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Abstract 
 
Biomass conversion by plasma has the advantage of mainly producing gaseous products, H2, CO and CO2. 
Though the thermal plasma has been used for this conversion, the plasma temperature is too high to be unfit 
for the conversion biomass. The temperature of cold plasma, however, is lower under 3000 K. It expects to 
be adequate for biomass conversion. Cold plasma can be obtained with irradiation microwave (2.45 GHz) or 
radio frequency (13.5 MHz) under reduce gas pressure. Therefore, in present study, the effective decomposi-
tion of cellulose by microwave plasma (MWP) and radio frequency plasma (RFP) is examined. The conver-
sion of cellulose by MWP (XMWP) is higher than that by RFP (XRFP), irrespective of the reaction time. XMWP 
and XRFP reach 92.8 wt% at 10 min and 68.1 wt% at 30 min. The maximum yield of gaseous products (Ygas) 
by MWP is 85.1 wt% at 10 min, higher by 23.2 wt% than Ygas by RFP at 30 min. The amount of H2 and CO 
obtained by MWP is 18.0 mmol/g and 23.5 mmol/g, it is larger than that obtained by RFP. Comparing the 
relationship between conversion and yield, Ygas of MWP is slightly higher than that of RFP under X of 60 
wt%, and both Ygas is almost same over 60 wt%. The amount of H2 and CO obtained by MWP is larger by 
9.3 mmol/g and 9.6 mmol/g than that obtained by RFP. C, H and O element in cellulose is mainly distributed 
to H2 and CO by MWP. RFP mainly distributes H and O element to the other gases without H2 and CO. In 
addition, a large amount of C element is remains in the residue. Those results is found that MWP was more 
suitable for cellulose gasification than RFP, since MWP can highly convert C, H and O element to H2 and 
CO by higher energy of microwave frequency in comparison with radio frequency. 
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1. Introduction 
 
Recently, renewable energy is noticed again following 
reasons: 1) soaring the price of petroleum; 2) the uncer- 
tain supply of petroleum; 3) a crisis at the Fukushima No. 
1 nuclear power plant. Biomass is a renewable resource by 
the photosynthesis of H2O and CO2, and biomass widely 
exists distribution on the earth. The abundance of unused 
biomass is exists in the field of agriculture, forestry and 
livestock industry. If those resources convert to the ener- 
gy resource, for example hydrogen for fuel cell, it will 
become an expecting technique. 

Plasma is considered to be the 4th state of matter, it is 

gas including ion, electron and neutral particle. Plasma is 
roughly classified in thermal plasma and cold plasma. 
Because thermal plasma is equilibrium state of the tem- 
perature of electron, ion and neutral particle, the tem- 
perature of thermal plasma becomes as high as 3000 K ~ 
10000 K. Therefore, plasma method has the advantage of 
the possible abundance production of H2 and CO from 
biomass, and gaseous products obtained by plasma 
contain low tar [1]. Katou et al. reported that the tar yield 
was low and H2, CO and CO2 were obtained when bio- 
mass was converted by DC arc plasma, which is thermal 
plasma [2]. But the temperature of thermal plasma is too 
high to be unfit for the energy efficient conversion of 
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biomass. 
Cold plasma is non-equilibrium state of the tempe- 

rature of electron, ion and neutral particle. The electron 
temperature is only higher than ion and neutral particle 
temperature. Therefore, plasma temperature is under 
3000 K, which might be adequate for the conversion of 
biomass to gaseous products. Tang et al. studied that the 
gasification of rice straw by RF plasma (RFP), which 
was obtained under 3 - 8 kPa at 1600 - 2000 W of power 
by the irradiation of radio frequency (13.56 MHz). In 
their results, the yield of gaseous products reached at 
66% and H2, CO, CH4 and CO2 was mainly obtained [3]. 

It has been studied in our laboratory that the effective 
conversion of coal (Yallourn coal and Taiheiyo coal) 
[4-6] and biomass (cellulose, lignin, saw dust, sugar cane 
bagasse) [7-9] by microwave plasma (MWP) are per- 
formed under reduce pressure by microwave (2.45 GHz), 
generated by a for lower electric power (300W) than the 
above mentioned works. When cellulose was used as a 
raw material, the yield of gaseous products (Ygas) reached 
at 79 wt% and H2 and CO was mainly obtained [7]. 
Com-paring those results with that obtained at same 
temperature of MWP by conventional pyrolysis, Ygas 
obtained by MWP is higher by 67.7 wt% than that 
obtained by conventional pyrolysis. Mainly CO2 was 
obtained at 620 K, CO and CO2 were obtained in the 
range from 1000 K - 1050 K, and H2, CO and CO2 were 
obtained over 1100K by conventional pyrolysis [7]. 

Both cold plasma methods can give the high yield of 
gaseous products and produce mainly H2 and CO. The 
difference between microwave plasma and RF plasma is 
the frequency of electromagnetic wave for obtained plas- 
ma. As the difference of energy is depend on the fre- 
quency of electromagnetic, the plasma density, the elec- 
tron state and the activated species might be different 
between MWP and RFP. It is considered that this affects 
the decomposition of biomass. 

In present study, the decomposition of cellulose by 
MWP and RFP was compared under Ar at irradiation 
power of 300 W.  

 
2. Method of Gasification by Plasma 
 
2.1 Raw Material 
 
Cellulose (Merck Co., 200 mesh under), which is main 
composition of biomass, was used as raw material. The 
proximate and elemental analysis of cellulose was 
summarized in Table 1. Cellulose was dried under argon 
at 110˚C for 3 hours. 

 
2.2. Plasma Apparatus 

 
2.2.1. Plasma Reactor with Radio Frequency 
Figure 1(a) shows the radio frequency plasma appa-  

Table 1. Proximate and elemental analysis of cellulose. 

 Proximate analysis (d.b) Elemental analysis (d.a.f)Molar ratio

 [wt%] [wt%] [-] 

 VM Ash FC C H N O(diff) H/C O/C

Cellulose 95.5 0.0 4.5 42.6 6.2 0.0 51.2 1.75 0.90

 
ratus. A low-pressure flow reactor was used with a quartz 
glass reaction tube (12 mm of internal diameter and 600 
mm of length). Cellulose was packed in the middle of the 
vertical reaction tube. The radio frequency (RF) was in- 
troduced at 13.56 GHz from two ring copper electrode to 
produce a plasma in the reaction tube. The space of 
between two electrodes was 17 mm. 

2.2.2. Plasma Reactor with Microwave 
Figure 1(b) shows the microwave plasma apparatus. 

A low-pressure flow reactor was used with a quartz glass 
reaction tube (25 mm of internal diameter and 800 mm 
of length). Cellulose was packed in the middle of the 
vertical reaction tube. The microwaves (MW) were intro- 
duced at 2.45 GHz from the side of the tube via a wave 
guide to produce a plasma in the reaction tube. 
 
2.3. Experimental Conditions 
 
Experimental conditions of MWP and RFP are summa- 
rized in Table2. 

 
2.4. Calculation of Conversion and Product 

Yield 
 

The conversion (X) and the yield (Y) were calculated, 
based on the weight decrease of the post-reaction resi- 
dues dried at 380 K for 3 h. The yield of the liquid pro- 
ducts was also calculated, based on the weight difference, 
before and after extraction with benzene. Equations are 
showed as follows. 

 
  

0 residue 0

gas 0 liquid residue 0

liquid liquid 0

X W W W 100

Y W W W W 10

Y W W 100

  

   

 

0  

X: conversion (XMWP: conversion by microwave plasma, 
XRFP: conversion by RFP) 

Ygas: yield of gaseous products 
Yliquid: yield of liquid products 
W0: weight of cellulose 
Wresidue: weight of residue , 
Wliquid: weight of liquid products 
 

2.5. Analysis of Products 
 
On-line gas chromatography (SHIMADZU Co. Ltd, GC- 
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Figure 1. Plasma reactor. (a) Radio frequency plasma reactor; (b) Microwave plasma reactor. 
 

Table 2. Experimental conditions. 

Method Radio frequency plasma Microwave plasme 

I  Sample   

Raw material Cellulose (March Co.) Cellulose (March Co.) 

Mesh <200 mesh <200 mesh 

weight 1.0 g 1.5 g 

II  Gas   

Feed gas Ar (99.999%) Ar (99.999%) 

Feed rate 0.45 mmol/min 0.89 mmol/min 

Initial pressure 1.3 kPa 4.0 kPa 

III Electromagnetic wave   

Frequency 13.56 MHz 2.45 GHz 

Power 300 w 300 w 

Irradiation time 1 - 30 min 0.5 - 10 min 

 
14B) was used for the analysis of the gaseous products. 
The element analysis of residue was measured with CHN 
coder (Yanaco Co., MT-6)  

 
3. Results and Discussion 
 
3.1. Comparison of the Effect of Time Change on 

Reaction 
 
3.1.1 Comparison of Conversion and Products Yield 
Figure 2 shows the relationship between reaction time (t) 
and X. XMWP immediately increases until 5 min and is 

constant at 92.8 wt% after 5 min. XRFP gently increases 
until 15 min and is constant at 65 wt% after 15 min. 
Comparing XMWP with XRFP, XMWP is higher than XRFP 

irrespective of t. This shows that the conversion rate of 
MWP is faster than that of RFP. From this result, it is 
found that MWP can convert cellulose in the short time 
and indicates high conversion. 

Figure 3 shows the relationship between t and Ygas, 
Yliquid. Ygas by MWP reaches 86 wt% at 10 min. Yliquid by 
MWP indicates the maximum value of 13 wt% at 5 min. 
Ygas by RFP increases until 15 min and is constant at 65 
wt% after 15 min. Yliquid by RFP indicates the maximum  
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Figure 2. Comparison of the conversion with the time change. 
 

 

Figure 3. Comparison of the product yield with the time 
change. 
 
value of 11 wt% at 10 min. Comparing Ygas and Yliquid by 
MWP with that by RFP, main products is gas irrespec- 
tive of t, and Ygas by MWP is higher than that of RFP 
irrespective of t. This result shows the gasification rate of 
MWP is faster than that of RFP and the maximum Ygas 
by MWP is higher than that by RFP. From above those 
results, it is found that the maximum value, conversion 
rate and Ygas rate are different by frequency. This is 
probably due to the higher temperature of MWP in com- 
parison of the temperature of RFP. It may be cause of the 
difference energy by frequency and the plasma state 
obtained by different of frequency. The decomposition of 
biomass by pyrolysis generally indicates higher conver- 
sion and Ygas with an increase in temperature. The energy 
of MW is larger than that of RF, because the frequency 
of MW (2.45 GHz) is larger than that of RF (13.56 MHz). 
In addition, the different frequency caused the change of 

a plasma density. As the frequency of MW is higher than 
that of RF, the plasma density of MW should be higher 
than that of RF. In high plasma density, electron, ion and 
neutral particle easily collide to each other. Therefore, 
gas temperature of MWP is assumed to be high. We 
measured the temperature of graphite heated by Ar 
plasma obtained under 1 torr at 300W by MW. The tem- 
perature reached 1074 K until 3min and was constant 
over 5 min. On the other hand, the temperature of N2 
plasma obtained under 1 torr at 308 W by RF was 783 K 
[10]. It is suggested that the difference of conversion and 
Ygas between MWP and RFP results from the different 
plasma temperature by a frequency. 

 
3.1.2. Comparison of the Amount of Gaseous Products 

Figure 4 shows the relationship between t and the 
amount of gaseous products. The component of gaseous 
products obtained by MWP is mainly H2 and CO, and the 
others are a few CH4, CO2, C2H2 and C2H4. The amount 
of H2 and CO increases with an increase in t and 
indicates a maximum value at 10 min. The amount of H2 
and CO is 18.0 mmol/g and 23.5 mmol/g at 10 min. The 
component of gaseous products obtained by RFP is 
mainly H2 and CO, and the others are a few CH4, CO2, 
C2H2, C2H4 and C2H6. The amount of H2 and CO 
increases with an increase in t and indicates maximum 
value at 30 min. The amount of H2 and CO is 8.7 mmol/g 
and 13.9 mmol/g at 30 min. The amount of H2 and CO 
obtained by MWP is larger than that obtained by RFP 
irrespective of t. It is found that MWP can produce the 
large amount of H2 and CO in the short time of 10min.  
This results from the higher temperature of MWP than 
that of RFP. Producing syngas (H2 and CO) from bio- 
mass by a general pyloysis, Dufour et al. reported the 
amount of hydrogen obtained from wood increased from 
0.06 Nm3/kg to 0.24 Nm3/kg with an increase in tempe- 
rature from 700˚C to 1000˚C [11]. It is suggested that the 
obtained large amount of H2 and CO by MWP is pro- 
bably due to the high temperature. 

 
3.2. Comparison of the Product Yield with the 

Conversion Change 
 

Figure 5 shows the relationship between X and Ygas, 
Yliquid. Ygas increase with an increase in X irrespective of 
method. Under 60 wt% of X, Ygas by MWP is higher 
than as that of RFP. Over 60 wt% of X, Ygas by MWP is 
almost same as that by RFP. Yliquid is constant irrespec- 
tive of X. Yliquid by MWP is lower than that of RFP under 
60 wt% of X. From this result, it is found that Ygas is 
almost same over X of 60wt% irrespective of method. 

Park et al. proposed decomposition mechanism of 
wood pyrolysis and obtained activation energy [12]. Ac- 
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Figure 4. Comparison of the amount of gaseous products. (a) 
Radio frequency plasma; (b) Microwave plasma. 
 

 

Figure 5. Relationship between conversion and product 
yield (Ygas, Yliquide). 

cording to their results, gas was produced directly from 
wood or obtained from the decomposition of tar pro- 
duced by wood pyrolysis. Moreover, they investigated 
activation energy (E) of the each decomposition process, 
E of wood to gas was 152.7 kJ/mol, E of wood to tar was 
148 kJ/mol, and E of tar to gas was 108 kJ/mol. Those 
results are found directly gasification from wood needed 
large energy and production of tar was easier than that of 
gas. Moreover, obtained tar was easily converted to gas. 
It is suggested that the higher Ygas of MWP than that of 
RFP under X of 60 wt% is due to the higher MW energy 
in comparison with RF energy. Over X of 60 wt%, Ygas of 
RFP is as same as that of MWP. This is due to the con- 
version of obtained liquid products to gaseous products. 

 
3.3. Comparison of the Amount of H2 and CO 

with the Change of Gaseous Yield 
 

Figure 6 shows the relationship between Ygas and the 
amount of H2 or CO. The amount of H2 and CO increases 
with an increase in Ygas irrespective of method. The 
amount of H2 and CO obtained by MWP is larger than 
that obtained by RFP irrespective of Ygas. This results 
from the difference of energy between MW and RF. 
According to Figure 4, the amount of CH4, CO2, C2H4 
and C2H6 obtained by RFP was larger than that obtained 
by MWP. Cho et al. studied oxidative coupling of me- 
thane with microwave and RF plasma catalytic reaction 
over transitional metals loaded on ZSM-5 [13]. From 
their results, comparing product selectivity obtained by 
MWP with that obtained by RFP when CH4/O2 (4:1) was 
reacted on non-catalyst, CO selectivity of MWP was 
higher than that of RFP and CO2 selectivity of MWP was 
lower than that of RFP. This result was found that CO 
selectivity is higher with larger energy. This result su- 
ggested that the difference of composition of gaseous 
products between MWP and RFP is due to the difference 
of energy between MW and RF. 

 
3.4. Comparison of the Element Distribution 
 
Figure 7 shows the comparison of the element distribu- 
tion at the maximum conversion between MWP and RFP. 
H and O element were mainly distributed to gaseous pro- 
ducts irrespective of method. By means of MWP, H ele- 
ment was mainly converted to H2. On the other hand, H 
element was mainly distributed to other gases as CH4 and 
C2 hydrocarbon by using RFP. O element was mainly 
converted to CO by using MWP. O element was mainly 
distributed to other gas as CO2 by using RFP. C element 
was gasificated to CO irrespective of method. Although, 
the large amount of C element remained in the residue 
obtained by RFP, and C element remained little in the 
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Figure 6. Relationship between conversion and the amount 
of H2, CO in. 
 

 

Figure 7 Comparison of element distribution between 
MWP and RFP. 
 

residue obtained by MWP. Form above result, it is 
found that MWP can distribute C, H and O element to 
mainly H2 and CO. This is probably due to the adequate 
energy of MWP to give active species for H2 and CO. 
 
4. Conclusions 
 
MWP can highly convert cellulose to gaseous products at 
short time (10 min) in comparison with RFP. Gaseous 
products mainly comprise H2 and CO. The amount of H2 
and CO obtained by MWP is 18.0 mmol/g and 23.5 mmol/g, 
it was larger than that obtained by RFP. The gaseous 
yields by MWP were almost same as that by RFP over X 
of 60 wt%. However, the amounts of H2 and CO by 
MWP were higher than that by RFP irrespective of 
gaseous yield. By MWP, C, H and O element in cellulose 
could be converted to mainly H2 and CO. Those results 
suggest that MWP is suitable for cellulose gasification in 
comparison with RFP, since MWP highly convert the 

element of C, H and O to H2 and CO by the higher 
energy of microwave frequency than that of radio fre- 
quency. 
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