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Gasification of Rice Husk in a Downdraft Gasifier:
The Effect of Equivalence Ratio on the Gasification
Performance, Properties, and Utilization Analysis of
Byproducts of Char and Tar

Zhongging Ma,>>* Jiewang Ye, " Chao Zhao,® and Qisheng Zhang®

Rice husks (RH) are a potential biomass source for bio-energy
production in China, such as bio-gas production by gasification
technology. In this paper, a bench-scale downdraft fixed bed gasifier
(DFBG) and a tar sampling system were designed. The effect of
equivalence ratio (ER) on gasification performance in terms of the
temperature in the gasifier, the composition distribution of the producer
gas, and the tar content in the producer gas was studied. The maximum
lower heating value of 4.44 MJ/Nm?2, minimum tar content of 1.34 g/Nm3,
and maximum cold gas efficiency of 50.85% were obtained at ER of
0.211. In addition, the characteristics of gasification byproducts, hamely
bio-char and bio-tar, were analyzed. The proximate and ultimate analysis
(especially of the alkali metal), the surface morphology, the surface area,
and the pore size distribution of the rice husk char (RHC) were obtained
by the use of X-ray fluorescence (XRF) and scanning electron
microscopy (SEM), as well as by using the Brunauer-Emmett-Teller
(BET) method. The components of light tar and heavy tar were obtained
by using gas chromatography-mass spectrometry (GC-MS).

Keywords: Biomass; Rice husk; Gasification; Downdraft fixed bed gasifier; Char; Tar

Contact information: a: School of Engineering, Zhejiang Agriculture & Forestry University, Lin’an,
Zhejiang 311300, P. R. China; b: Key Laboratory of Wood Science and Technology of Zhejiang Province,
Lin’an, Zhejiang 311300, P. R. China; c: School of Materials Science & Engineering, Nanjing Forestry
University, Nanjing 210037, Jiangsu, P. R. China; *Corresponding author: mazgzafu@163.com

INTRODUCTION

Biomass is a promising and renewable energy source that is estimated to
contribute 10 to 14% of the world’s energy supply (Zhang et al. 2013). Rice husk (RH), a
characteristic type of biomass, is the major agriculture residue from rice production in
China (Wu et al. 2009). China produces the most rice in the world, and the average
annual generation of RH in China was estimated at 3,484 tons from 2007 to 2009 (Guo et
al. 2012). Rice husk from a rice milling plant has the advantages of lower moisture
content and a relatively uniform particle size, which makes pre-treatments, such as drying
and grinding, unnecessary compared to woody materials (Yoon et al. 2012). Currently,
the majority of RH is used for primary energy generation with low thermal conversion
efficiency for heat supply by means of direct burning in boilers. However, RH can be
converted into high-quality biogas through gasification technology (Ma et al. 2012).

Gasification is a thermo-chemical process of converting carbonaceous materials
into gaseous products using a gasifier with a gasifying medium such as air, oxygen, and
steam either alone or in mixture (Ma et al. 2012). The main combustible components in
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the gas are Hz, CO, and CHs, and small quantities of hydrocarbons (such as C2Hs and
C2Hs) are included as well. The producer gas could be used as a fuel in engines for power
generation; thus, it is a promising technology to provide electricity in remote districts by
using local, renewable fuels (Martinez et al. 2012). Two major types of gasifiers are the
fluidized bed and the fixed bed gasifier. According to the Knoef's report (2000), the
majority of biomass gasifiers used in the world are the downdraft fixed bed type (75%),
and 20% are fluidized bed systems. For RH biomass, most of the results from the
gasification experiments were reported using fluidized bed gasifiers (Karmakar and Datta
2011; Karmakar et al. 2013; Behainne and Martinez 2014). However, less research is
focused on fixed bed gasifiers fed by RH.

Based on the flow direction of the producer gas, the fixed bed gasifier can be
divided into an updraft and downdraft gasifier (Martinez et al. 2012). Compared to the
updraft gasifier, the downdraft fixed bed gasifier (DFBG) has the main advantage of a
lower tar concentration and a higher carbon conversion rate, which is beneficial for the
engine in generating electricity. From the top to the bottom of the DFBG, the thermal-
chemical reaction stages can be presented as drying, pyrolysis, oxidization, and
reduction, respectively. Thus, the producer gas that forms in the top two stages (drying
and pyrolysis) will pass through the high temperature oxidization stage (about 800 to
1000 °C), which leads to the secondary cracking of tar (Jaojaruek et al. 2011).

The effect of DFBG's mechanical structure and inner diameter on the RH
gasification performance has been studied by several researchers. Tiangco et al. (1996)
studied the relationship between specific gasification rates and cold gas efficiency in
DFBG with four different diameters (16, 20, 25, and 30 cm). Jain and Goss (2000) found
the optimal specific gasification rate (192.5 kg/(h-m?)) in the bench scale of an open core
throat-less downdraft gasifier. Atnaw et al. (2013) designed a 50 kWth lab-scale, two
stage DFBG, and found the optimal diameters and heights for the first and second stages.
Yoon et al. (2012) studied the difference of gasification process between RH and RH
pellet in DFBG and found that RH pellets had higher heating values and better cold gas
efficiency. However, the effect of equivalence ratio (ER) and temperature on the
compositions of producer gas and tar content have not been studied previously in the
DFBG gasification process fed by RH. Additionally, less information could been found
about the basic characteristics of gasification byproducts (RH char and tar).

In this paper, an auto-thermal bench-scale fixed bed gasification system with an
electricity capacity of 12 kW, was designed, which included a DFBG, a gas cleaning unit,
and a tar-sampling unit. The key objective of this study was first to investigate the effect
of equivalence ratio (ER) on the temperature inside the gasifier, the composition and
heating values of the producer gas, the gas production rate, cold gas efficiency, and the
carbon conversion rate using RH biomass. Then, the characteristics of the RH char
(RHC) and RH tar were also analyzed for their further applications in other industries.

EXPERIMENTAL

Materials

Rice husk (RH) was obtained from a rice plant in Zhenjiang City, Jiangsu
Province of China. Proximate analysis of the RH was performed according to ASTM
D3172-07a (2009). The ultimate analysis was carried out following the CHNS/O model
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by using an elemental analyzer (Vario EL Ill, Elementary, Germany), and the oxygen
content was estimated as the balance. The results are listed in Table 1.

Table 1. Ultimate Analysis and Proximate Analysis of Rice Husk

Ultimate Analysis | Mass %, dry basis Proximate Analysis Mass %, dry basis
Carbon 37.65 Volatile 61.78
Hydrogen 5.13 Fixed carbon 8.04
Oxygen? 55.4 Ash 30.18
Nitrogen 1.63 Moisture Content 4.55
Sulfur 0.181 Lower heating value/ MJ-kg?! 12.85

#calculated by difference

Methods
Gasification system

The gasification system was mainly comprised of three components: a downdraft
fixed bed gasifier (DFBG), a gas-cleaning unit, and a tar-sampling unit. The flow
diagram of the system is illustrated in Fig. 1. The design capacity of the bench-scale
DFBG was 12 kW, of electrical output with a cylindrical reactor that had an overall
height of 1,800 mm and an effective inner diameter of 350 mm. The gasifier, which was
made from mild steel, was lined by refractory and insulated by ceramic fibers (bulk). Five
K-type thermocouples were used to measure the temperature distribution inside the
gasifier. In order to test the temperature more precisely, one end of the five
thermocouples was located at the center of gasifier, and the other end was connected to
the temperature recorder. Another thermocouple measured the exit temperature of the
producer gas. The top of the gasifier was water-sealed in order to prevent the gas from
escaping from the gasifier.

Producer gas

1. Air blower 2. Gasifier 3. Screw conveyor 4. Cyclone 5. Spray tower 6. Condenser 7. Draft fan
8. Purification fower 9. Gas storage tank 10. Heating jacket (350°C) 11, Filter 12, Condenser-west fube
13. Ter collector 14. Mini vacuum pump 15Wet gas fiow meter

Fig. 1. Process flow chart of the downdraft gasification system
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In the oxidation zone of the gasifier, an air agent was injected homogeneously
through a round air distribution pipe by an air blower. The conical bottom of the gasifier
and the screw conveyer had a water jacket-style structure to reduce the char temperature
to the normal temperature. The gas cleaning system for this test consisted of a cyclone, a
spray tower, a condenser, and a purification tower. The role of each device could be
found in the previous work of Ma et al. (2012).

The tar-sampling unit was designed based on the standard DD CEN/TS 15439
(2006). The tar-sampling unit consisted of three parts: the particle collection and
separation part, the tar collection part, and the gas suction and measuring part. A
schematic diagram of the tar-sampling unit is shown in Fig. 1. After each test,
isopropanol was used as the solvent to wash the pipe, the condenser-west tube, and the
filter flask. Then, the washed solution was mixed with the primary tar in the filter flask.
The mixed solution was distilled to obtain gravimetric tar by using a rotary evaporator.
Thus, the tar content in the crude producer gas could be determined.

Experimental procedure

Before the experiment start-up, a certain mass of RH char (RHC) was dumped as
a heap into the bottom of the gasifier until the top layer reached the reduction zone. The
RH was then dumped into the gasifier until the top layer reached the oxidization zone.
About 50 mL of diesel was used to aid the ignition of the RH, and then the draft fan
began to work. The flow rates of the air medium and the producer gas were measured by
a rotameter. After about 5 min, the producer gas was ignited and the temperature and
components of the producer gas were recorded at intervals of one min. The RH feedstock
was added into the gasifier intermittently based on the gasification intensity. The RHC,
which was formed in the gasification process, remained in the bottom of the gasifier at
first. It was then pushed into the screw conveyer by rotary grate and was discharged from
the gasifier by the screw conveyer. The tar was removed by the gas cleaning system and
collected in a tank. The experimental run details are shown in Table 2. Each experimental
run lasted for 1 h.

Table 2. The Experimental Run Details of Rice Husk Gasification in Downdraft
Fixed Bed Gasifier

Runs | Air/ Nm?3h Equivalence Ratio Feedstcnrce:ll:e?ﬁg/shumpt|on Flow ;f/ ‘,{fﬁﬁ’;ﬁ}d“ce"
1 5 0.169 8.81 8.92
2 6.5 0.188 10.29 12.59
3 8.5 0.211 12 17.66
4 12.4 0.255 14.45 23.87
5 16.6 0.295 16.72 31.52

Instruments for analysis of gasification products

The components (CO, CO2, Hz, CH4, and O2) and lower heating value (LHV)
were tested by an Online Infrared Syngas Analyzer (Gasboard-3100; Wuhan Cubic
Optoelectronics Co., Ltd., China). Information on the surface morphology of the RH and
the RHC was obtained by using a scanning electron microscope (SEM) (Quanta 200; FEI
Co., Ltd., USA). The surface area and pore size distribution of the RHC were obtained by
using a Gas Sorption Analyzer (ASAP 2020; Quantachrome Instruments Co., Ltd., USA)
based on the Brunauer-Emmett-Teller (BET) method. The chemical composition of the
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RHC, which included silica and major metal compounds, was analyzed and quantified by
X-ray Fluorescence (S4-Explorer; Bruker Co., Ltd., Germany). The components of the
RH tar were analyzed by gas chromatography-mass spectrometry (GC/MS) (5975C;
Agilent Technologies Co., Ltd., USA).

Investigating gasification related variables definition

The following variables are important in the performance assessment of the
gasification process. The equivalence ratio (ER) is the ratio of the actual air volume
supplied per kg of biomass fuel to the volume of air that is necessary for stoichiometric
combustion of per kg of biomass fuel presenting as Eg. 1 (Martinez et al. 2012). The gas
production rate (GPR) was calculated by Eq. 2 (Gai and Dong 2012). The cold gas
efficiency (CGE) was defined as the ratio of energy of the producer gas per kg of biomass
to the LHV of the biomass material (Eq. 3) (Sheth and Babu 2009). The carbon
conversion rate (CCR) represents the carbon conversion from biomass into producer gas
during gasification process which was calculated using Eq. 4, where C% is the carbon
elementary fraction in the RH (Karmakar et al. 2013).

(Air flow rate /Biomass comsumption rate ) 4 .pya1

ER =
(Air flow rate /Biomass comsumption rate ) .oichiometric (1)

GPR = Gas Volume per Hour (2)

- Weight of Biomass Comsumption per hour

__ (calorific value)=(Gas Production Rate)

CGE

3)

Lower Heating Value of the biomass

12(CO%+CO, %+CH, %)

CCR = —
22.4x( 298/, JxCt%

X GPR (4)

RESULTS AND DISCUSSION

The Effect of ER on the Gasifier Temperature

Figure 2 shows the effect of ER on the temperature of the gasifier (TO1 to TO5)
and the producer gas in the outlet (T06). As the ER increased from 0.169 to 0.211, the
temperature in the pyrolysis zone (T03), oxidization zone (T04), and reduction zone
(T05), as well as in the producer gas (T06), gradually increased to their maximum values
of 387 °C, 815 °C, 636 °C, and 198 °C, respectively.

Sheth and Babu (2009) claimed that the increased ER provides more oxygen to
the oxidization zone, which makes the combustion of RH more severe and increases the
biomass consumption rate (Table 2), thus enabling it to supply more energy. This would
not only increase the temperature of the oxidization zone, but also increase the
temperature of the drying zone, pyrolysis zone, and reduction zone through heat and mass
transfer.

However, as the ER continued to increase, the temperature of the gasifier and
producer gas gradually decreased. This is because as more inert N2 was brought into the
gasifier, it acted as a heat carrier, which reduced the gasifier temperature (Martinez et al.
2012). Additionally, bridging or channeling was observed during the experimental
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process because of the poly-disperse nature of RH, which would make the bed unstable.
Akay and Jordan (2011) claimed that this would significantly affect the quality of
producer gas. Therefore, in this study, a long rod was used to stir the bed constantly for
eliminating bridging and improving the quality of producer gas. During use of a large-
scale gasifier, an auto stirrer has been recommended (Ma et al. 2012).
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Fig. 2. The effect of ER on the temperature of the gasifier and producer gas in the outlet

The Effect of ER on the Producer Gas

Figure 3 shows the effect of ER on the composition and lower heating value of
the producer gas. As the ER increased from 0.169 to 0.211, the concentration of CO and
H> continuously rose from 14.51% and 9.82% to 16.9% and 11.8%, respectively, and
CO2 decreased from 15.57 % to 14.81%. The LHV of producer gas reached its maximum
value of 4.44 MJ/Nm? at the ER of 0.211. The higher contents of CO and H; at ER of
0.211 were mainly attributed to the higher temperatures in the oxidization zone and
reduction zone (Fig. 2). This is because higher temperature would be favorable to
endothermic reactions, such as the water-gas shift reaction (Reaction (1)) and the
Boudouard reaction (Reaction (2)) (Jarungthammachote and Dutta 2012).

18 46

444

42

- 4.0

LVH (MJ/Nm?)

<38

Concentration (vol%)

- 3.6

—a—CO-e- H;- A -COy~v—CH -9 Oy —x—|HV
1 1 n 1 n 1 i 1 L 1 " 1

0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30
ER

Fig. 3. The effect of ER on the composition and lower heating value of producer gas
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Part of the CO, produced from the initial oxidation reaction (combusting with
oxygen) was consumed in the Boudouard reaction, which converted it into CO, and
therefore the concentration of CO. decreased. The increase in CHs from 1.8% to 2.9%
was mainly caused by the hydrogasification reaction (Reaction (3)). Cohce et al. (2010)
found that the H, and CHa4 content could be compensated by the favored cracking and
reforming of the volatiles as temperature increases.

Water-gas shift reaction: C + H,0 « CO + H, + 131 kJ/mol Re.l
Boudouard reaction: € 4+ CO, « 2CO + 172 k] /mol Re.2
Hydrogasification reaction: C + 2H, «» CH, — 74.8 k] /mol Re.3

In contrast, as the ER continuously increased, the concentration of CO and H>
gradually decreased, but the concentration of CO. increased. This was because the CO-
that formed in the oxidization zone was in excess to that of the conversion capacity in the
reduction zone. Also, more N2 entry by air diluted the combustible gas components (Gai
and Dong 2012).

Figure 3 shows the effect of ER on the lower heating value (LHV) of the producer
gas. The maximum LHV (4.44 MJ/Nm?3) obtained in this study was slightly lower than
that in woody biomass gasification, which had results of 4.7 MJ/Nm?® from Camphor
wood (Ma et al. 2012) and 4.66 MJ/Nm?3 from eucalyptus wood (Jarungthammachote and
Dutta 2012). This is because the combustible carbon element in woody biomass, which
would be converted into combustible gas components (CO), was much higher than in
RH.

The Effect of ER on the Tar Content of the Producer Gas

Figure 4 shows the effect of ER on the tar content in the producer gas. As the ER
increased from 0.169 to 0.211, the tar content in the producer gas gradually decreased to
the value of 1.34 g/Nm?. Then as the ER continued to increase, the tar content gradually
rose. This is because the temperature of the oxidization and reduction zones reached their
maximum value at an ER of 0.211.
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Fig. 4. The effect of ER on the tar content of the producer gas

Several researchers have claimed that higher temperature in the oxidization and
reduction zone would be favored to the secondary cracking of tar and would boost the
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steam reforming reaction (Reaction (4)) of tar with char as a catalyst (Jaojaruek et al.
2011; Ma et al. 2012; Jarungthammachote and Dutta 2012). Then the reduced tar was
converted to the smaller molecular gas components, such as CO, Hz, CH4, which caused
the LHV of producer gas to be increased (Fig. 3) (Behainne and Martinez 2014). Tar
content of 5.125 g/Nm? was found at the optimal ER of 0.41 using corn straw by Gai and
Dong (2012). However, using a double air stage approach, lower tar content could be
observed in the DFBG, such as 78.24 mg/Nm® fed by eucalyptus wood from
Jarungthammachote and Dutta (2012), and 114.4 mg/Nm? when fed by wood chips from
Jaojaruek et al. (2011). Higher temperature in the oxidization zone was reached using this
approach.

Char

Steam reforming reaction: Hydrocarbons /Tar + H,0 —= > Cco + H, Re4

The Effect of ER on the Performance of the Gasifier System

The effect of ER on the gas production rate (GPR), cold gas efficiency (CGE),
and carbon conversion rate (CCR) is shown in Fig. 5. The values of GPR, CGE, and CCR
were estimated by Egs. 2, 3, and 4, respectively. As the ER increased from 0.169 to 0.295,
more air was brought into the gasifier. Thus, the combustion reaction of RH and a series
of gasification reactions became more severe, which would result in the increase of the
yield of the producer gas, as shown in Table 2. Therefore, the GPR gradually increased
from 1.01 to 1.89. The CCR represents the carbon conversion during gasification process.
As the ER increased from 0.169 to 0.295, more carbon element in RH was converted into
producer gas, such as CO, COz, and CHa, which resulted in the gradual increase of CCR.
And the CCR reached its maximum value of 79.97%.

When ER < 0.211, the CGE increased sharply and reached its maximum value
(50.85%) at the ER of 0.211, then it decreased when ER > 0.211, which indicated that the
total energy conversion into the producer gas decreased because of the decreasing of the
producer gas LHV. The similar result of CGE was also found by Guo et al. (2014). Sheth
and Babu (2009) found the maximum CGE of 56.87% at an ER of 0.205, which was
slight higher than the result of this experiment (50.85%).
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Fig. 5. The effect of ER on the feedstock consumption rate, cold gas efficiency, and carbon
conversion rate
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Energy Balance Analysis

The energy contained in the producer gas and RHC was estimated by the data of
the RH consumption rate (12 kg/h), the LHV of RH (12.85 MJ/kg), the flow rate (17.66
Nm3/h) and LHV (4.44 MJ/Nm®) of the producer gas, and the LHV (12.35 MJ/kg) and
yield (3.92 kg/h) of the RHC. The energy in the tar was estimated as the balance. Figure 6
shows the energy conversion pathway of RH gasification at the ER of 0.211; 50.85% of
energy in the RH was transferred into producer gas that could be used in generating
electricity. The rest remained stored in the RHC (31.39%) and tar (17.76%). In order to
improve the efficiency of biomass utilization, some researchers recommended to
converted RHC and tar into other products (Ma et al. 2012; Juan and De 2015). Thus, it
was important to analyze the fundamental characteristics of the RHC and RH tar and find
a suitable way for recovery utilization.

Feedstock <.

igh  SEE
1542Mh A
10

BMA  392kgh
17.76 % 4841 MIlh
3L3%

Fig. 6. The energy conversion pathway of rice husk gasification at the ER of 0.211

The Properties of Rice Husk Char (RHC)

The ultimate and proximate analysis of the RHC obtained at the ER of 0.211 is
shown in Table 3. The content of SiO2 in the ash of the RHC was 94.36%. Behainne and
Martinez (2014) and Shen (2014a) reported that the SiO was mainly present on the
outside and internal surface of the RH (Fig. 7a, 7b, and 7c). Thus, the RHC was an
excellent source of high purity amorphous silica, which could be used in several
applications, such as for silica gel and glass (Shen et al. 2014a).

Table 3. Ultimate Analysis and Proximate Analysis of Rice Husk Char at the ER
of 0.211

Ultimate Analysis (mass %, dry basis) Proximate Analysis (mass %, dry basis)
C H | o | N s Volatile Fixed Ash | LHV (MJ-kg)
carbon
37.44 | 1.01 | 60.83 | 0.42 0.3 12.11 31.55 56.34 12.35
Metallic oxide content (mass %, dry basis ) in ash of the RHC
SiO2 K20 MgO CaO Al2O3 Fe20s3 Na20
94.36 0.65 0.86 1.56 0.26 0.23 0.39

# calculated by difference

As shown in Figs. 7d and 7e, the RH char was a porous material because of its
honeycomb holes, which can be seen in the cross section. Compared to the raw RH, the
RHC had larger pore diameter because most of the tissues in the cell wall were gasified.
The BET surface area and pore size distribution of the RHC is shown in Fig. 8. The pore
size was mainly distributed between 1 to 2 nm. The BET surface area was 142 m?/g,
which was much higher than that of the RH (usually only 50 to 100 m?/g) (Shen et al.
2014b). Because of its porous characteristic, many researchers recommended that RHC is

Ma et al. (2015). “Gasification of rice husk,” BioResources 10(2), 2888-2902. 2896



PEER-REVIEWED ARTICLE b | oresources.com

a potential material for activated carbon production or could be used as a cheap support
material for nickel catalyst (Li et al. 2011; Alvarez et al. 2014; Shen et al. 2014b).

(e) Cross section of RHC

Hgneycémb hole

Honeycqnibhole' 7L
" . DA | ‘- O

Fig. 7. SEM micrographs: (a) RH; (b) outside surface of RH; (c) internal surface of RH; (d) cross-
section of RH; and (e) cross-section of RH char
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Fig. 8. (a) Nitrogen adsorption/desorption isotherms and (b) pore size distribution on charcoal of
rice husk

The Properties of Tar

Tar was obtained from the condenser and purification tower of the gas cleaning
system, and was stored in a tank. The tar consisted of two parts: the upper layer was the
aqueous phase (also named light tar in this study), which had high water content, and the
sedimentation part, or heavy tar (Fig. 9). A significant difference was found between the
two kinds of tar. The light tar was a transparent liquid with brown color that was
hydrosoluble. The heavy tar was a syrupy liquid with black color that was hydrophobic.
Figure 9 shows the total ion chromatograms from the GC/MS analysis of the light and
heavy tars.

The components of the light tar are shown in Table 4. The light tar was mainly
composed of small molecular substances such as phenols (30.72%), acetic acid (20.39%),
D-allose (17.86%), ketones (12.87%), aldehydes (5.35%), and lipids (1.8%). The
components of the light tar were similar to the tar (also known as vinegar) from wood or
bamboo carbonization (also known as slow pyrolysis) (Mun and Ku 2010). Mu et al.
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(2003; 2004) studied the effect of bamboo vinegar on seed plants, and found that an
appropriate refining and dilution of bamboo vinegar had an obvious promotional effect
on the germination and radical growth of seed plants. Thus, the light tar from the RH
gasification can be a potential substance used to regulate plant growth.

Fig. 9. Total ion chromatograms obtained from GC/MS analysis of light tar and heavy tar
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Table 4. Component Identification of Light Tar from GC/MS

NO. Identified compounds arzga(l;/o) NO. Identified compounds arzza(lg/o)
1 | 2,3-Pentanedione 0.77 17 2,4-Dimethylphenol 0.55
2 | Acetic acid 20.39 18 | Creosol 2.06

(S)-5-
3 | 1-Hydroxy-2-propanone 6.19 19 Hydroxymethyldihydrofuran- 0.41
2-one
4 | Ethyl formate 0.82 20 Pyrocatechol 6.28
5 | Pyridine 1.65 21 5-Hydroxymethylfurfural 1.48
6 | 1-Hydroxy-2-butanone 2.92 22 | 4-Ethyl-2-methoxyphenol 1.05
7 | DL-Arabinose 1.19 23 | 4-Methylcatechol 3.49
8 | 2-Propanone,l-(acetyloxy)- 1.06 24 | 2,6-Dimethoxyphenol 0.67
9 | gamma-Butyrolactone 0.45 25 | 4-Ethylcatechol 4.03
10 | cyclohexanone 0.73 26 | 1,2,4-Trimethoxybenzene 0.55
11 | 5-Methyl furfural 2.15 27 D-Allose 3.00
12 | Phenol 6.3 | 28 |2Propanone,l-(4-hydroxy-3- | g3
methoxyphenyl)-
13 | Methyl cyclopentenolone 1.56 29 D-Allose 14.86
14 | Phenol, 2-methyl- 136 | 3o |Hexanoicacd Tmethyletyl | g 55
15 | Phenol, 2-methoxy- 4.68 31 | 4-(Ethoxymethyl)-2- 0.42
methoxyphenol
16 | 4-Ethylcyclohexanone 0.29
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The components of the heavy tar are shown in Table 5. Compared to the light tar,
the components of the heavy tar were more complex, and the majority were aromatics.
Based on the classification of tar from former researchers, the components of heavy tar in
this study could be divided into five groups from class 1 to 5 (Li and Suzuki 2009). The
groups were GC-undetectable group, heterocyclic aromatics, light aromatics (1 ring),
light polycyclic aromatic hydrocarbons (2-3 ring), and heavy polycyclic aromatic
hydrocarbons (4-7 ring), and their corresponding percentages pertaining to this study
were 0%, 48.78%, 1.84%, 24.26%, and 0.97%, respectively. Li et al. (2011) reported that
the coal tar was an important feedstock for aromatic chemicals. Some aromatics, such as
15 to 25% BTX (benzene, toluene, xylene) and 95% multi-ring hydrocarbons
(anthracene, acenaphthene, pyrene, etc.), can only be obtained from coal tar (Li and
Suzuki 2009, 2010). According to the components in Table 5, the heavy tar from the RH
gasification can be a potential aromatics feedstock.

Table 5. Component Identification of Heavy Tar from GC/MS

NO. Identified compounds Pea(l;/o?rea NO. Identified compounds arzga(lg/o)
1 Cyclopropyl methyl ketone 0.27 29 | Biphenyl 1.16
2 | Toluene 0.57 30 | Naphthalene, 1-ethyl- 0.59
3 | Furfural 2.13 31 | 1,2-Benzenediol,4-ethyl- 2.16
4 | 1,3-dimethyl-Benzene 0.59 32 | Naphthalene,2,6-dimethyl- 0.70
5 | Styrene 0.68 33 | Biphenylene 2.04
6 | 2-Acetylfuran 0.41 34 | Phenol,2-methoxy-4-(12)-1- 1.80

propen-1-yl-
7 | 5-Methyl furfural 0.95 35 | 2-Vinylnaphthalene 0.57
8 | Benzofuran 1.05 36 | 4 Hydroxy-3- 1.37
methoxyacetophenone
9 Phenol 3.92 37 | Dibenzofuran 0.49
10 | 2-Cyclopenten-1-one,3,4- 0.31 38 | 2-Naphthalenol 1.27
dimethyl-

11 | Indene 1.55 39 | Fluorene 0.46
12 | 2-Hydroxybenzaldehyde 0.72 40 | 1-Naphthalenol,2-methyl- 0.92
13 | 2-Methylphenol 2.32 41 | Ethyl 3,4-dihydroxybenzoate 0.87
14 | Hydroxy-3-methylbenzene 7.21 42 | 2,6-Dimethoxy-4-allylphenol 0.61
15 | 2-Methylbenzofuran 1.06 43 | 3-Phenylphenol 0.63
16 | 2-Methylindene 0.76 44 | Phenanthrene 0.72
17 | 2,4-Dimethylphenol 1.99 45 | Anthracene 0.42
18 | Naphthalene 7.05 46 | 4,5-Methylenephenanthrene 0.32
19 | Creosol 2.93 47 | Palmitic acid 0.87
20 | 2,4,6-Trimethylphenol 0.89 48 | Manool 0.33
21 | 2-Methylbenzaldehyde 3.82 49 | Fluoranthene 0.42
22 | 2,4,6-Trimethylphenol 1.05 50 | 1,4-Diphenylbutadiyne 0.36
23 | 1H-Indene, 2,3-dimethyl- 0.59 51 | Fluoranthene 0.3
24 | Phenol,2-ethyl-4-methyl- 0.95 52 | Methyl 2-benzylbenzoate 0.35
25 | 4-Ethyl-2-methoxyphenol 3.63 53 | Quinalizarin 0.70
26 | 1-Methylnaphthalene 2.28 54 | Homovanillyl alcohol 0.67
27 | 4-Methylcatechol 6.79 55 | Sitosterol 0.25
28 | 2,6-Dimethoxyphenol 3.12
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CONCLUSIONS

1. The optimal equivalence ratio (ER) in the downdraft fixed bed gasifier fed by RH was
0.211 with the maximum LHV of producer gas (4.44 MJ/Nm?® along with CO of
16.9%, H> of 11.8 %, CO- of 14.82 %, and CHa4 of 2.9 %), a minimum tar content of
1.34 g/Nm?, and a maximum cold gas efficiency of 50.85%.

2. The RH char was a porous material with high SiO2 content (94.36%) in its ash and a
high BET surface area of 142 m?/g. The RHC could potentially be feedstock for the
production of silica gel, glass, and activated carbon, as well as potentially be a cheap
support material for catalysts.

3. The light tar was mainly composed of small molecular substances such as phenols
(30.72%), acetic acid (20.39%), D-allose (17.86%), ketones (12.87%), aldehydes
(5.35%), and lipids (1.8%). After refining and dilution, the light tar could be a
potential substance used to regulate plant growth.

4. The heavy tar was mainly composed of heterocyclic aromatics (48.78%), but also
contained light aromatics (1 ring) (1.84%), light polycyclic aromatic hydrocarbons (2-
3 ring) (24.26%), and heavy polycyclic aromatic hydrocarbons (4-7 ring) (0.97%).
The heavy tar could be a potential feedstock for aromatic chemicals.
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