0.08
0.06
1.54
1.62
0.36
0.15
9.06
10.10

Figure A1. H2, CO, O2 and C2H4 gas percentage under different conditions by irradiating
samples with 532 nm wavelength laser at the energy density of 180 mJ/cm2.
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Figure A2. H2, CO, O2 and C2H4 gas percentage under different conditions by irradiating
samples with 532 nm wavelength laser at the energy density of 525 mJ/cm2.
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APPENDIX B: GAS CHROMATOGRAPHY

Figure B1. Illustration of Typical Gas Chromatography setup.
Gas Chromatography (GC) is the instrument that is used to separate different
gasses and analyze their molar concentrations using the detector attached to it (see Figure
1). Sample (gas or liquid) is injected from injector or injection port by a syringe (about
100µl).
Columns, where separation occurs, are designed specifically to the compounds that
will be analyzed (Fig. 2). In this study, according to [14], expected gases in our sample
are H2, O2, CO, CO2, CH4, N2, Hydrocarbons (Mostly C2H4 (Ethylene) and C2H6
(Ethane)). Unfortunately, there are not many columns that will be compatible to all of this
experiment’s needs so multiple columns are used. Restek #80474-800 Packed Column
Molecular Sieve 5A 80/100 6ft is used for H2, O2, CO, CH4, N2 analysis. Restek #80433851 Packed Column Hayesep Q 80/100 2m is used for CO2 and hydrocarbons (Mostly
C2H4 (Ethylene) and C2H6 (Ethane)) analysis.
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Figure B2. Illustration of GC column overview, parts and how it works. The stationary
phase inside the column (left) is the main part that will resolve mixture of gasses while
they are travelling inside the column (right).
Carrier gas selection is also dependent on the gas that is being analyzed. In this
experiment, hydrogen was analyzed, so argon was used as a carrier gas since it gives the
highest efficiency for hydrogen analysis. Carrier gas is not analyzed since that is the
reference and detector will exclude that automatically and won’t give any peak for it.
Figure 3 shows the typical chromatogram that was recorded from GC. The peaks are
generated from the signal change of the detector while the gas passing through it and
ejected as a waste (see Fig. 1).
In order to get all compounds resolved in one graph, switch valve methods need
to be used. However, they are quite complicated and expensive, instead you can inject
sample twice and get two graphs from each of the columns and then compare those in
order to get percentages. This is the method used in the analysis of hydrogen generated in
this experiment. From Fig. 3, the expected order of the gasses to be detected are as follows:
H2 (1.0), CH4 (1.1), Hydrocarbons (1.3), N2 (1.5), O2 (2.0), CO2 (3.0), and CO (5.0).
Numbers in the brackets are the reference numbers for the retention times (gas detection
time) in order to imagine how they will look like on a graph. Following equation is used
46

to calculate the concentrations of the gases where subscript u refers to the sample and s to
the standard sample that was used to calibrate GC and C, A and P are concentrations, peak
areas and loop pressures, respectively [62]:
𝐶𝑢 = 𝐶×

𝐴𝑢 𝑃𝑠
×
𝐴𝑠 𝑃𝑢

To calculate the area, it is suggested that to be approximated to the triangle and simply
calculate the area of that triangle [63].

Figure B3. Typical Molecular Sieve 5A (bottom figure, oven temp 70 °C, Hydrogen is
1.25%, CO is 0.19%, Methane is 0.125%, Oxygen is 0.25%) and Hayesep Q (top figure,
oven temp 90 °C )
47

For calibration of GC, calibration standard samples were bought from MESA
Specialty Gases & Equipment. It includes: 20% Hydrogen balance Nitrogen, 50%
Methane and 35% Carbon dioxide balance Nitrogen, 5% Carbon Monoxide balance
Nitrogen, 1% Ethane, 1% Methane, 1% Ethylene balance Nitrogen, 20.9% Oxygen
balance Nitrogen; total 5 gas standards to calibrate GC. Calibration process must take
place to determine retention times of the peaks of specific elements that are present in the
sample so the analysis be performed accordingly. Also, detector’s response factor for
different gasses will be different. The same calibration standards are needed in order to
calibrate GC for an appropriate response factor of different gasses. After calibration
process is finished, the pressure inside the column, the column that was used, GC
temperatures (both oven and injection temperatures) need to be kept constant since the
retention time depends on all of the above. If any of the above is changed, recalibration of
GC is needed.
The setup for analysis of hydrogen with Shimadzu GC-8AIT is as follows: Packed
stainless steel 2m Hayesep Q and 6ft Molecular Sieve 5A columns at a temperature of 50
°C, detector’s temperature should be set to 150 °C, the flow of carrier gas should be set to
30 ml/min (needs to be measured after the temperatures are stabilized) which corresponds
to the pressure of 1 kg/cm2 for carrier gas gauge 1 (Molecular Sieve) and 1.2 kg/cm2 for
carrier gas gauge 2 (Hayesep Q) (because of the different type of columns) TCD current
should be set to 60 mA.
Thermal conductivity detector (TCD) is the detector that is used in Shimadzu GC8AIT. The TCD compares the thermal conductivities of two gas flows – pure carrier gas
(also called the reference gas) and carrier gas plus sample components. Detector contains
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filament, which is important for this detector and it may get damaged if it’s operated (if
there is a current) while there is no carrier gas. Oxygen in air may damage (burn) the
filament. For hydrogen analysis, argon carrier gas was used since this will eliminate
problems inherent with using helium as a carrier, but causes reduced sensitivity to
components other than hydrogen. Temperatures (both column and injection) are also
adjusted by running calibration standards in order to get all of the gasses resolved. Since
hydrogen peaks are negative, you must turn negative polarity on at appropriate times so
the peak appears positive (in this case when exchanging between columns).
Procedures to use Shimadzu GC-8AIT:
1. Open the carrier gas by rotating the main nob of the regulator attached to the argon
cylinder (Figure B4).

Figure B4. Nobs for adjusting carrier gas main pressure.
2. Adjust the secondary pressure of the main regulator to 700-800 kPa by using the
T-shaped nob attached to the regulator (Figure B4).
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3. Check for the leaks wıth soap bubbles. Check for column joints (inside the GC),
injection ports which are located at the top of the GC as shown in Figure B5.
System must be leak proof in order to work accurately.

Figure B5. Location of the TCD vents, injection ports which are located at the top of the
GC.
4. Check if the gas coming from TCD vent (see Figure B5). Waste gas must come
out from TCD vent, this also shows that there is an argon flowing through filament
which is ok to turn the current on. Do not operate current when there is no carrier
gas flow, this will damage filament causing noise and/or drift in baseline. Baseline
is a zero line that chromatograph is sketched.
5. Pressures of the carrier gas gauges are calculated with the soap bubble by
measuring the grow length of the soap bubble as 30ml/min. This corresponds to
the 1 kg/cm2 pressure of the columns. Set the column pressure to 1 kg/cm2 using
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column pressure controller nobs on the right side of the GC (Figure B6). In order
to calculate flow rate accurately, flow meter should be connected to the TCD vent.
6. Check if the column pressure gauge (Figure B6) shows decreasing pressure from
the set value (1 kg/cm2) on both gauges. If the pressure decreases check the system,
find the leak and fix it.

Figure B6. Column pressure gauges and pressure control nobs.
7. Check with a soap bubble that carrier gas goes out from the opened injection ports
(Figure B5) when the pressure control nobs (Figure B6) are turned clockwise (i.e.
over pressurized). After that, adjust the pressure back to normal value (1 kg/cm2).
8. Check and make sure that integrator cable is connected to the integrator port which
is located on the right side of the GC.
9. Make sure the fan on the back of GC works properly and smoothly. This is
important not to damage GC because of overheating.

51

10. Make sure columns are conditioned (prepared by pre-heating at high
temperatures), generally stock packed columns will already be conditioned.
11. Set the INJ/DET temperature which is the temperature of the sample injection
ports and detectors, respectively. In this experiment set it to 150 °C (Figure B7).

Figure B7. Set the temperatures to the shown values by rotating the numbers up or
down.
12. Set the COL temperature which is the temperature of the columns. In our case it
will be 50 °C. This should not exceed the maximum temperature of the liquid
phase (Average is 100 °C) (Figure B7)
13. Set the current to desirable value. Check the manual if the carrier gas is changed.
60 mA is appropriate value for argon. Set attenuation to 1 (this setting will not
change the property of peak, if the peak is too large, you may increase attenuation
in order to make peak smaller) (Figure B8).
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Figure B8. Shows the current and attenuation values to be set in white circle.
14. Make sure that the gas coming out from the TCD vents in order to prevent the
filament from damage)! Check if the current is 60 mA! Turn the power on by
pressing the power button located at the right bottom of the GC. Demand lights
INJ should light and be solid meaning that it is still in progress. COL demand light
should be off. GC-8AIT is designed so that injection ports will be heated first then
the column oven will start.
15. Turn the integrator on by pressing the red on button located at the top left of the
integrator.
16. Press the Run/Monitor button on the integrator (Figure B9) to show the reading
from the detector.
17. Check that the INJ/DET temperature has risen and thereafter the COL heater
begins to be energized meaning the light COL will light and be solid and the INJ
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light demand will blink meaning it is ready. Wait until COL demand light will also
be solid.
18. SET the Attenuation on the GC to ∞ to set the zero point on paper since this will
maximize the respond time of TCD and will give convenience to set zero point or
set the zero point AFTER baseline is stabilized (i.e. line from integrator is straight).
When you finish setting zero-point set Attenuation to desired value and never
change it (desired in this experiment is 1). Wait (approx. 30 min) after all above
has done, press START button on integrator (Figure B9), see the printed baseline,
it must become stable (straight zero graph line) without any drifts for accurate
measurements.

Figure B9. Start button (in white circle) and Run/Monitor button on the GC integrator.
19. Set the POL button (blue button in Figure B10) to the appropriate position to make
the peaks positive, i.e. to the right side of the paper. Set it to negative while using
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first (left) injection port and set it to positive while using second (right) injection
port.
20. Set the range (the reading from the integrator in µVs) using course and fine nobs
(Figure B10) on the front of GC. Range must be around 0-100 µV. Click monitor
button on the integrator. It will show the signal reading from TCD detector.

Figure B10. Range buttons (in white circles) and polarization button (blue button in
white circle) are shown.

21. Inject the sample with a gas-tight syringe (around 10 µl) and analyze it with the
integrator by pressing START button immediately right after the injection. For the
summarized procedure see the Figure B11.
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Figure B11. Summary of sample injection procedure, 1) Gas tight syringe, 2) 10 µl of
sample in the gas tight syringe, 3) Pre-injection, 4) After injection, 5) Immediate press
of START button after injection.
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APPENDIX C: ND:YAG LASER OPERATION
Make sure that you have enough cooling water inside chiller located at the side of
the laser controller. Once every month, water level must be checked.
Turn ON Procedure:
1. Make sure that you and everyone within the sight of laser is wearing laser eye
protection.
2. Turn the laser ON by rotating the key-switch counter-clockwise until the key is
horizontal (Figure C1). The water flow will start.

Figure B1. Initial turn on procedure of a laser.
3. Allow about 10-15 seconds for the start of coolant system (water flow).
4. Make sure that all shutters are in closed condition. Shutter light on the laser controller
must be off and the shutter on the front of the laser head must be closed (2).
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Figure C2. Shutter on the laser head (left) and the shutter button on laser controller
(right).
5. Press the SELECT button on the laser controller multiple times until the Q-switch
reading light turns on. Adjust the Q-switch to a desired value using UP and DOWN
buttons. Decreasing the Q-switch will increase the energy. However, changing the QSwitch more than 10 units may change the beam properties (e.g. pulse duration, beam
shape etc.) so, try to avoid changing it while you are doing systematic experiments related
to the laser properties. Do not change anything else and proceed to the next step.
6. By default the frequency of laser beams are 10 Hz. In this experiment, frequency does
not need to be changed. However, if you wish to change it, press the SELECT button
multiple times until you read f10 and change it with UP and DOWN buttons to the desired
value.
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5. Press the START button which is located near the shutter button on the laser controller.
The light will turn on and blink, laser will start and there will be continuous clicking
sound.
6. Press the select button until the P01 reading appears on the screen of the laser controller
(Figure C3).

Figure C3. Summary of the procedure for single shot mode, a) press the SELECT button
multiple times until b) P01 appears, c) press the single shot button once, d) P01 will
change into P00.
7. Locate the single shot cable and press the button once, P01 should turn into P00 (Figure
C3). The mode P01 is for continuous pulse mode while P00 is to control the laser pulses
with a single shot cable. Always remember to start the laser on P00 mode for safety.
6. Wait at least 15 minutes for the laser to heat up and stabilize.
7. STOP! Make sure that everyone wearing safety googles.
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8. Open the shutter at the front of the laser by sliding it to the left (Figure C4).

Figure C4. Opening the shutter on the front of the laser.
9. STOP! Follow the expected path of the laser beams to make sure it is safe and the laser
does not hit the equipment in the lab (e.g. computer monitor, spectrometer etc.).
11. To adjust the energy of the laser use the halfwave plate and polarizer (Figure C5).
Energy can be adjusted by rotating the halfwave plate. Rotation of halfwave plate in a
certain direction will decrease the energy for one of the beams while increasing the other
one.
12. Beam will be split into two components by a polarizer in the direction of the initial
beam and to the perpendicular to that direction. Block the unused beam from the one side
of the polarizer with a beam dump (Figure C5).
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Figure C5.
13. Put the powermeter to the other side of the polarizer that is going to be used. Adjust
the height of the powermeter so that the laser hits to the center.
14. After making sure that it is safe, open the shutter by pressing shutter button which is
located on the controller of the laser (Figure C2). Light of the shutter button will be on.
15. Now the laser is on and it is controlled by a single shot button (P00 mode). Press the
button once to release single laser beam, press and hold the button for 5 seconds to have
continuous laser beams coming in a frequency that have been set before (P01 mode).
15. Adjust the energy of the laser to the desired value by rotating halfwave plate to either
counter-clockwise or clockwise.
16. After adjusting the energy, press the single shot button to stop the laser (P00 mode).
Align the laser to hit the target.
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17. When the setup is ready and the laser is aligned properly, press and hold the single
shot button to start the experiment.
Turn OFF Procedure:
1. Press the single shot button to stop the laser (P00 mode) (3cd).
2. Turn off the shutter by pressing the SHUTTER button (2) on the laser controller. The
shutter light should turn off.
3. Close the shutter on the front of the laser by sliding it to the right.
4. Press the SELECT button multiple times until the P00 screen appears.
5. Change P00 to P01 using UP button on the laser controller.
6. Press the START/STOP button to stop the laser. Continuous clicking sound should
disappear.
7. Rotate the key switch clockwise to turn off the laser.
8. Cover the optics with plastic bags to prevent dust formation.
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