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Catalytic Pyrolysis of Tar Model Compound with Various
Bio-Char Catalysts to Recycle Char from Biomass
Pyrolysis
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Tar and char can be regarded as unwanted byproducts during the
gasification process. In this study, three types of catalyst, i.e., biomass
char (bio-char), nickel supported on biomass (Ni+bio-char), and nickel
supported on bio-char (bio-char+Ni), were studied to compare the catalytic
effects of different preparation methods on tar model compound removal.
The structural characteristics of the three catalysts were also investigated
by X-ray diffraction (XRD), scanning electron microscopy (SEM), and
Brunauer-Emmett-Teller (BET) methods. The results revealed that Ni+bio-
char catalyst showed much higher activity for the reformation of toluene
(C7Hs) as a tar model compound than the other two catalysts. Toluene
could be completely converted to small gas molecules at a conversion rate
of 99.92% at 800 °C, and the maximum vyield of gas was 432 mL/(mL
C7Hs). In particular, the H2 and CHa yields were 339 and 85 mL/(mL C7Hs)
at 850 °C, respectively. An N2z absorption-desorption experiment
demonstrated that the specific surface area of Ni+bio-char was 32.87
times that of bio-char and 8.39 times that of bio-char+Ni. Moreover,
metallic nickel (Ni% particles could be generated in the carbon matrix of
Ni+bio-char catalyst. SEM analysis confirmed that the Ni+bio-char catalyst
had a more porous structure. Nickel supported on biomass might be a
promising catalyst for tar reformation because of its excellent catalytic
activities.
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INTRODUCTION

Because of the shortage of fossil fuel reserves and environmental concerns, along
with the high energy demand in the world, the utilization of biomass has attracted
increasing attention as an alternative energy resource. Biomass gasification is considered
to be the core and the promising option among many low-pollution emission technologies
to transform biomass into syngas (Li and Suzuki 2009; Min et al. 2011a). The produced
syngas can be used directly for power generation or catalytically converted to methanol,
liquid hydrocarbons via Fischer-Tropsch synthesis, and other chemical products (Han and
Kim 2008). However, the presence of tar in biomass gasification is a critical problem
because it can cause many difficulties for the operation of downstream applications
associated with condensation, blockage, corrosion, and even polymerization to form more
complex structures in pipes. Moreover, the existence of tar may pose environmental
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hazards and potential health problems because many components of tar may be
carcinogenic or mutagenic. Therefore, tar reduction is one of the most challenging barriers
to the development of biomass gasification technology.

There are several approaches to tar reformation, such as physical methods, thermal
cracking, and catalytic reformation (Wang et al. 2010). Liquid scrubbing is one of the
physical methods and usually produces a large amount of wastewater containing high
amounts of aromatics, leading to the loss of total thermal efficiency. Thermal cracking is
not practically feasible because it requires an operating temperature above 1100 °C to
realize effective tar decomposition. Catalytic pyrolysis can reduce tar generation, but in
many cases, as the reaction proceeds, the catalyst will deactivate because of carbon
deposition and particle agglomeration, resulting in reduced pyrolysis efficiency and
requiring regular catalyst replacement. Therefore, some authors have proposed an
innovative approach to insert the catalyst inside the substrate before the thermo-chemical
conversion. Using this method, catalytic material can be dispersed in the matrix and freshly
renewed when it is introduced into the reactor, thus avoiding the problems that have been
encountered with conventional catalytic methods.

Nickel is considered to be an excellent element for tar removal because of its
catalytic activity and economic factors. Ni-Al203/MgO (Sato and Fujimoto 2007; Yue et
al. 2010) or Ni supported by natural materials (e.g., dolomite, ilmenite) (Le et al. 2009;
Lee and IThm 2009) are commonly used as catalysts. However, the catalyst preparation
process is complex and accompanied by energy consumption; thus, the catalyst is relatively
expensive (Li and Suzuki 2009; Yung et al. 2009; Xu et al. 2010). To improve the catalytic
performance of nickel catalysts in the removal of tar, several solutions have been
employed, such as changing the support and/or adding promoters.

Bio-char is employed as a good catalyst or catalyst support candidate because of its
highly porous structures. Wang et al. (2011) studied the catalytic performance of Ni/char
catalysts by mechanically mixing NiO and char particles. It was found that the tar removal
rate was more than 97% in syngas with Ni/char catalysts under the reforming conditions
of 800 °C reforming temperature, 15% NiO loading, and 0.3 s gas residence time. Shen et
al. (2014) found that the in-situ tar conversion efficiency could reach approximately 92.3%
at 800 °C using rice husk char supported Ni-Fe catalysts, which exhibited advantages of
easy preparation and energy savings. Min et al. (2011b) reported that char-supported
iron/nickel catalysts have higher activity than char itself because char can disperse the
catalysts and interact with the catalysts in the process of tar reformation.

There are three types of methods to prepare char-supported catalysts. Char-
supported catalyst (1) is made by mechanically mixing metal ions with bio-char, which can
cause metal particles to stay only on the outer surface of the char support. Char-supported
catalyst (2) is made by pyrolysis of metal ion-impregnated biomass. Finally, char-
supported catalyst (3) is made by impregnating bio-char. The latter two catalysts are better
than catalyst (1) because impregnation can easily disperse metal inside the solid fuel, as
suggested by our previous study (Zhang et al. 2013a). Char-supported catalyst (2) is
considered to be more efficient than the other two catalysts for tar reformation because
metal with nanoparticles could also be formed inside the support via the impregnation and
pyrolysis. However, there has been little research on that aspect up to the present.

Numerous studies have reported that metals remain in char after pyrolysis of metal-
impregnated biomass; therefore, pyrolysis of metal-impregnated biomass can produce
chars enriched with metal nanoparticles, e.g., Ni°® NPs, which can be used as a promising
candidate for the follow-up tar reformation process (Wang et al. 2011; Zhang et al.
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2013b,c). Tar and char are always unwanted byproducts during the gasification process;
therefore, an appropriate method is needed to effectively transform them. By using
impregnation catalytic technology, one can build an integrated biomass pyrolysis/
gasification system to process tar and char simultaneously. The process includes the
following: (1) using an impregnation method to insert metal precursor into the biomass
matrix, (2) catalytic pyrolysis of biomass to generate metal-impregnated bio-char, (3) in-
situ catalytic conversion of original tar over the freshly formed metal-impregnated bio-
char, (4) catalytic gasification of the char residue, and (5) recycling and reuse of the catalyst
metal species in the ashes. Among these steps, there has been a lack of studies on step (3);
therefore, it is of vital significance in the research on catalytic activities of char-supported
catalysts and the functions of char during the tar reformation process.

To elucidate tar reformation during the gasification process, many researchers have
utilized aromatics as tar model compounds to investigate the decomposition behavior; these
include phenol (Park et al. 2010), naphthalene (Furusawa and Tsutsumi 2005), and toluene
(Swierczynski et al. 2008; Zhao et al. 2010). Most studies have used toluene as a model
compound because it is an important aromatic compound and represents the stability of the
aromatic structure in tar formed with a high-temperature process (Kong et al. 2011).
Therefore, for a better understanding of tar removal, toluene was chosen as a model
compound in this study. The objectives of this research were to (1) examine the feasibility
of using char or char-supported catalysts in gasification processes, (2) compare the catalytic
effects of different catalysts on tar model compound removal, and (3) investigate the
structural characteristics of three catalysts by scanning electron microscopy (SEM), X-ray
diffraction (XRD), and Brunauer-Emmett-Teller (BET) methods.

EXPERIMENTAL

Materials

Poplar wood obtained from Henan province, China, was used as the raw material
to prepare the char and Ni-impregnated char. The air-dried poplar wood was chopped and
then pulverized to particle sizes between 1 and 5 mm using a laboratory ball-miller. The
samples were stored in airtight plastic bags at room temperature for further use. The
proximate analysis of the samples was determined according to standard methods
(Donahue and Rais 2009). Elemental compositions (C, H, N, S) were determined using an
elemental analyzer (Vario Elcube, Germany). Element ‘O’ was estimated by difference.
The analytical properties of the samples are listed in Table 1.

Table 1. Proximate and Ultimate Analysis

Proximate analysis (wt%) Ultimate analysis (wt%o)
Sample . | Volatile Fixed b b b b b
Ash matter® Carbon® c H 0 N S

Poplar wood 2.96 85.36 14.64 47.64 | 6.26 | 45.69 | 0.31 | 0.10
'mprﬁgggted' 10.63 | 86.08 13.92 | 69.89 | 0.57 | 28.46 | 0.96 | 0.12
Bio-char 531 7.22 92.78 88.69 | 1.12 9.53 0.47 | 0.19
Ni+bio-char 35.22 11.08 88.93 3855 | 475 | 54,71 | 1.96 | 0.03
Bio-char+Ni 9.49 31.65 68.36 75.14 | 1.17 | 21.63 | 2.00 | 0.06

2 Dry basis; ® Dry and ash-free basis; ¢ By difference
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Catalyst Preparation

Three types of catalysts were prepared in this work: biomass char, char of nickel-
impregnated biomass, and nickel supported on bio-char (Table 1). The biomass char
catalyst, denoted as “bio-char,” was prepared at atmospheric pressure in a fixed-bed
pyrolysis reactor. First, approximately 60 g of poplar wood particles of 1 to 5 mm were fed
into the reactor, which was heated to 850 °C at a heating rate of 20 °C /min with continuous
argon flow. At 850 °C, the poplar wood particles were pyrolyzed for 90 min. Finally, the
char samples were collected after the reactor was lifted out of the furnace and cooled to
room temperature. The method to prepare char of nickel-impregnated biomass, denoted as
“Ni+bio-char,” was the same as that of bio-char except that the poplar wood particles were
impregnated beforehand with a 0.5 M Ni(NOs)2 solution for three days in the shaking-
table. After impregnation, the samples were then filtered and washed with impregnation
liquid to remove the metal ions that did not combine with the material. Finally, the
impregnated samples were pyrolyzed in a fixed-bed reactor after being dried at 105 °C
overnight. The nickel supported on bio-char, denoted “bio-char+Ni,” was obtained by
impregnating the biomass char in a 0.5 M Ni(NOs)2 solution for three days in the shaking-
table, washing, and drying at 105 °C overnight. The three types of catalysts were collected
and sieved into particle sizes of 0.45 to 0.90 mm for subsequent use. Because the
impregnation method can generate large of wastewater / impregnation solution, we will
study the possible of impregnating samples by recycling impregnation solution in future
work.

Reformation of Toluene

The reformation of toluene was performed in a two-stage fixed-bed stainless steel
reactor, the stages of which are denoted as the gasification reactor and the catalytic
reforming reactor (Fig. 1). The two-stage reactor was independent, and both of them heated
with an electric furnace to maintain different temperatures during the reformation
experiment. Each reactor was 18.4 mm in diameter and 60 mm in length. Two
thermocouples were inserted into the reactors to measure the temperature of the two stages.

2 3 | |
¥ O
1 Toluene
Ar 4
8

Fig. 1. A schematic diagram of the experimental set-up for tar reformation experiments: 1. argon;
2. control valve; 3. gas flow meter; 4. peristaltic pump; 5. electrical furnace; 6. thermocouples; 7.
tar condensing unit; 8. GC/TCD and FID; 9. GC/MS; 10. gasification bed; 11. catalytic bed
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Argon was used as a carrier gas for the reforming reactor. The argon flow rate was
varied in the range of 0.24 to 0.62 L/min to guarantee that the gas residence time remained
the same at different reforming temperatures. The gasification temperature was kept at
300 °C to convert toluene into gas. The toluene was fed by a peristaltic pump in the range
of 0.29 to 0.70 mL/min (20% toluene concentration) when the gasifier temperature was
300 °C. The volatiles (mostly a mixture of toluene and argon) from gasification went
through the reactor and then condensed outside the reactor. The reformation experiments
were performed from 650 to 850 °C, and the catalysts were pre-loaded into the catalytic
reactor before the reactor was heated. The produced gas including tar passed by the catalyst
bed; then, the tarry materials was cracked in the catalyst bed. The amount of catalyst was
approximately 3.0 g (15 cm in length) for all experiments conducted in this study, and the
gas residence time of the volatiles passing through the catalyst bed was approximately 1 to
2 s. The reactor was lifted out of the furnace and cooled when the experiments finished.
Each experiment was done twice.

The gas products were collected from the tar condensing unit for 5 min with a 10-
L Tellar sampling bag, and repeatability experiments were performed. All gas products
were analyzed online by an Agilent Technologies 7890A gas chromatograph (USA). Hz,
CO, CO2, and CH4 were determined by Thermal Conductivity Detector (TCD) with a
molecular sieve and Carboxen columns (Li et al. 2013).

The toluene conversion can be defined by Eqg. 1,

n

, _ Cin — Cour
Toluene conversion, X(%) = ———— X 100%

where Cin and Cout are the toluene volume flow rate of the inlet and exit components,
respectively, in mL/min.

Gas production rate (¢ ) was calculated using Eq. 2,

® (m_L) _ Vgas (H2,CH4,C0,C02 ,or total gas)

mL Vtoluene (2)

where Vgas (H2, cHa, co, coz, or total gas) aNd Violuene are the gas flow rate of the exit component
and toluene flow rate of the inlet component, respectively, in mL/min.
Gas product composition was calculated using Eq. 3:

Product comp. (%)
Volume of each gaseous product

= X 1009
Total volume of gas products (H, + CO + CO, + CH,) %

3)

Characterization of Samples

The concentrations of the alkali and alkaline earth metallic (AAEM) species in the
samples were quantified by inductively coupled plasma-mass spectroscopy (ICP-MS)
(iICAP 6000 series, Thermo Fisher Scientific, USA). The samples were first burned in a
muffle furnace as follows: the samples were heated from room temperature to 200 °C at a
heating rate of 10 °C /min and maintained for 1.5 h; the temperature was then slowly
ramped up to 450 °C and held at 450 °C for 2 h. The ash was digested with HCI and HNOs3
acids (Suprapur, 65%) (volumetric ratio 3:1) until the residue was dissolved. Then, the
digestion liquid was diluted 20 times and the dilution liquid was subjected to ICP-MS.
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X-ray diffraction (XRD) patterns of the catalysts were scanned by a Bruker D8-
Advance (Germany) with Cu K radiation (30 kV and 15 mA) over a 26 range from 5 to
90°, with a scanning rate of 3°/ min.

The morphology of the catalysts was analyzed by scanning electron microscopy
(SEM) using a Hitachi S-4700 (Japan). Magnification of 5000 times was used.

An N2 adsorption-desorption experiment was performed in a Thermo Scientific
Surfer (USA) at 77 K. The specific surface areas and pore volumes were calculated
according to the Brunauer-Emmett-Teller (BET) method. The Barrett-Joyner-Halenda
(BJH) method was used to derive the mesopore and micropore surface area.

The tar derived from the gasification was captured by four washing bottles serially
immersed in cold traps filled with isopropanol (approximately 85 mL). The isopropanol
bath was cooled by a refrigerator to maintain a temperature under —18 °C, at which tar and
moisture would be completely collected. To ensure the maximum collection of tar, glass
beads with a diameter of approximately 3 mm were loaded into the bottles to enlarge the
heat transfer area. The tar was considered to be efficiently captured when almost no color
was observed in the last washing bottle. When the experiments finished, the solvent in the
last bottle was used to wash the outlet of the reactor and other bottles as well as the glass
beads. Pure solvent was then used to further wash all bottles and tubes, and, finally, all tar
solutions were gathered into a glass vial.

Tar Characterization by GC - MS

The yields of collected toluene were quantitatively determined by a Thermo Fisher
(USA) Trace 1SQ chromatography-mass spectrometry (GC-MS) device to calculate the
toluene conversion. Isopropanol was chosen as the solvent for tar dissolving. The
chromatographic column was a TR-WAXMS capillary column with a size of 30 m x 0.25
mm % 0.25 um. The column temperature was held at 40 °C for 3 min, and then ramped up
to 200 °C at a heating rate of 15 °C /min, lasting 3 min. The ion source in the mass spectrum
was electron ionization. The temperatures of the mass spectrum ion source and
transmission line were 280 and 250 °C, respectively. The sample was injected by shunting
at a split ratio of 1:30, and the temperature of the injection port was 200 °C. The mass
spectrum detection started at 4.5 min. The qualitative scanning range was from 35 to 500
amu, and the quantitative scanning range was 65, 91, and 92 amu.

RESULTS AND DISCUSSION

Effect of Temperature and Residence Time on Toluene Conversion

Figure 2 shows the effect of temperature on toluene conversion using various
catalysts. Ni+bio-char and bio-char+Ni catalysts exhibited excellent catalytic activities in
a wide temperature range of 650 to 850 °C with a toluene conversion rate higher than 73%.
The catalytic activity of Ni+bio-char catalyst especially became prominent at temperatures
higher than 800 °C, at which toluene could be completely converted to small gas molecules
with a conversion rate of 99.92%. Although the toluene conversion rate decreased to
96.97% when the temperature was increased above 850 °C, Ni+bio-char catalyst still
presented better catalytic activities than those of bio-char+Ni, which had the highest
toluene conversion rate of 93.86% at 850 °C. This was in good agreement with the results
found by Yue et al. (2010), who used a 10 wt% NiO/MgO-Al2O3 catalyst to investigate the
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reaction performance of toluene. Although bio-char catalyst showed an increased toluene
conversion rate with increasing temperature, the catalytic effect on toluene conversion was
inconspicuous within our range of temperatures, and its highest catalytic activities were at
850 °C with a toluene conversion rate of 86.79%. The results indicated that Ni+bio-char
had higher catalytic activities than bio-char and bio-char+Ni. Thus, the rank of catalytic
activity was Ni+bio-char > bio-char+Ni > bio-char. Overheating usually causes sintering
of the catalyst and consumes more energy at temperatures above 800 °C; therefore, 800 °C
was considered an appropriate temperature for toluene removal in this study.
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Fig. 2. Effect of temperature on toluene conversion for three catalysts at 1.5 s gas residence time

Figure 3 shows the effect of gas residence time on toluene conversion at 800 °C.
The influence of gas residence time on toluene conversion differed for the three catalysts.
For Ni+bio-char catalyst, the gas residence time had no obvious effect on the toluene
conversion at high temperatures because the toluene conversion rate reached 99.90% at
such temperatures.
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Fig. 3. Effect of gas residence time on toluene conversion for three catalysts at 800 °C

The toluene conversion rate of bio-char increased from 54.77% to 72.45% when
the gas residence time increased from 1.0 to 1.5 s, and then decreased to 56.70% when the
gas residence time increased to 2.0 s. For bio-char+Ni catalyst, the toluene conversion rate
increased slightly with increasing gas residence time. It was also found that when the gas
residence time increased to more than 1.5 s, the rate of increase of toluene conversion
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gradually slowed. Therefore, 1.5 s gas residence time at 800 °C was chosen as the optimal
condition in our experiment for economic reasons.

Effect of Temperature on Gas Compositions

The main compositions, involving the components Hz, CH4, CO, and CO: of the
final gas product from the tar reformation experiments as a function of temperature for the
three catalysts, are shown in Fig. 4. The amount of gas yield increased with increasing
temperature for all three catalysts. In particular, the maximum gas yield was 432 mL/(mL
CrHs) for Ni+bio-char catalyst at 850 °C. H2 was the main gas product over the whole
temperature range for all three catalysts. H2 and CHs yields increased with increasing
temperature. The yields of H2 and CHa4 were 339 and 85 mL/(mL C7Hs), 144 and 72
mL/(mL CrHs), and 233 and 89 mL/(mL C7Hs) using Ni+bio-char, bio-char+Ni and bio-
char catalysts, respectively, at 850 °C. These results were attributed to the different
structures of the three catalysts. Nickel ions could be evenly dispersed over the catalyst
surface to improve the activity of Ni+bio-char catalyst, whereas they could block the pores
of bio-char+Ni catalyst.
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Fig. 4. Effect of temperature on gas yield and compositions for three catalysts at 1.5 s gas
residence time. The first column is bio-char, the second is Ni+bio-char, and the third is bio-char+Ni.

Many corresponding and sequential reactions can occur in tar reformation
reactions, and the product distribution is the result of competition among them (L.i et al.
2009). The results showed that the gas products contained more Hz and less CO. H2 may
react with C7Hs to form CeHs and CHa4 (Eq. 4) and also may be consumed by benzene
hydrocracking to form CH4 when the temperature exceeds 700 °C (Eqg. 5). Therefore, CHa
formation had a significant effect on the amount of toluene conversion (Yue et al. 2010).
CO2 may be a product of CO disproportionation (Eq. 6), which is favored at low
temperatures. The reactions between toluene and H2 would occur easily with bio-char or
bio-char+Ni catalysts at high temperatures; thus, compared to Ni+bio-char, bio-char and
bio-char+Ni catalysts can produce more CHas (27.43%, 20.36%, and 33.04% at 850 °C for
bio-char, Ni+bio-char, and bio-char+Ni, respectively) and less Hz content in the end gas
products at high temperatures than at low temperatures (Yu et al. 2006). Moreover, it is
worth noting that Ni+bio-char catalyst showed higher Hz production than bio-char+Ni
catalyst, which may generate a less ordered carbon structure within the biomass char
(Zhang et al. 2013c).
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Hydrodealkylation:
C,Hy + H, & C,H, + CH, /AH (800 °C) = -50.9 kJ/mol 4)

Benzene hydrocracking:
CiHs + 9H, — 6CH, AH (800 °C) = -553.0 kJ/mol (5)

CO disproportionation:
2CO —» CO, + C AH (800 °C) = -182.3 kJ/mol (6)

Comparison of gas compositions between Ni+bio-char and bio-char+Ni catalysts
indicates that the nickel impregnation method had different effects on gas compositions,
although they both led to the increase of toluene conversion, implying that nickel could
indeed catalyze C7Hs to form Hz as well as enhance CsHs to form CHg, in agreement with
previous research results (Yu et al. 2007). On the one hand, nickel ions could be evenly
dispersed over the catalyst surface to form an “active site”’; on the other hand, nickel ions
could associate with functional groups (-COOH, -OH) to act as catalysts (Yu et al. 2006).
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Fig. 5. Effect of gas residence time on gas distribution for three catalysts at 800 °C

Figure 5 shows the main gas components (e.g., Hz, CHs, CO, and COz) as a function
of gas residence time (1, 1.5, and 2 s) for the three catalysts at 800 °C. As shown in Fig. 5,
the gas composition trends were different. For all three catalysts, Hz2 content decreased
while CHa4 content increased with increasing gas residence time. CO and CO2 contents first
decreased and then increased with increasing gas residence time. Compared with bio-char
and bio-char+Ni, Ni+bio-char led to more Hz content and less CO, COz, and CH4 content
at any gas residence time. The product distribution was also regarded as a result of the
competition among reactions.
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GC-MS Analysis of Tar
Table 2 compares the GC-MS results of tar using three catalysts at 800 °C.

Table 2. Comparison of GC-MS Results for Three Catalysts (a. bio-char, b.
Ni+bio-char, c. bio-char+Ni)

. Chemical Molecular
Time Name of Compound Formula Structure Weight
a 4.40 Oxirane,trimethyl- CsHi100 86
4.85 1-Propanol C3HsO T 60
7
6.53 2-Hexanol CoH10 T 102
7.70 1,3,5,7-Cyclooctatetrane CsHs ‘( ‘ 108
N
b 4.42 Oxirane,trimethyl- CsH100 86
4.86 1-Propanol C3HsO /W 60
6.54 2-Pentanol,4-methyl- CeH140 102
7.70 1,3,5,7-Cyclooctatetrane CsHsg |( | 108
\:/
c 4.43 Methyl isobutyl ketone CeH120 _ K\ 100
4.87 1-Propanol Cs3HsO /\\/ 60
5.97 2-Pentanol CsH120 \/J\ 88
/
6.18 3-Penten-2-one,4-methyl- CesH100 98
6.55 2-Pentanol,4-methyl- CeH140 102
—
7.2 2-Hexanol CoH140 T~ 102
2-Pentanol,4-hydroxy-4- [
8.81 methyl- CsH1202 - 116
16.63 Dibutyl phthalate CeH2204 : e 278
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The compounds catalyzed by bio-char and Ni+bio-char catalysts were mostly
hydrocarbons such as oxirane, trimethyl-, 2-pentanol, 4-methyl-, and 1,3,5,7-
cyclooctatetrane. However, the GC-MS analysis of compounds catalyzed by bio-char+Ni
catalyst showed the formation of high-molecular weight hydrocarbons, including 2-
pentanol, 4-hydroxy-4-methyl- (CsH1202), and dibutyl phthalate (CeéH2204). The results
showed that different catalysts preparation method had different reaction mechanisms. The
main chemical states of nickel in Ni+bio-char catalyst were nickel oxides (NiO) and
metallic Ni (Ni%, while bio-char+Ni catalyst had more Ni?* inside the char matrix. Initially,
Ni?* species in the aqueous solution were transformed into the relative stable form of
Ni(H20)6?* (Richardson et al. 2013), and then were decomposed into the bunsenite (NiO).
During the pyrolysis process, more NiO particles embedded in the carbon matrix of poplar
wood were reduced into Ni® (Shen and Yoshikawa 2014). Ni° had the tendency of toluene
decomposition, while Ni?* had the tendency of toluene reformation of substitution reaction.
The different nickel forms differ in their catalytic mechanisms (Shen et al. 2015). Thus,
there was an apparent different composition of condensates from experiments using
Ni+bio-char and bio-char +Ni. Bio-char catalyst was a good catalyst and played a key role
in toluene reformation, and nickel added into the char can accelerate the toluene
reformation process (Shen et al. 2015). So, although GC/MS results indicated similar
condensates composition from experiments using bio-char and Ni+bio-char, the content of
compounds was different (data not shown).

Catalyst Characterization of Tar Reformation

The contents of AAEM such as Mg, Ca, Fe, and Ni in the samples were determined
by ICP-MS. The results are presented in Table 3. As can be seen, the content of Fe, Ca,
and Mg in bio-char was higher than that in Ni+bio-char and bio-char+Ni. The Ni content
noticeably increased after impregnating the biomass or biomass char with nickel nitrate
solution. The Ni content in the Ni+bio-char was almost three times that in the bio-char+Ni.
This was a result of the porous surface structure of biomass, whereas the surface of the
wood char used in the experiments was smooth and less porous and thus could not provide
good conditions for deposition of nickel ions. It seems as if high Ni content provided a
better catalytic effect.

Table 3. Metal Content of the Three Catalysts

Sample Content (ug/g) .
Mg Ca Fe Ni
Bio-char 2043.88 7375.85 607.56 151.77
Ni+bio-char 1551.46 5678.04 256.93 83579.82
Bio-char+Ni 1524.88 5657.76 467.35 31859.48

Figure 6 illustrates the XRD patterns of the samples. The results showed that
Ni+bio-char catalyst had different structures from other catalysts, which showed higher
toluene conversion than other catalysts. Compared the spectrograms with Joint Committee
of Powder Diffractions Standards (JCPDS) database, the XRD patterns for Ni+bio-char
catalyst showed characteristic peaks of metallic nickel (Ni° at 20 = 44, 51 and 76°, while
no characteristic peaks of Ni® were detected for bio-char and bio-char+Ni catalysts. The
results also confirmed our previous conclusions that the main chemical states of nickel in
Ni+bio-char catalyst were nickel oxides (NiO) and metallic Ni (Ni°), while bio-char+Ni
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catalyst had more Ni?* inside the char matrix. The diffraction peak intensities of Ni° in
Ni+bio-char catalyst were very strong, showing their contents were very high, and also
indicating that more amorphous structure were formed and the Ni° particles formed were
highly dispersed on the surface of the catalysts.
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s
= bio-char
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‘&
=
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=
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Ni’
bio-char+Ni
~—-—:—/\\___——'——'“-\.K
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Fig. 6. The XRD patterns of the samples

Generally, the porous structure of solid materials can be divided into three classes
recommended by the International Union of Pure and Applied Chemistry (IUPAC):
micropores, with a pore size less than 2 nm; mesopores, with a pore diameter between 2
and 50 nm; and macropores larger than 50 nm. The N2 adsorption-desorption isotherms of
the three catalysts are illustrated in Fig. 7, which provides information about the
macropores, mesopores, and micropores. The adsorption isotherms of bio-char belong to a
mixture of type Il and type IV isotherms with hysteresis loops, which belong to H3 types
according to the classification adopted by IUPAC. This indicated the existence of slit-like
pores and the presence of macropores and mesopores. For Ni+bio-char catalyst, a steep
increase in nitrogen quantity adsorbed at the beginning of the adsorption isotherms implied
a mixture of type I and type IV with hysteresis loops and demonstrated the existence of
micropores and mesopores.

According to IUPAC, the observed hysteresis loops were a combination of H3 and
H4 types, which suggests the existence of slit-like and needle-like pores. The adsorption
isotherms of bio-char+Ni belonged to type Ill, indicating that the catalyst comprised a
mostly mesoporous structure. The amount of adsorbed nitrogen is indicative of the
adsorptive capacity of the catalysts (Fu et al. 2012). It was obvious that, compared to the
other two types of catalysts, the adsorption capacity of Ni+bio-char had achieved a huge
increase.

Liu et al. (2016). “Catalytic pyrolysis of tar model,” BioResources 11(2), 3752-3768. 3763



PEER-REVIEWED ARTICLE b | oresources.com

—=— bio-char
—e— Ni+bio-char
—a— bio-char+Ni

100

80

60

40

20

Volume adsorbed (cms.’g STP)

0 1 1 1 | 1 1 1 1 1

00 01 02 03 04 05 06 07 08 09 1.0

Relative pressure (P/P )

Fig. 7. The N2 absorption-desorption curves of the three catalysts

The structural heterogeneity of the porous texture of catalysts is generally
characterized by its pore size distribution. Figure 8 presents the pore size distribution of
the three catalysts. It is clear that there was a remarkable difference in pore size for the
three catalysts. For bio-char, the pore distribution was relatively concentrated, with
primarily 35- and 50-nm pores. For Ni+bio-char, the pore distribution was more
concentrated and mostly consisted of 36-nm mesopores, which resulted in higher specific
surface area, as shown in Table 4. The pore size distribution of bio-char+Ni catalyst was
scattered, and more macropores were observed.
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Fig. 8. Pore distribution of three catalysts

Catalytic activity could be influenced by pore volume and specific surface area of
a catalyst, which play important roles in tar reformation experiments. The specific surface
area and pore volume are appropriate factors for evaluating a catalyst because coke
produced from tar reformation would block the pores and reduce the specific surface area
(Abu EI-Rub et al. 2004). Table 4 illustrates the specific surface area and pore volume of
the three catalysts in this study. The specific surface area and pore volume of Ni+bio-char
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and bio-char+Ni catalysts both increased to some extent. This was especially the case for
Ni+bio-char catalyst, which led to the highest toluene conversion (see above) in the present
experiments; its specific surface area was 32.87 times that of bio-char and 8.39 times that
of bio-char+Ni, indicating that Ni+bio-char was much better than bio-char+Ni and bio-char
as a tar-reforming catalyst. The results also indicated that Ni was more easily distributed
in biomass than in bio-char.

Table 4. BET Surface Area of the Three Catalysts

Materials Specific surface area (m?/g) Pore volume (cm?%/g) Maximum radius (nm)

Bio-char 6.45 1.48 19.23
Ni+bio-char 212.02 48.73 18.42
Bio-char+Ni 25.27 5.81 16.95

The morphologies of bio-char, Ni+bio-char, and bio-char+Ni were examined by
SEM, as shown in Fig. 9. It was found that, compared to bio-char and bio-char+Ni
catalysts, more porous structures were obtained in Ni+bio-char catalyst, which meant that
the adsorption capacity was elevated and the number of active sites was increased. The
greater number of pores gave rise to more sufficient cracking/reformation of the tar.

CONCLUSIONS

1. Three types of catalysts (bio-char, Ni+bio-char, and bio-char+Ni) were applied to a
catalytic tar reformation model compound. Ni+bio-char catalyst exhibited excellent
catalytic activities in a wide temperature range of 650 to 850 °C, especially at 800 °C,
where the toluene conversion rate was 99.92%.

2. The gas yield increased with temperature with each of the catalysts, reaching 432
mL/(mL C7Hs) for Ni+bio-char catalyst at 850 °C. In particular, the H2 and CHs yields
were 339 and 85 mL/(mL C7Hs) at 850 °C.

3. Ni+bio-char catalyst had better catalytic activities than the other catalysts because
toluene could be completely converted to small gas molecules and the specific surface
area of Ni+bio-char catalyst was 32.87 and 8.39 times that of bio-char and bio-char+Ni
catalysts, respectively. Moreover, metallic nickel (Ni°) particles could be generated in
the carbon matrix of Ni+bio-char catalyst via pyrolysis.
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4. Tar and char are always unwanted byproducts of the gasification process. The new
concept of catalyst use presented in this work provides a sustainable method to
simultaneously process these waste byproducts and convert them into clean energy.
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