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Effect of Biomass Char Additives on the
Hydrogasification Behavior of a Bituminous Coal
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The hydrogasification behavior of a Chinese bituminous coal with three
different biomass char additives, i.e., sargassum char (SG char), saw dust
char (SD char), and wheat straw char (WS char), was studied in a
pressurized fixed bed reactor. The effects of the biomass char amount (0
to 30%), pressure (0.1 to 4 MPa), and temperature (973 K to 1073 K) on
hydrogasification reactivity of coal were investigated. The results showed
that the SD char and WS char improved the hydrogasification reactivity of
coal noticeably, but for the SG char, the improvement at 973 K was not
obvious because of the high content of chlorine. For all samples, the
hydrogasification reactivity increased with increasing temperature and
pressure. Moreover, experiments involving coal with different ash of
biomass chars were conducted to verify the catalytic effects of alkali and
alkaline earth metal (AAEM) species in the biomass char.
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INTRODUCTION

Coal has been the main fossil fuel for a long time and will continue to be an
important component in China's energy consumption. However, coal combustion has
caused many environmental problems. Gasification technology is the main conversion
technique used to produce syngas, which is widely used in industry (Minchener 2005;
Castaldi and Dooher 2007). The hydrogasification of coal has been a research hotspot
because of the increasing demand for natural gas in China and because it has the potential
to produce substituted natural gas from coal (Lee et al. 2006; Ding et al. 2013). Compared
with other technologies, hydrogasification has many advantages (Yan et al. 2015); for
example, the carbon methanation reaction is strongly exothermic, so no additional heat is
required to maintain the gasification temperature except the initial stage of coal pyrolysis.
The direct product of hydrogasification is methane, so no additional methanator is required.
The efficiency of hydrogasification is usually higher than other gasification technologies
and can reach 80%, and the hydrogasification reactivity can be easily enhanced by
increasing the pressure.

Coal hydrogasification occurs in two main stages: coal pyrolysis with the release
of volatiles, and char hydrogasification. The reaction rate of char hydrogasification is much
slower than that of coal pyrolysis. Thus, char hydrogasification is the reaction rate-limiting
step during the hydrogasification process (Tomeczek and Gil 2010). To improve the
hydrogasification reactivity of coal, researchers have performed several research studies.
Hong et al. (2013) used potassium- and sodium-based catalysts and found a significant
effect on the formation of methane under a hydrogen atmosphere. Murakami et al. (2000)

Zhu et al. (2016). “Hydrogasification with biomass,” BioResources 11(4), 9002-9016. 9002


mailto:wxj@ecust.edu.cn

PEER-REVIEWED ARTICLE b | oresources.com

studied Ni catalytic hydrogasification of coal and found that nickel species had a good
catalytic effect on the hydrogasification reactivity of brown coal. Eutectic salts were also
shown to be good catalysts for the hydrogasification of coal (Sheth et al. 2004). In addition
to adding a catalyst, other methods have also been used. Rizkiana et al. (2014) used
biomass ash to promote the reactivity of low rank coal and found that it was a promising
method for the co-utilization of coal and biomass. Other researchers used biomass directly
via co-gasification of coal and biomass because of the synergy between coal and biomass.

Biomass, as a renewable energy source, is considered an environmentally friendly
fuel and contains less sulfur. As a developing country, China generates a large amount of
biomass residue each year, such as agriculture residue, forest residue, and seaweed residue.
Unfortunately, most of the biomass is abandoned or combusted directly because of its low
energy density and high transportation costs. So, it is worthy to study biomass utilization.
The most efficient way of biomass utilization is co-utilization of coal and biomass
including co-pyrolysis (Li et al. 2013, 2014; Quan et al. 2014) and co-gasification (Jeong
et al. 2014; Masnadi et al. 2015; Pu et al. 2015). It is found that the pyrolysis and
gasification process have synergistic effects, which is mainly caused by the catalytic effect
of alkali and alkaline earth metal (AAEM) species in the biomass (Brown et al. 2000;
Krerkkaiwan et al. 2013).

Most of the cited studies deal with the application of biomass to the coal
gasification, but biomass for hydrogasification is not well studied. In this paper, three types
of biomass chars, i.e., sargassum char (SG char), saw dust char (SD char), and wheat straw
char (WS char), were used as additives for different AAEM species contents in
hydrogasification experiments of a Chinese bituminous coal. The biomass was first
pyrolyzed into biomass char, and the char samples were then mixed with coal at set mass
ratios. The mixed samples were gasified in a pressurized fixed bed reactor using hydrogen
as the gasifying agent. The effects of the biomass char type and the ratio on the
hydrogasification behaviors were investigated as well as the effects of the gasification
temperature and pressure. In addition, the synergetic and inhibiting effects were revealed,
helping to understanding the interactions in the experiments.

EXPERIMENTAL

Raw Materials

A Chinese bituminous coal (Shenfu coal denoted as SF) and three types of biomass,
i.e., wheat straw, sawdust, and sargassum, were used in this study. Shenfu coal, collected
from Shanxi province of China, is a typical bituminous coal with low ash content. Before
the experiments, the raw coal was dried at 378 K for 24 h and was then pulverized and
sieved to obtain a fraction sample of particle sizes from 75 to 125 um. Wheat straw,
collected from Jiangsu province, is the most abundant agriculture residue in China and is
rich in alkali metals. Sawdust was collected from a furniture factory in Shanghai, and
sargassum was collected from the eastern coast of China. The biomass was pulverized and
sieved to obtain a fraction sample of particle sizes from 180 to 400 pum.

Biomass Char Preparation

Char samples were prepared in a fixed bed reactor. Before the pyrolysis
experiments, the biomass was dried at 378 K for 12 h. In each run, 20 g of biomass was
placed in the middle area of the reactor. The reactor was heated at a rate of 20 K/min to the
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pre-set temperature under a flow rate of 1 L/min N2 gas. The flow rate of N2 was controlled
by mass flow meters. The temperature of the isothermal zone reached 1073 K, at which
point it was stabilized for 60 min until most of the volatiles had evaporated. Then, the
reactor was cooled to room temperature under an N2 atmosphere. The residual chars were
ground to particles with diameters of less than 180 um. Intraparticle diffusion could be
ignored, as the particle size of the char was smaller than 180 um (Radovi¢ et al. 1983). All
samples were kept in a desiccator until they were used in the hydrogasification
experiments. The obtained biomass chars are denoted WS char, SD char, and SG char. The
characteristic analysis of the raw materials and biomass char samples is summarized in
Tables 1 and 2.

Table 1. The Proximate and Ultimate Analyses of Samples

Proximate Analysis/db (%) Ultimate Analysis/daf (%)

Sample

\Y FC Ash C H N S o*
SG 35.58. | 5.81 55.81 | 4494 | 597 (192 |3.73 |43.44
SD 79.66 | 12.70 | 5.20 4416 | 6.59 | 0.56 |[0.34 |48.35
WS 72.07 | 15.29 | 10.02 | 43.07 | 6.57 | 092 |592 |43.52
SF 33.29 | 58.65 | 8.06 7420 (4.21 [ 097 |0.63 | 11.93

SG char 2.79 6.49 89.84 | 90.01 (0.39 |041 |3.32 |5.87
SD char 7.35 70.4 20.57 | 84.37 | 143 | 0.32 | 0.31 | 13.57

WS char 8.31 61.89 [ 2565 | 79.27 | 155 [0.39 | 144 |17.35
[db]: dry basis; [daf]: dry ash-free basis; [*]: calculated by difference

Table 2. Ash Composition of Materials

Constituent % SiO2 Al2O3 CaO MgO | Fe20s3 K20 | Na20 Cl
SF 44.52 17.21 13.85 1.55 | 11.78 1.35 |[1.89 -

SD char 42.48 12.71 2413 448 |6.29 290 |1.46 -

WS char 60.86 2.55 8.39 3.80 | 1.02 9.04 |6.18 0.59
SG char 12.35 2.87 10.97 3.66 | 1.34 17.39 | 18.11 29.24

Hydrogasification Apparatus and Procedure

The hydrogasification behavior of the samples was investigated using a pressurized
fixed bed reactor, as shown in Fig. 1a. The system is primarily composed of four parts: gas
feeding, reactor, controlling units, and analysis units. The reactor (0.5 m i.d. and 1.0 m
height) is made of a special heat-resistant Inconel 625 alloy, designed to maintain up to
1223 K and 6 MPa. Figure 1b shows a detailed diagrammatic sketch of the fixed bed
reactor. Metal supports and quartz sand were first added to the reactor, followed by an
alundum tube (50-cm height), and 5-g samples in each run were placed in the middle area
of the reactor. With the use of quartz and the alundum tube, the samples were not in direct
contact with the metal tube, avoiding the catalytic effect of the metal tube on the
gasification of the coal.
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Fig. 1. Schematic diagram of the fixed-bed reactor system. 1: mass flow controller; 2: check
valve; 3: pressure gauge; 4: fixed-bed reactor; 5: thermocouple; 6: electric furnace; 7: liquid/gas
separator; 8: valve; 9: pressure regulator; 10: gas washing bottle; 11: gas drying bottle; 12: flow
meter; 13: online gas analyzer; 14: computer

Before each experiment, the reactor was pressurized with nitrogen gas (99.999%)
until it reached the predetermined pressure. To ensure safety, the seal of the system under
high pressure was tested. If the seal met the system requirements, there was no gas leaking,
and the outlet gas flow rate was nearly the same as the inlet gas flow rate, with a stable
pressure. The nitrogen gas was replaced by hydrogen gas at a flow rate of 1 L/min, and the
experiment was conducted.

In each run, the sample was kept at a total amount of 5 g. The ratios of biomass
char were 10%, 20%, and 30% (wt.), which meant that the masses of biomass chars were
0.5, 1, and 1.5 g, respectively. The method of biomass char loading was physical blending.
The furnace was heated at a rate of 20 K/min until it reached the predetermined
temperature. Meanwhile, the flow rate of the outlet gas was measured by a flow meter, and
the major gaseous products, such as methane, carbon monoxide, and carbon dioxide, were
quantitatively determined using an online non-dispersive infrared flue gas analyzer
(Gasboard-3100, Wuhan Cubic Optoelectronics Co., Ltd., Hubei province, China). At the
end of each experiment, pure N2 was purged into the reactor until the reactor was cooled
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to room temperature. The residues were collected for further analysis. For calculating the
theoretical gas volume, experiments of coal gasification and biomass char gasification were
carried out, respectively.

Analysis

The proximate and ultimate analyses of the raw materials and chars were conducted
according to the Chinese standards GB/T 212-2001 (2001) and GB/T 476-2001 (2001),
respectively. The ash constituents of the char samples were determined using an X-ray
fluorescence spectrometer (XRF, AdvartX, Association of Research Libraries,
Switzerland), and the ash was obtained at 1088 K.

The experimental gas yield was compared with the calculated data. The online, non-
dispersive infrared flue gas analyzer (Gasboard-3100) recorded the instantaneous flow rate
of all gas products and the percentage of each gas every second. The experimental gas
yields were calculated based on this data.

Flame atomic absorption spectrometry (FAAS) was adopted to determine the
content of K and Na in SF-SGC and hydrogasification residues. The materials were washed
with about 50ml ultrapure water and filtered. The solutions were transferred to 100 mL
propene polymer volumetric flasks and made up to volume with ultrapure water. The
FAAS was used to determine the K and Na content and the standard deviation is less than
3%.

The calculated production gas volume (Vca) is the co-gasification result, assuming
that there are no interactions between the coal and biomass char during the
hydrogasification process. Vca is calculated as follows,

Vcal = Vbio Xx+ Vcoal X (1 - X) (1)

where Vear is the calculated gas volume, Vpio and Veoa are the gas volumes released by the
biomass char and coal, respectively, and x is the ratio of addition of the biomass char.

RESULTS AND DISCUSSION

Effects of Biomass Char Type and Ratio

The calculated and experimental CHs4 and overall gas yields from the co-
hydrogasification of coal with different types of biomass char at 1073 K and 4 MPa are
shown in Fig. 2. It was found that the CH4 and overall gas yields shared a similar tendency,
so the overall gas yield was chosen to be discussed in this work. Figure 2 shows that
different biomass char additives had different effects on the gas yield. With the addition of
SG char, the experimental gas yield showed almost no improvement compared with the
calculated values. In contrast, the gas yield decreased to a certain extent, except for the
condition of 20% SG char addition. Compared with SG char, both SD char and WS char
had obvious effects on the gas yield at various biomass char addition ratios. For SD char,
the promoting effect decreased with increasing char addition, and the optimum addition
amount was 10%, with an improvement of 16.7% of the gas yield. For WS char, the
promoting effect increased at first, and then it decreased with the increase of char addition,
reaching the optimum value at 20% addition ratio, with an improvement in the gas yield of
22.1%.
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Fig. 3. CHa yield of hydrogasification of coal with biomass ash at 1073 K and 4 MPa
Zhu et al. (2016). “Hydrogasification with biomass,” BioResources 11(4), 9002-9016.
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The ash loadings were 17.9% SG ash, 5.1%WS ash, and 2.1% SD ash, consistent
with the ash content in the biomass char (20% SG char, 20% WS char, 10% SD char). The
ashes of SD char and WS char improved the gasification of coal noticeably, but the SG ash
did not show a catalytic effect, consistent with results in Fig. 2. The results demonstrated
that the AAEM species in biomass char was the main reason for the improvement in the
reactivity of carbon materials.

The AAEM species in the ash, such as sodium, potassium, calcium, and
magnesium, had catalytic effects on coal gasification, which has been extensively studied
(Kihn and Plogmann 1983; Kopyscinski et al. 2014). As shown in Table 2, the SG char
contained more AAEM species than the others; it can be inferred that the reactivity of
samples with SG char should be higher than those with SD char and WS char, but the
results indicated the opposite. This phenomenon could be explained by the high chlorine
content in the SG char.

The AAEM species in SG char are mostly in the form of chlorides, and the melting
points of most chlorides are lower than 1073 K. Therefore, most of the AAEM species in
the SG char were released from the sample in the experiment at 1073 K, causing the SG
char to lose some of its catalytic effect, which is consistent with the results in Fig. 2a and
Fig. 3. The FAAS results showed that K and Na content in the three kinds of residues were
decreased by 83.67%, 84.91%, and 77.43%, respectively. The release of AAEM species in
SG char is the main reason for losing the catalytic effect.

It was found that the optimum addition amount of SD char differed from that of
WS char. With the same amount of char addition (10%), the experimental gas yield of the
sample with SD char was higher than that with WS char, which was probably caused by
the high content of Si species in WS char, as shown in Table 2. In the process of the
catalytic gasification of coal, the Si content in sample is the main reason for the deactivation
of catalysis (Bruno et al. 1988). With 10% WS char, most of the AAEM species reactor
with Si and inactivated the AAEM species, increasing the addition of WS char, the
remained AAEM species could have catalytic effect on reactivity.

One reason for the high catalytic effect of 10% SD char is the high content of Ca
species. Wang et al. (2010) studied the influence of calcium species on the potassium-
catalyzed steam gasification of coal and found that the addition of calcium could reduce
the inactivation of potassium catalysis. Potassium and sodium species can catalyze the
gasification of carbon materials excellent because of the low content of Si species and high
content of Ca in SD char. The Ca would first react with Si, decreasing the amount of Si, so
that more K and Na would be present to promote activation.

With the increase of char amount, the synergetic effect decreased, as show in Fig.
2. It can be inferred that the biomass char had both promoting and inhibiting effects on the
hydrogasification reactivity of the samples. The char hindered the contact of coal with Hy
and the inhibiting effect was enhanced. On the other hand, the AAEM species had a
catalytic effect on gasification reactivity. In comprehensive consideration, the synergetic
effect decreased.

The SEM analysis results of residues with different addition of chars are shown in
Fig. 4. It can be found that the chars attach on the surface of coal, which is the main reason
of inhibiting effect on gasification reactivity.

Zhu et al. (2016). “Hydrogasification with biomass,” BioResources 11(4), 9002-9016. 9008
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Fig. 4. SEM photographs of residues

CHya is the target gas product of the hydrogasification of carbon materials. The CH4
release rates under different conditions are shown in Fig. 5. The CHa release rate curve of
raw coal hydrogasification shows that the two peaks on the curve represent the two main
stages of coal hydrogasification.

As stated above, the first stage is pyrolysis of coal with the release of volatile
matter, and the second stage is the hydrogasification of char. Figure 5a shows that with the
addition of SG char, pyrolysis was inhibited because the SG char was attached to the
surface of coal as shown in Fig. 4b, preventing the release of volatile matter. In the second
stage, there was no noticeable promoting effect on the release rate of CHas, which was
correlated with Fig. 2a. Figure 5b shows that 10% SD char enhanced the CHjs release rate
to the greatest extent, as did 20% WS char, as shown in Fig. 5c.
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Effect of Hydrogasification Temperature

The gasification temperature, an important factor in the gasification process, is one
of the essential operating parameters in industry and has significant effects on the gas
product composition, carbon conversion, and tar decomposition. To investigate the effect
of the gasification temperature on the hydrogasification behavior of coal with the three
different biomass chars, experiments were conducted at temperatures of 973, 1023, and
1073 K with a constant pressure of 4 MPa. The addition amounts of the three biomass chars
were 20% SG char, 10% SD char, and 20% WS char, which were previously determined
to be the optimum amounts. The results are shown in Fig. 6.

Figure 6a shows the experimental gas yields and the calculated values from the
hydrogasification of coal with 20% SG char. The gas yields increased with increasing
gasification temperature because of the high gasification reactivity of carbon materials at
high temperature. At 973 K, the experimental gas yield was increased by 15.7% compared
with the calculated value. At 1023 and 1073 K, the improvements were 1.9% and 0.3%,
respectively, which means that the synergetic effect at low temperature was much higher
than that at high temperature. As stated above, most of the AAEM species in SG were in
the form of chloride, which is easily released from the samples at high temperature. At low
temperature, the AAEM species remained in the samples and promoted the gasification
reactivity of the materials. The synergetic effect at 973 K supports this statement.

Compared with samples with SG char addition, the samples with SD char and WS
char showed an opposite trend of gasification reactivity at various temperatures, as shown
in Fig. 6b and Fig. 6¢. The gas yields of samples with SD char were improved by 4.5% at
973 K, 7.0% at 1023 K, and 16.7% at 1073 K, whereas for samples with WS char addition,
the gas yields were improved by 8.6% at 973 K, 16.9% at 1023 K, and 22.1% at 1073 K.
With increasing temperature, the synergetic effects were more pronounced because the
catalytic activation of AAEM species in SD char and WS char increased.

Fig. 6. Calculated and experimental gas yields at various temperatures

Effect of Hydrogasification Pressure
The main reaction in the hydrogasification process of carbon materials is shown in
Eq. 2:

C+2H, - CH, (2)

This reaction is a volume-reducing reaction, so in the hydrogasification process,
application of pressure is necessary to enhance the gasification reactivity of carbon
materials. Experiments were conducted at different pressures (0.1, 2, and 4 MPa), and the
temperature was kept at 1073 K. The amounts of biomass char were the same as in the
previous section. Figure 7 shows the experimental and calculated gas yields from the
hydrogasification of samples at various pressures.

Zhu et al. (2016). “Hydrogasification with biomass,” BioResources 11(4), 9002-9016. 9011
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At 2 MPa, a synergetic effect was observed. The experimental gas yield was
increased by 10.9% compared with the calculated value. At 0.1 MPa, the experimental gas
yield was reduced by 26.7% compared with the calculated value, which means that the
addition of SG char had an inhibiting effect. Three different effects of SG char at various
pressures revealed the existence of both a promoting effect and an inhibiting effect. At 0.1
MPa, the hydrogasification reactivity of the sample was weak, and the main reaction
occurred in the sample was pyrolysis of raw materials. With the addition of SG char, the
release of volatile matter from the coal was inhibited as shown in Fig. 4. At 2 MPa, the
reaction of hydrogasification was enhanced, the AAEM species in the SG char had a
catalytic effect on the hydrogasification of samples, and the promoting effect was stronger
than the inhibiting effect. Overall, the sample showed synergetic effects.

Figure 7b shows the hydrogasification behavior of samples with the addition of SD
char at various pressures. At 0.1 MPa, a similar phenomenon was observed as shown in
Fig. 7a. The experimental gas yield decreased by 17.1% compared with the calculated
value, which confirmed that the existence of biomass chars inhibited the gasification
reactivity of coal. Similar results are shown in Fig. 7c.

Both promoting and inhibiting effects of biomass ash on hydrogasification were
observed. The char was found to inhibit the coal devolatilization due to pore blockage. The
overall mechanism can be elaborated by a scheme as shown in Fig. 8.

Catalytic effectT
[ Synergy

Inhibiting effecti

Catalytic effactl,
Coal +Bio-char Tnhibition
Hydrogasification

Inhibiting effectT

Catalytic effect

Balance I— ] Noobvious effect
Inhibiting effect

Fig. 8. Scheme of synergy and inhibition of biomass char in hydrogasification

CONCLUSIONS

1. Both synergetic effects and inhibiting effects were observed in the hydrogasification of
coal with biomass char at different temperatures and pressures.

Zhu et al. (2016). “Hydrogasification with biomass,” BioResources 11(4), 9002-9016. 9013
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2. The gasification experiments revealed that the AAEM species in the biomass char
played an important role in this synergetic effect.

3. High gasification temperature and pressure led to higher gasification reactivity.

4. At low pressure of 0.1 MPa, the addition of biomass char inhibited the release of
volatile matter, which is the main factor of inhibiting effect.

5. At 1073 K and 4 MPa, for Shenfu coal, the optimum addition amounts are 20% SG
char, 10% SD char, and 20% WS char.
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