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Abstract

Cellulose is a kind of saccharide that is the main component in cell walls of plants and therefore is
the organic compound that exists in the largest amount in nature. The purpose of this experiment
is to convert cellulose to a fuel. Radio frequency (RF) in-liquid plasma is generated in a cellulose
distributed solution and a glucose solution, and the generation gas rate is measured. While hydro-
gen is the main gas generated by the plasma breakdown, carbon monoxide, carbon dioxide, and
low-grade flammable gases are also produced. In the glucose water solution or the glucose distri-
buted solution, the solution itself evaporates and decomposes inside the plasma but since the
saccharides are non-volatile, they cannot penetrate into the plasma and are not decomposition.
However, when the cellulose is at concentrations of 30 wt% or more, it becomes granular and can
directly enter the plasma as a solid, where the plasma decomposes the cellulose itself, significantly
increasing the amount of gas generated. In addition, the spectrometry of the plasma emission
shows the solution after the creation of plasma has the ability to absorb ultraviolet light.
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1. Introduction

Research has been conducted into feasibility of creating saccharides from biomass sources such as grass or wood
and then breaking them down and converting them into chemical products [1]-[4] or biofuels [5]-[7] in order to
move away from the use of fossil fuels, such as petroleum. Cellulose, which is found in these types of non-
edible biomass materials, is the most common organic compound in nature. However, because it is a highly sta-
ble compound that includes the glycosidic bond, it is difficult to decompose [8]-[11]. A process using an enzyme
called cellulase is most commonly used for its decomposition [12] [13]. However, it is really the energy from
hydrogen that is expected to be the ultimate energy source to solve environmental and natural resource problems
[14]-[16]. While there are many issues yet to be resolved, such as methods for storing and transporting hydrogen
[17] [18], it exists in wide variety of raw as well as discarded materials, so the establishment of an effective re-
covery system is greatly desirable. If the natural hydrogen containing compound cellulose, which exists in ab-
undance on our planet, could be used directly to create chemical-based products such as plastic or hydrogen, or
if the byproducts could be used to simultaneously create value-added chemical products, such as nano-tech ma-
terials, or combustible gases, a transition could be made aimed at changing the reliance of making items from
petroleum derivatives to one that is sustainable and more ecologically sound.

One effective method of treating waste materials is using a highly active energy field of plasma [19]-[21].
Recent papers have reported on the “in-liquid plasma method” in which gas bubbles are formed in liquids under
high pressure, creating a chemical reaction that reaches 3500 K [22] [23]. This in-liquid plasma method is cur-
rently being widely used. This development enables liquids to be directly broken down by plasma, making it
possible to decompose harmful substances without a catalyst [24] [25].

In this study, the cellulose conversion into fuel gas by plasma decomposition was performed using in-liquid
plasma on water to which cellulose and glucose. A constituent monosaccharide of cellulose was added. The
gases generated were investigated to identify the decomposition process. Artificial breakdown technologies for
non-edible biomass will be presented in this experiment.

2. Decomposition of Saccharides Using a Batch-Type Breakdown Device

Figure 1 depicts the schematic of the apparatus used in this study, which comprises a 27.12 MHz high-frequency
(HF) power source, matching box, reactor vessel and aspirator. As a visual window, a quartz glass container with
an interior diameter of 55 mm, an exterior diameter of 60 mm and a height of 85 mm was used in the reactor
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Figure 1. Batch-type plasma breakdown device.
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vessel. A copper rod 3 mm in diameter was used as the electrode. The side surface of the electrode was covered
with heat-resistant glass in order to reduce the contact surface between the electrode and the liquid. This pre-
vents heat transfer from the electrode to the liquid, and by covering the dielectric body, which allows the HF
field to be concentrated at the tip of the electrode [26] [27].

Before the start of the experiment, the gas discharge valve is closed and an aspirator is used to create negative
pressure (0.01 - 0.02 MPa) inside the test reactor. In this state, the power output of the HF wave power source is
increased while adjusting the impedance with the matching box resulting in plasma being generated in the liquid.
The valve on the aspirator side is then closed and as the plasma is maintained in a stable condition, gases are
generated which fill the reactor vessel and return it to atmospheric pressure. After atmospheric pressure has been
reached, the exhaust valve is opened and the generated gas mixture is extracted.

Gas chromatography (GC) is used to analyze the components of the gas mixture. The gas production rate is
calculated based on the time needed for obtaining the volume of a 50 ml syringe. The concentration of the glu-
cose (CgH1,06) and cellulose (Wako Pure Chemical Industries, Ltd., 38 um powder) is changed and further
analysis experiments are conducted. The amount of liquid was fixed at 120 g and the input energy was 150 W at
atmospheric pressure.

3. Analysis of Generated Gas Mixture

The relationship between the concentration of the glucose and the gas mixture generated is shown in Figure 2.
At the entire of concentrations, the glucose is completely dissolved in water. Figure 2(a) shows the volume of
gases analyzed by GC, which is the amount of hydrogen gas in the generated gas mixture was 52% - 68%. Due
to the presence of oxygen, CO and CO, gases are also generated, while hydrogen is the main gas generated by
the plasma breakdown, and the flammable gas, CH,, was also produced. Gas produced in plasma decomposition
of clathrate hydrate also has similar gas contents [15] [28]. Besides, Figure 2(b) shows an increase in the con-
centration, which brings about an increase in H,, CO and CO, at concentrations of 5 wt% or less. In contrast, the
amount of O, generated decreases. At 10 wt%, the generated amount of H, gas stabilized.

On the contrary, the cellulose shown in Figure 3 is insoluble, but two preparations are possible depending on
the amount added. At concentrations of 27 wt% and below, the cellulose is distributed in a liquid form while at
30 wt% or more, the cellulose is in a powder form in the water as shown. In addition, as the concentration of the
cellulose increases, the relative amount of water decreases, so the diameter of the powder grains becomes smaller.

As shown in Figure 4, up to a concentration of 5 wt%, the amount of H, generated decreases as the concen-
tration in the liquid state increases, but at 5 wt% or more, this changes to an increase. From 10 wt% to 20 wt%,
the generated H, settles into a stable value. At 30 wt%, the amount of each gas generated once again decreases.
Then, at 40 wt% or more there is a change and a significant increase in gas production rate. The cellulose grains
containing water at the reduced concentration of 30 wt% are pushed away from the region where plasma is gen-
erated by the high pressure it creates and because of the contact resistance, these larger diameter grains do not
return to their original positions. Hence, air gaps form in the region of plasma generation and the plasma cannot
reach the cellulose grains containing water.

Under the concentration of 40 wt% and above, even if the cellulose grains are pushed away by the pressure of
the plasma, since the grains have smaller diameters there is less contact resistance, so even though some are
pushed away, they circulate in the solution and some will sink back into the plasma region. The cellulose that
returns is then directly decomposed by the plasma. By the reason of this, the gas production rate increases.

In addition, there was an increase of not only H,, CO, CO, in the decomposition of the cellulose, but also of
ethylene and acetylene, which were not detected in the glucose decomposition. At 50 wt%, the H, decreases and
amounts of CO, CO, and CH, become greater than the volume of H,. This could be due to the cellulose being
directly broken down by the heat of the plasma.

The 0 wt% in Figure 2 shows the result of plasma decompaosition of pure water. In comparison, the glucose
solution can generate up to approximately 1.5 times more hydrogen. In the case of cellulose in a liquid state,
with the exception of the 27 wt%, all concentrations generated hydrogen that were below the value for thermal
decomposition of water. With the intent of investigating the reaction mechanism in detail, the number of hydro-
gen, oxygen and carbon atoms making up the gas were calculated using the generation rate.

The change in the number of generated gas atoms in relation to the concentration for the glucose solution
showed the same tendencies for each concentration (see Figure 5(a)). The generation of carbon atoms rises
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nearly proportionally to the concentration since carbon atoms will only be generated due to the glucose reaction,
at low concentrations, but levels off at high concentrations. On the other hand, there were nearly no carbon
atoms generated at 5 wt% or lower in the case of the cellulose as shown in Figure 5(b), and the number of hy-
drogen and oxygen atoms generated fell as the concentration increased. This is because cellulose distributed
through the liquid interferes with the reaction of the water and at low concentrations, only the water reacts. At
concentrations of 10 wt% and above, not only the water, but also the cellulose reacts. In the concentrations of 40

T T T T T T T T T 20 . T ; ; ; ; ; . : ;
— I Gl ——C
&\O/ 100k uco|_s|;e o, - Glucose —A—CO
c I -0-0, -T+CH = —-H, —A&CO,
g 2 4 5 —-0-0, -[-CH,
® £
= F . = 10 -
8 sof o o
s [}
5| h
[72]
; n + I !]_ L T n T n T T
0 10 20 30 40 50 0 10 20 30 40 50
Concentration (wt%) Concentration (wt%)
(a) (b)

Figure 2. Plasma decomposition of glucose: (a) Volume of gas contents, (b) Gas production rate.

Figure 3. Images of cellulose soaked in water: (a) 10 wt%, (b) 30 wt%, (c) 50 wt%.

400— | : T : T : T : .
3001 Cellulose co .

r |—e—H, *+—CO,
200 02 Ch

100E 1 _Acp —v—CoH,
80 2Mg

60[
4ol

Gas yield (¢ mol/s)

Concentration (wt%)

Figure 4. Gas production rate obtained by plasma decomposition of cellu-
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wt% or above, the ratio of C and O in relation to H in the gas mixture increases, intensifying the decomposition
reaction by the plasma. Additionally, in concentrations of 40 wt% or less, the generation of H, O, C is nearly the
same, but after the concentration reaches 50 wt%, the amount of O, and C generated become greater than H.

A related finding was that the reaction of glucose and cellulose in the liquid state is not due to a direct de-
composition reaction by the plasma. Because of the In-liquid plasma is generated in the air bubbles created by
the heat of the plasma evaporating the surrounding liquid. Thus, the glucose and cellulose cannot enter into these
air bubbles due to its nonvolatile property.

Based on analyses of the values of plasma in pure water performed previously, the evaporated water in the air
bubbles is decomposed by the plasma and the large volume of OH radicals that have been created are dispersed
into the water [29] [30]. In addition, experiments have shown an increase in the concentration of hydrogen pe-
roxide, which is thought to be formed from the OH radicals in the pure water [31]. OH radicals have a strong
oxidizing property that indirectly breaks down the glucose and cellulose.

Spectrometry measurements were performed in order to investigate the types of radical formations in the
plasma. Figure 6(a) shows the emission spectrum of pure water. H, (656 nm), Hg (486 nm) OH, O (777 nm) and
O (845 nm) are detected due to the presence of hydrogen and oxygen radicals resulting from the decomposition
of water. Figure 6(b) shows the plasma emission spectrum for a glucose solution with a concentration of 50
wit%. Strong emission spectrums could be seen: 486 nm for Hg, 500 to 600 nm for Cu, 656 nm for H, and 777 to
824 nm for O. Cu and Na (589 nm) are the materials used for the electrode and the heat-resisting glass. When
the glucose and cellulose are directly broken down by the plasma, the expected spectrums of CO (250 to 400 nm)
and C, (=516 nm) could be confirmed. However, the spectrum from the OH radicals seen at 309 nm during
spectrometry of plasma in pure water was difficult to confirm. This is because the liquid after the plasma has
been created has the ability to absorb ultraviolet light [32] [33].
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Figure 5. Number of hydrogen, oxygen and carbon atoms in the generated gas: (a) glucose, (b) cellulose.
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4. Decomposition of Saccharides Using a Funnel Shaped Device for Breakdown

The problem of the cellulose not being able to enter into the plasma region was found using the experimental
apparatus in the previous section. Therefore, as shown in Figure 7, the testing apparatus was improved by add-
ing a taper to the bottom of the reactor vessel to form a funnel shape that makes it easier for the cellulose to ac-
cumulate at the bottom. The reactor vessel is funnel shaped and made of Pyrex glass. The liquid reservoir sec-
tion has an inner diameter of 22 mm and an outer diameter of 25 mm. The section where the electrode is inserted
has an inner diameter of 4 mm and an outer diameter of 6 mm. It is expected that the slope of the funnel will
enable any cellulose that has settled to the bottom of the liquid reservoir to be efficiently broken down. A 3 mm
diameter rod is used for the electrode. The top of the container is sealed with a silicone plug, making the con-
tainer airtight. Before the start of the experiment, the gas discharge valve was closed and an aspirator was used
to create negative pressure inside the vessel. After the pressure inside the device returned to atmospheric pres-
sure, the gas was collected using the same procedure described in the previous section. The reaction liquid was a
dissolved glucose solution in which powdered cellulose was dispersed.

Figure 8 shows the relationship between the concentrations of the gases generated for glucose and cellulose.
As with the batch-type experiment, when the glucose concentration was 5 wt% or below, the amounts of H,, CO,
and CO, generated increased as the concentration increased while the amount of O, gas was reduced. In concen-
trations of 10 wt% and above, the amount of H, gas generated stabilized.

The amount of hydrogen generated was approximately twice the amount generated by the batch type device.
In addition, the highest speed of hydrogen generation for cellulose in the funnel type device was approximately
three times the highest value for the batch type in the liquid state. However, when compared to the concentration
of 40 wt% shown in Figure 2, the amount of CO and CO, gas attained was smaller and direct decomposition of
the cellulose by the plasma did not occur. How to introduce nonvolatile materials or fixed shaped particles into
the plasma will be a topic for future research.

5. Conclusion

In this research, experiments for in-liquid plasma breakdown of glucose and cellulose were conducted and the
components of the generated gas mixture were analyzed and the gas production rate was measured. Using plas-
ma decomposition, a dissolved glucose-water solution is proposed, in which cellulose was dispersed to generate
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Figure 7. Plasma breakdown device using a funnel-shaped reactor.
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Figure 8. Plasma decomposition experiments using saccharides in a funnel-shaped reactor: (a) glucose, (b) cellulose.

a gas mixture that contains 50% - 66% of hydrogen gas. With the batch-type device, the cellulose became a
powder at concentrations of 30 wt% and above. At concentrations 40 wt% and above, the generation of gas sig-
nificantly increased because the powder entered directly into the plasma and the cellulose was directly broken
down by thermal decomposition in the plasma. When the glucose-water solution or a solution with dispersed
cellulose had concentrations of 27 wt% or less, the saccharides were not directly decomposed by the heat of the
plasma, but rather were decomposed indirectly by active type radicals created by the plasma. With the funnel-
shaped device, the generation speed of the hydrogen gas was greater than that of the batch-type device, but in
this case as well, the direct heat from the plasma had little effect on the decomposition.
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