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ABSTRACT

Biomass gasification is a sufficient and advanced technology for hydrogen production.
However, biomass or waste usually contains alkali or earth alkali metals those may cause bed
agglomeration which not only reduces the gasification/fluidization efficiency but also influences
the emission of hydrogen production. Accordingly, the aim of this study focuses on the
behavior of hydrogen production during air gasification of modified municipal solid wastes
under particle agglomeration process. Moreover, the Al- and Ca-based materials have been
added for the purpose of agglomeration controlling. The experimental results showed that
defluidization occurred while alkali metal (sodium) was applied into system. Then, addition of
CaO and Al,O; can prolong the defluidization time significantly, and the inhibition level was
following the sequence as Al,O3; > CaO. On the other hand, an increase trend of hydrogen
production was found with two additives tested in fluidized bed system. The advantages of
both agglomeration controlling and hydrogen production enhancement for those additives

were confirmed in this study.

1. INTRODUCTION

Biomass gasification is renewable and a CO; neutral energy resource and fluidized bed
was recognized as an important technique for using biomass. However, biomass gasification
has a greater tendency towards bed material agglomeration. Agglomeration is caused by the
combustion of wastes/biomass containing adhesion materials such as specific elements or
plastics. Yan et al. described how the clinker probably formed at high temperature following the
mechanisms of viscous flow sintering, and thus, crystalline transformation from quartz to
cristobalite and tridymite might be indication of the ash agglomeration (Yan et al., 2005).
Among the main species are those compounds with a low melting point, which may partially
melt at low bed temperatures (500-600°C), thus causing bed material sintering. On the other
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hand, Ohman and Nortin also discussed that melting of the coating was directly responsible for
the bed agglomeration, and the melting behavior of the coatings was very sensitive to the
relative amount of alkalis present that could be the main sintering promoters since their
concentrations are relatively higher than other low melting point species found in the
combustion system (Ohman and Nordin, 1998; Ohman and Nordin, 2000; Ohman et al., 2003).
Thus, bed agglomeration occurred when wastes contained alkalis and thus became a serious

problem for fluidized bed operation.

Some researchers have been done to investigate the mechanisms of bed material
agglomeration during fluidized bed gasification processes (Kuo et al., 2010; Lin and Wey, 2004;
Lin et al., 2003; Skrifvars et al., 1994; Steenari et al., 1998). Olofsson et al. found high content
of alkali and alkaline earth metals exist in biomass material, and two possible mechanisms of
particle agglomeration were reported (Olofsson et al., 2002): (1) homogeneous agglomeration:
a slight agglomeration occurred on particle surfaces that resulted in an uniform particle size
distribution of agglomerates. (2) Heterogeneous agglomeration: a fast increasing or variation
of particle size of agglomerates led defluidization. K, Na, Si and Ca were assumed as sources
of particle agglomeration, but Mg, Fe, Al were considered as inhibitors. Fryda et al. studied
three different biomasses (giant reed - sweet sorghum bagasse - olive) during fluidized bed
agglomeration process. The results indicated that agglomeration of giant reed and sweet
sorghum bagasse due to theirs K-rich contents (Fryda et al., 2008). Additionally, Werther et al.
illustrated the possible reactions during biomass/waste gasification because of alkali and

alkaline earth metals react with bed materials:(Werther et al., 2000)

2Si0, + Na,CO; — Na,O - 2Si0, (m.p. = 874°C) + CO, 1)

48Si0; + K;CO3 — K0 - 4Si0; (m.p. = 764°C) + CO, (2)

Besides, several additives were tested for reducing and controlling the bed
agglomeration phenomenon. Elements such as Al and Ca were found to inhibit agglomeration
in a fluidized bed. Previous studies have discussed that kaolin has been shown to be effective
for deposit control, alkali vapor removal, and bed agglomeration control (Dahlin et al., 2006;
Ohman and Nordin, 2000). Moreover, Ca-related additives have been used as alternative bed
materials to control the agglomeration behavior (Tangsathitkulchai and Tangsathitkulchai,
2001). In addition, Bartels et al. summarized the control methods/strategies to prevent bed
agglomeration included (1) operational actions, utilization of additives, and alternative bed

materials (Bartels et al., 2008):

(1) Operational actions:
Lowering bed (operating) temperature, Temporary gas velocity increase, stopping the
fuel feed with continued gas flow to break up agglomerates, optimizing the drainage of

spent bed material and addition of fresh sand, and Pre-treatment of fuel.
11



(2) Utilization of additives:
Addition of grindable particle, addition of silica sand of a different particle size,
Al-Si-based clay materials, addition of Na-binding additive (kaolin, alumina, and gibbsite),
and carbonates and oxides of alkaline earth metals (Ca, Mg, Ba).
(3) Alternative bed materials:

Al-related materials, alkaline earth metals-related materials, and others (Fe-, Zr-,
Ni-related materials).

Other research gruops also studied the control of agglomeration and defluidization during
fluidized bed combustion. Their findings showed that sillimanite (Al,SiOs), limestone (Ca-rich),
and bauxite (Al-rich) as alternative materials extended fluidized bed combustion operation
without defluidization by 7—10 times compared to silica sand as the bed material (Vuthaluru et
al., 1996; Vuthaluru et al., 1999; Vuthaluru and Zhang, 1999; Vuthaluru and Zhang, 2001).
Similar results were observed from other research (Lin and Wey, 2004; Skrifvars et al., 1994;
Fernandez Llorente et al., 2006, 2008).Consequently, Al- and Ca-related additives were shown
to be effective for particle agglomeration control.

Above all, the aim of this study is to evaluate the effect of the Ca- and Al-based additives
on particle agglomeration induced by modified alkali-containing municipal solid wastes (MSW)
in fluidized bed air gasification. Under the process, the changes of syngas compositions which
contain H,, CO, CO, and CH, in each experiment are also considered.

2. EXPERIMENTAL
2.1 Apparatus

Fig. 1 demonstrates the fluidized bed incineration system used in the experiments. The
reactor is a bubbling fluidized bed incinerator made up of a preheated chamber (50 cm long)
and a main chamber (105 cm high) with an inner diameter of 10 cm. The reactor is made of
stainless steel (3 mm thickness, AISI 310) and is enclosed by an electrically resistant material
packed with ceramic fibers to thermally insulate the system. The stainless steel porous plate
functions as a gas distributor with a 15% open area. Three thermocouples are used to

measure the temperatures of the preheated chamber, sand bed, and freeboard chamber.
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Thermal isolated  *

Fig.1. Bubble fluidized bed incinerator. (1) auto- feeder controller, (2) PID controller, (3) data
collector, (4) auto-feeder, (5) blower, (6) flowmeter, (7) thermocouple, (8) pressure detector, (9)
preheater chamber, (10) sand bed, (11) electric resistance, (12) sampling place, (13) U
manometer, (14) secondary fluidized bed combustor, (15)secondary air supply, (16) induce
fan.

The programmable logic controller is employed to control the temperature of the fluidized
bed. Two pressure detectors are used to detect the difference between the pressure of the
sand bed and the pressure of the freeboard chamber. These probes are connected to the
different pressure transmitters (Huba control 692). The pressure signals are digitized and
recorded by a data acquisition system (ADVANTECH PCLabCard PCI-1711 and ADAMView
software). The pressure drop can be used to measure agglomeration during fluidization.
According to previous studies, when the agglomeration condition occurs, a drastic increase in
the temperature ensues as well as a simultaneous and rapid decrease in the bed pressure
drop (Atakil et al., 2005; Siegell, 1984). Therefore, the pressure drop is used to measure
agglomeration during fluidization. The secondary fluidized bed is set after the fluidized bed
reactor to combust the exhaust organics behind the main gasifier, as shown in Fig. 1.

2.2 Preparing artificial feed wastes

The artificial solid waste included sawdust (2.25 g) and a polyethylene (PE) bag (0.3 g).
The total mass was 3.55 g. An agglomeration promoter (Na) was added as nitrates (NaNO3)
with 1.2 wt% of one artificial waste pack. The metals to be investigated were dissolved as
nitrates in distilled water, and the weight percentage of Na was calculated as atoms of the
metal, not as nitrate. The metal solution (1 mL) was then added to the sawdust and was
packed in a PE bag. Before the experiment, artificial wastes were stored for a day to ensure

that the sawdust could absorb the metal solution completely. Silica sand, with an almost
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constant density (pp= 2600 kg/m3), was used as the bed material in the experiment. The
pressure-versus-time profile and visual observation were used to evaluate defluidization time.
2.3 Experimental procedure

When the sand bed temperature was in a steady state, and the artificial waste was fed into
the chamber at the rate of 1 bag per 10 s, the pressure profiles were recorded to evaluate the
rate of defluidization. The input air (relative to the theoretical air) was then used under the
different operating temperatures. Input air at different ERs was determined. The ER is defined
as the actual supply air divided by the stoichiometric air required for complete combustion.

Once the temperature of the sand (or sand + additive) became steady, the artificial waste
was fed into the chamber at a rate of 1 bag per 10 s. The total amount of bed materials used
was 1400 g. After each experiment, the combustion chamber was cooled down to room
temperature, and the bed materials were collected. The different operating parameters
employed, such as operating temperature, ER, and the amounts of bed materials, are

presented in Table 1.
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Table 1 Operating conditions in this study

Run Type of bed composition Addition of Na in waste Sampling
1 None
SiO,
2 Na with 1.2wt.%
3 None Gaseous Products (H,
SiO,+Ca0
4 Na with 1.2wt.% CO, CO,, CHy)
5 None
SiO,+Al,04
6 Na with 1.2wt.%

This experiment was divided into three parts. First, the operating parameters used, such
as operating temperature (600, 700, 800, and 900 °C), ER (0.4, 0.5, 0.6, and 0.7), and amount
of bed materials (1400, 1600, 1800, and 2000 g) under a Na ratio of 1.2 wt%, were changed.
Gaseous products, such as H2, CO, CO2, and CH4, were sampled. After defluidization, the
synthetic waste was continuously fed into the gasification chamber, and the products were
then sampled.

Sampling and analysis

To capture the gaseous products, the tar and char should be removed. In this study, char
was removed by a cyclone, and the tar was collected by the sampling procedure modified from
the method of the Comité Européen de Normalisation-European Committee (CEN) for
Standardization technical specification (CEN, 2011). The modified sampling chain was used in
this study to collect the gaseous products, which were analyzed by gas chromatographer
combined with thermal conductivity detector (GC/TCD).

3. RESULTS AND DISCUSSION
3.1 Effects of additive on gas composition

Figure 2 plots the effect of addition of additive on gaseous composition. Previous study
presented that addition of CaO plays two important roles: (1) capturing CO, in syngas to
improve the production of H, due to thermodynamic equilibrium. (2) Cracking of tar, accelerate

the reaction between tar and H,O as following equations (He et al., 2009a; He et al., 2009b):

C + H,O — H, + CO AH= 13138 kJ/kg mol carbon (3)

Tar + n{H,O — nyCO, + n3Hy  (AH95>0) (4)

Chemical reactions can explain that addition of CaO leads the hydrocabonates react with

H,O to form Hy-rich syngas during gasification.
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Fig.2. Effect of addition of additive on gaseous composition.

Temperature: 800°C, ER=0.5, amount of bed materials: 1400g; gas composition is calculated

by N2-free environment)

3.2 Effects of additive (CaO, and Al,O3) on bed agglomeration during air gasification

Fig. 3 plots the defluidization time occurs at different bed materials during biomass air
gasification. Addition of CaO and Al,O3; can prolong the defluidization time significantly, and
the inhibition level is following the sequence as Al,O3; > CaO. It can be considered that addition
of Ca0 and Al,O; is an effective way to control the bed agglomeration in both incineration and

air gasification environment. The results are in agreement of previous experimental results and

papers (Corella et al., 1999a; Corella et al., 1999b).
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Fig. 3. Observation of defluidization time occurs at different bed materials during biomass air

gasification

3.3 Effect of defluidization behavior on syngas composition.

On the other hand, the emission concentration and proportion of gaseous products are
changed when system reaches to defluidization, as shown in Figure 4. A slight increase of
emission concentration of H,, CO and CH,4 under addition of CaO after defluidization, but
emission concentration of CO, decreases. The proportion of each gaseous product also
shows the same trend during defluidization process. However, emission concentration of CO,
and CH, increases with addition of Al,O3;, and there is no significantly change of emission
concentration of H, and CO. The major differences between with/without additives are the
changes of CH, during defluidization process, and it may be affected by particle agglomeration
inhibits the CH,4 conversion efficiency of additives. In conclusion, applied additives such as
CaO and Al,O; those not only extend the tendency of bed agglomeration, but also influence

the emission concentration of gaseous products after defluidization.
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Fig.4. Effect of defluidization process on gas composition under addition of CaO and Al,O;.

(Operating condition: Temperature: 800°C, ER=0.5, amount of bed materials: 1400g; gas
composition is calculated by No-free environment; >, defluidization time)

4. CONCLUSIONS

The concentrations of gaseous products emitted with operating time are similar under
various operating conditions such as temperature, air factor, and the amount of bed materials.
The concentration and selectivity of H, and CO increases with operating time as
agglomeration started, but CO, would reduce at that time. Besides, there is no significantly
change for emission concentration of CH, in defluidization process. The reason can be
explained that when system reaches defluidization, the fluidized bed system transferred to
fix-bed state and the temperature increased on the surface of sand bed.

Applied additives such as CaO and Al,O; those not only extend the tendency of bed
agglomeration, but also influence the emission concentration of gaseous products after
defluidization. The major differences between with/without additives are the changes of CH,
during defluidization process, and it may be affected by particle agglomeration inhibits the CH,4

conversion efficiency of additives.
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