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Abstract 10 

11 

Biochar is an efficient catalyst for tar removal from syngas during biomass 12 

gasification. The aim of this research is to investigate the mechanism of tar reforming using 13 

biochar as a catalyst. A series of in situ steam tar reforming experiments were carried out 14 

using a two-stage fluidized-bed/fixed-bed reactor at 800 °C.  Mallee wood biochar (106–250 15 

μm) was activated in 15 vol. % H2O balanced with Ar for different times (0–50 min) and then 16 

used as a catalyst for tar reforming. The on-line gas composition, light tar composition and 17 

the pore structure of biochar were analysed using mass spectrometer (MS), GC-MS and 18 

synchrotron small angle X-ray scattering (SAXS) respectively. An increased ratio of H2/CO 19 

was observed after reforming with biochar compared to reforming without biochar. The 20 

destruction of light tar compounds, especially the non-oxygen-containing compounds, was 21 

significantly enhanced when activated biochars were used. Steam activation increased the 22 

specific surface area (SSA), micro- and mesopore volumes in biochar while the values stayed 23 

almost unchanged during tar reforming. Results indicate that the micro- and mesopores in 24 
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biochar promote the diffusion of both small and large tar molecules into the internal surface 25 

of biochar. However, the catalytic activity of biochar for tar reforming mainly depends on 26 

the content of O-containing functional groups in biochar. The O-containing functional 27 

groups facilitate the dissociation of tar molecules to form tar radicals, giving rise to the 28 

enhanced tar removal efficiency. Moreover, the formation of tar radicals over O-containing 29 

functional groups appears as the rate-limiting step in the process of catalytic reforming of 30 

tar over biochar catalysts. 31 

Keywords: Steam tar reforming, biochar catalyst, specific surface area, pore volume, 32 

mechanism 33 

1. Introduction 34 

 35 

Biomass gasification is considered to be one of the most promising technologies to 36 

expand the contribution of biomass to the world’s renewable energy supply [1,2]. However, 37 

tar formation is practically unavoidable during gasification, and the removal of tar from 38 

syngas is one of the major technical barriers that limits the commercialization of gasification 39 

technologies [3]. Extensive gas cleaning is required before the product gas is used for 40 

electricity generation, as well as for the synthesis of chemicals and transportation fuels.  41 

Amongst the various methods used for tar removal, catalytic steam reforming 42 

appears to be the most promising technique [4,5]. The use of biochar as a catalyst is 43 

particularly attractive  due to its high catalytic efficiency and low cost [6–9]. In addition, the 44 

energy value of spent biochar can be recovered simply by further gasifying or burning. 45 

Understanding the reaction mechanism of tar reforming over biochar is critical for 46 
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optimizing the catalytic performance of biochar, as well as for the development of 47 

gasification technologies. 48 

It has been proposed that the two main reaction pathways of tar during steam 49 

reforming are homogeneous and heterogeneous reforming [10,11]. However, due to the 50 

complex composition of tar as well as the complex properties of biochar, the reforming 51 

mechanism of tar using biochar as a catalyst has not yet been fully elucidated. Particularly, 52 

little is known about the interactions between tar molecules and the active sites in biochar 53 

in the heterogeneous reforming process. Great efforts [10,12–19] have been made to study 54 

the factors that influence the catalytic activities of tar removal over biochar catalysts. Apart 55 

from the experimental conditions such as temperature [17,20] and gasifying agents [12,16], 56 

the physicochemical properties of biochar, particularly the porous structure (large specific 57 

surface area) [14,21], the surface chemistry [6,12,13], as well as the inherent alkali and 58 

alkaline earth metallic (AAEM) species [15] are considered to be the main factors that affect 59 

the catalytic activity of biochar. However, the results [14,21,22] are not consistent regarding 60 

the relative importance of the micro- and mesopores in biochar. The exact role of the active 61 

sites in biochar for heterogeneous tar reforming is also ambiguous. Above all, it remains 62 

unclear which step involved in the heterogeneous reforming process is the rate-determining 63 

step. Therefore, further studies are needed to fully understand the mechanism of tar 64 

reforming over biochar catalysts. 65 

In our previous studies [12,13], the O-containing functional groups, especially the 66 

aromatic C-O structures, in biochar have been recognized to be a key factor influencing its 67 

catalytic activity. It is also critical to investigate the evolution of the pore structure of 68 

biochar during tar reforming in order to identify the key property of biochar that limits its 69 
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catalytic activity for tar reforming. Moreover, the distribution of product gas and the 70 

formation rate of each gas is directly related to the reaction types and reaction rate. The 71 

behaviour of various tar molecules during tar reforming would be also differ with their own 72 

structural features and activities. For example, some tar compounds would be preferentially 73 

reformed over biochar, whereas some may mainly be destructed in the gas phase [16]. 74 

Therefore, a comprehensive analysis of tar composition and the product gas composition is 75 

also essential for a better understanding the reaction mechanism of tar reforming.  76 

For these reasons, following our previous study [13], we investigate the evolution in 77 

the pore structure of biochar catalysts as well as the gas composition during reforming in 78 

this work.  Moreover, the tar composition after steam reforming was also analysed with the 79 

aim to identify the main tar compounds that are preferentially destructed over biochar 80 

surface. In the end, a reforming mechanism is proposed, taking into consideration the 81 

interactions between O-containing functional groups and tar components. The possible 82 

deactivation mechanism of biochar catalyst during steam tar reforming is also considered. 83 

Our results would provide critical information on identifying the decisive factor influencing 84 

the catalytic activity of biochar, as well as on the understanding of the mechanism of tar 85 

destruction over biochar catalysts. 86 

2. Experimental 87 

 88 

2.1. In situ steam reforming of tar using biochar as a catalyst 89 

 90 

Steam tar reforming experiments were carried out using a three-frit two-stage 91 

fluidised-bed/fixed bed quartz reactor [23,24], as shown in Fig. 1. The experimental 92 

conditions (800 °C, 15 vol. % H2O mixed with Ar), biochar (106–250 μm) and bio-oil samples 93 
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used in this study were the same as those in our previous work [13].  Briefly, biochar 94 

samples were preloaded on the middle frit and in-situ activated in a 15 vol. % H2O mixed 95 

with Ar before acting as a catalyst. After the activation time (0 - 50 min) was reached, bio-oil 96 

was injected into the reactor at a rate of 0.20 ml min-1. Tar was generated immediately 97 

when the bio-oil reached the reaction zone at 800 °C.  The generated tar was mixed with 98 

steam before passing through the biochar bed and going through catalytic steam reforming. 99 

When the required time was reached, the experiments were terminated by stopping the 100 

feeding of bio-oil and steam. The reactor was then lifted out of the furnace and cooled 101 

down under argon flow. It should be noted that the experimental design results in the in-102 

situ formation of tar from bio-oil in parallel with reforming reactions and biochar 103 

gasification. Therefore, the outlet gas composition and quantity is a product of all three 104 

simultaneous phenomena. 105 

The same method in our previous studies [25,26] was used to collect tar samples 106 

after reforming. Briefly, the reactor outlet was connected to three condensation traps filled 107 

with a mixture of HPLC-grade chloroform and methanol (4:1 by vol). Tar in the outlet stream 108 

was then condensed in the mixture and collected for further analysis.  109 
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 110 

Fig. 1. A schematic diagram of the three-frit fluidized-bed/fixed-bed quartz reactor 111 

(modified from Ref. [23] with permission from Elsevier). 112 

2.2. Characterisation of reforming products 113 

 114 

After tar condensation and gas cooling, the outlet gas stream was connected to a 115 

QMS Prisma™ 200 mass spectrometer (MS) in order to monitor the real-time gas 116 

composition [27]. The MS was calibrated using a standard gas mixture (ISO Guide 34 117 

accredited). As stated in our previous work [27], the CO signal was deconvoluted by 118 

subtracting the contribution of CO2 at m/z = 28 as the mass fragment of CO2 at m/z = 28 119 

overlaps with CO signal. The molar/volume ratios of H2, CO, CO2, and CH4 were calculated 120 

respectively afterwards.   121 

Tar samples from the outlet stream were analysed using an Agilent GC–MS (a 6890 122 

series GC plus a 5973 MS detector) with helium as the carrier gas. Detailed parameters of 123 

the measurement can be found elsewhere [28,29]. The detected compounds corresponding 124 

to each GC peak were identified based on the standard spectra of compounds in the 125 
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National Institute of Standards and Technology (NIST) library and/or the spectra of known 126 

species injected. The relative yield of each compound (X) was calculated by multiplying the 127 

peak area by the ratio of the amount of total tar solution collected and bio-oil injected (Eq. 128 

Error! Reference source not found.). Therefore, the relative yield of each compound was 129 

based on per g of bio-oil.  130 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑡𝑎𝑟 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑋 =131 

  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑡𝑎𝑟 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑏𝑖𝑜−𝑜𝑖𝑙 𝑓𝑒𝑑
 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑋      ( 1 ) 132 

 133 

The porosity of biochar was characterised using Small Angle X-ray Scattering (SAXS) 134 

with a Pilatus 1-M detector at the Australian Synchrotron in Melbourne [30]. The 135 

procedures of measurement and data processing were detailed included in our previous 136 

studies [31,32]. Briefly, the measurements were conducted at two camera lengths (3343 137 

mm and 959 mm) to achieve a wide q (q is the scattering vector 𝑞 = (4𝜋 𝜆⁄ )sin (𝜃 2⁄ ), λ (λ = 138 

1.03 Å-1) and 𝜃 are the wavelength and scattering angle) range from 0.005 to 1.5 Å-1, 139 

respectively, which are appropriate for an approximate pore diameter ranging from 4 to 140 

1250 Å.  The SAXS intensities on absolute scale [33,34] were further processed  with the 141 

unified model [35] in Irena described by Ilavsky et al [36] to obtain the specific surface area 142 

(SSA) and pore size distribution of biochar samples.  143 

3. Results and discussion 144 

 145 

3.1. Evolution in the gas composition  146 

 147 

Before analysis, it should be noted that the outlet gas composition is the combined 148 

result of both tar reforming and the simultaneous gasification of biochar. The gas 149 

composition after 30 min of steam reforming with, and without, biochar is given as an 150 
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example to study the effect of the biochar catalyst on the gas composition, as shown in 151 

Error! Reference source not found.. Compared with reforming without biochar, the H2 152 

content greatly increased when reforming with biochar. The content of CO2 also increased, 153 

whilst the content of CO and CH4 decreased after using biochar as a catalyst. As such, the 154 

ratio of H2/CO increased after reforming with biochar. It seems that the formation rate of H2 155 

was increased in the presence of biochar. This could be due to the enhanced catalyst 156 

(biochar)-gas (tar molecules) reactions, leading to the increased production of H2.  157 

Table 1. Product gas composition after steam reforming for 30 min with and/or without 158 

biochar.  159 

Experiment conditions Molar gas compositiona 

CO CO2 H2 CH4 H2/CO molar ratio 

Bio-oil only 62% 14% 4% 21% 0.07 

Biochar only 37% 30% 20% 13% 0.55 

Reforming with 0A biochar 38% 26% 22% 14% 0.58 

Reforming with 10A biochar 35% 31% 22% 12% 0.63 

Reforming with 20A biochar 33% 32% 23% 12% 0.70 

Reforming with 30A biochar 30% 38% 21% 11% 0.70 

Reforming with 40A biochar 29% 37% 25% 9% 0.80 

Reforming with 50A biochar 29% 32% 28% 11% 0.83 

Note: a dry basis; 0-50A biochar represent the biochar that was activated by steam for 0-50 160 

min. 161 

 162 

3.2. Evolution of light tar composition  163 

 164 

Tar is a complex mixture of a large number of single aromatics (1 benzene ring), 165 

polycyclic aromatic hydrocarbon (PAH) compounds, along with other heterocyclic 166 

compounds such as O-containing tar compounds. Our previous study [13] investigated the 167 

evolution of relatively large PAH compounds in tar using UV-fluorescence spectroscopy. To 168 

obtain a more comprehensive understanding of the transformation and conversion of tar 169 

during steam reforming using biochar as a catalyst, we used GC-MS to investigate the 170 

evolution of light tar composition in the present study. It should be pointed out that GC-MS 171 
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has limitations in detecting tar with high molecular mass and highly polar compounds, thus 172 

only the relatively light tar compounds can be detected. 173 

Fig. 2 and Fig. 3 show the GC-MS total ion chromatograms of tar samples after steam 174 

reforming with/without biochar with some relevant tar compounds marked. The peak 175 

height can roughly represent the content of the corresponding compound. It should be kept 176 

in mind that, in the process of tar reforming, some tar molecules such as phenol, indene and 177 

styrene can be formed from the breakdown of larger tar molecules. Therefore, the GC-MS 178 

detected tar compounds are the net results of their reforming/removal and formation. Fig. 2 179 

compares the effect of steam activation time of biochar on the light tar composition. After 180 

steam reforming for 30 min, there is a clear trend when reforming with biochar that has 181 

been activated for different times, where the more activated biochar results in lower yields 182 

of these tar compounds. That is to say, longer biochar activation enhances the 183 

reforming/removal of light tar compounds. The light tar compounds were nearly completely 184 

reformed/removed after reforming for 10 - 30 min with biochar activated for 40 min in Fig. 185 

3. However, peaks of styrene and naphthalene appear when the reforming time is increased 186 

to 50 min, as shown in Fig. 3c. This means that the activity of biochar on the reforming of 187 

light tar compounds decreased when the reforming time extended to 50 min. In our 188 

previous work [13], similar trend on the tar yield and the yield of relatively large aromatic 189 

ring system was observed. Thus, steam activation can enhance the catalytic activity of 190 

biochar on both the destruction of relatively large aromatic ring systems [13] and the 191 

removal of light tar compounds. Moreover, the catalytic activity of biochar decreases over 192 

the course of tar reforming [13]. The reduced catalytic activity of biochar at longer 193 

reforming time (e.g. 50 min) resulted in lower reforming rate of light tar compounds 194 
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detected by GC-MS compared to the rate of their formation. As such, increase in the 195 

contents of light tar compounds was observed here. 196 
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Fig. 2.  GC–MS total ion chromatograms of the tars after reforming for 30 min (30 min R) 199 

with biochar activated for (a) 0 min, (b) 10 min, (c) 30 min and (d) 50 min. Note: A 200 

represents for activation; peak 1-styrene, peak 2-phenylacetylene, peak 3-naphthalene, 201 

peak 4-phenol, peak 5-acenaphthylene, peak 6-phenanthrene. 202 

Studies [6,16,37] have found that the structure of tar molecules (aromatic ring sizes, 203 

functional groups, etc.) can affect its reactivity during reforming. For example, the aromatics 204 

with substituted groups or O-containing groups were reformed/removed relatively easily 205 

[16]. For this reason, the major light tar compounds detected by GC-MS were classified and 206 
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categorized into five component groups based on the structural features of tar compounds 207 

in this study, as shown in Error! Reference source not found..   208 
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Fig. 3.  GC–MS total ion chromatograms of the tars after reforming for (a) 10 min, (b) 30 min 210 

and (c) 50 min with biochar activated for 40 min (40 min A). Note: R for reforming; peak 1-211 

styrene, peak 3-naphthalene. 212 

Table 2. Classification of light tar compounds based on their structural features.  213 

Group number Compound groups Compounds 

1 naphthalene naphthalene 
2 phenanthrene phenanthrene 
3 aromatics (1-3 benzene 

rings) with penta-cycled ring 
or substituted groups  

styrene, phenylacetylene, acenaphthylene, 
fluorene, indene, 1-methyl naphthalene, 
2-methyl naphthalene 

4 O-containing compounds phenol, 3,4,5-trimethoxybenzaldehyde, 
dibenzofuran, benzofuran 

 214 

The relative yield of different component groups in tars obtained from steam 215 

reforming with or without biochar are displayed in Fig. 4. The relative yields are presented 216 
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on the basis of per g of bio-oil. For all the tar samples from steam reforming, with or without 217 

biochar, the relative yields of naphthalene, and aromatics with penta-cycled ring or 218 

substituted groups, were much higher than those of phenanthrene or O-containing tar 219 

compounds. This has again indicated that the reactivity of tar molecules depends on their 220 

structural features. The aromatics with larger rings or O-containing groups were easier to be 221 

reformed/removed than smaller hydrocarbon aromatics [6,37,38]. 222 
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Fig. 4. Relative yield of the classified component groups from GC-MS: (a) naphthalene, (b) 225 

phenanthrene, (c) aromatics (1-3 benzene rings) with penta-cycled ring or substituted 226 

groups, (d) O-containing tar compounds. Note: 0-50A represents for 0-50 min activation. 227 

The relative yield of light tar compounds all clearly decrease after reforming with 228 

activated biochars compared to reforming with raw biochar (0A) and/or without biochar (no 229 
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biochar). The longer the activation time of biochar, the lower the yield of non-oxygen-230 

containing compounds (Fig. 4 a, b and c), with the same reforming time. Additionally, the 231 

yield of these compounds increased as a function of the reforming time. The results show 232 

that the activation of biochar has enhanced the removal of light tar compounds. Particularly, 233 

the decrease of light aromatics with penta-cycled ring or substituted groups (Fig. 4 c) was 234 

greater than other component groups such as naphthalene when using biochar activated for 235 

longer times. On the contrary, the variation in the activation time of biochar showed little 236 

effect on the reduction of the O-containing tar compounds (Fig. 4 d). Moreover, the yield of 237 

O-containing tar compounds almost stabilised at the same level as the reforming proceeded. 238 

The trends of non-oxygen-containing groups illustrated by GC-MS are similar to that 239 

of the relatively large aromatic ring systems illustrated by UV-fluorescence spectroscopy in 240 

our previous study [13]. It was found that the yield of relatively large aromatic ring systems 241 

decreased when the activation time of biochar increased. The extension of reforming time 242 

led to a reduction in the yield of the relatively large aromatic ring systems. It was also 243 

confirmed that the steam activation of biochar greatly enhances its catalytic activity by 244 

increasing the content of O-containing functional groups. Besides, the catalytic activity of 245 

biochar reduces with increasing reforming time, with a decreasing content of O-containing 246 

functional groups in biochar. It seems that the catalytic activities of biochar in reforming 247 

light non-oxygen-containing tar compounds are also closely related to the content of O-248 

containing functional groups in biochar. Whereas, the destruction of O-containing tar 249 

compounds is not greatly affected by the reduction in the O-containing functional groups of 250 

biochar. 251 
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The observations from UV-fluorescence spectroscopy [13] and GC-MS imply that the 252 

O-containing functional groups in biochar could be the main active sites for the reforming of 253 

large aromatic systems and light non-oxygen-containing tar compounds. In contrast, there 254 

could be other types of active sites in biochar on which the breakdown of O-containing tar 255 

compounds mainly take place. As such, the breakdown of O-containing tar compounds is 256 

not significantly improved with the increase of the O-containing functional groups in biochar, 257 

which result from longer activation times. Moreover, the active sites for O-containing tar 258 

compounds seem to show no sign of deactivation with the extension of reforming time (Fig. 259 

4 d). One possible explanation is that these O-containing tar compounds are reformed 260 

mainly through conversion into gases rather than coke formation by condensation over 261 

biochar. Also it’s possible that O-containing tar compounds are mainly adsorbed and 262 

reformed over other active sites (such as carbon) instead of O-containing functional groups 263 

in biochar. 264 

3.3. Evolution in the pore structure of biochar catalysts 265 

 266 

It has been suggested that that the pore structure of a porous catalyst is an 267 

important factor influencing its catalytic activity [39]. Therefore, it is necessary to study the 268 

changes in pore structure of biochar during steam activation and tar reforming. 269 

 Fig. 5 shows changes in the specific surface area (SSA), micropore volume (pore 270 

width < 2 nm) and mesopore volume (2 nm < pore width < 50 nm) of biochar during the 271 

steam activation and/or tar reforming processes. During activation/gasification (no bio-oil, 272 

dashed line in Fig. 5), the SSA (Fig. 5) of biochar increases with increasing activation time 273 

and reaches a maximum in 40 min before decreasing when the activation was prolonged to 274 

50 min. The micropore volume (Fig. 5 b) and mesopore volume (Fig. 5 c) also show an 275 
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increasing trend at the early stage of activation before reaching a limiting size. The 276 

increased SSA, micro- and mesopore volumes are the result of carbon removal by steam 277 

activation/gasification of biochar, generating new pores, especially micropores [40,41]. The 278 

decreased SSA and micropore volume at the late stage of activation/gasification are 279 

attributed to the enlargement of micropores to mesopores and mesopores to macropores 280 

(pore width > 50 nm), meaning that fewer micro- and mesopores are left after a certain 281 

conversion level [40].  282 
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Fig. 5. Evolution of (a) SSA, (b) micropore volume (Vmicro) and (c) mesopore volume (Vmeso) of 284 

biochar during steam activation (dashed line) and reforming (solid line and data points) from 285 
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SAXS data. Note: 0-50A represents for 0-50 min activation, the dotted and plain lines are 286 

referred to 0A. 287 

The pores developed during activation could enhance the diffusion of tar molecules 288 

to the internal catalytically active sites (e.g. O-containing functional groups), improving the 289 

efficiency of tar destruction. It is also reasonable to believe that both the micro- and 290 

mesopores in biochar are important in providing channels for the diffusion of the small and 291 

large tar molecules considering that big tar molecules couldn’t diffuse into micropores. 292 

Moreover, as stated above, an abundance of O-containing functional groups were found to 293 

be produced during steam activation of biochar previously [12,13]. The simultaneous 294 

generation of O-containing functional groups and pores in biochar during steam activation 295 

suggests that these O-containing functional groups are likely to distributed in the newly 296 

created pores.  297 

For the raw biochar that went through tar reforming (black solid line, 0A), the 298 

development of increased SSA and pore volume with increasing time is analogous to that in 299 

biochar that only underwent gasification (red dash line), where the values of SSA and pore 300 

volumes are similar between the two cases. The presence of tar seems to have little effect 301 

on the development of the pore structure in raw biochar. In the cases of activated biochars 302 

(0-50A), the SSA and pore volumes stayed similar to one another and almost unchanged in 303 

the process of tar reforming. This indicates that a high surface area and pore volume of 304 

biochar does not always lead to a high efficiency of tar removal, which is quite dependent 305 

on the activation time (Fig. 4). Furthermore, a good trend between the content of O-306 

containing functional groups in biochar and its catalytic activity for tar reforming was 307 

observed previously [13]. When the O-containing functional groups dramatically reduce 308 
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with increasing reforming time [13], regardless of the surface area and pore volumes 309 

observed here, the overall catalytic activity of the biochar decreases. The results suggest 310 

that the O-containing functional groups play a more important role than surface 311 

morphology in influencing the catalytic activity of biochar for tar reforming. It can also be 312 

inferred that, under the experimental conditions in this work, the access and diffusion of tar 313 

molecules through pores is not a key step in determining the efficiency of tar removal over 314 

biochar. Our results disagree with some previous studies [14,21], in which they reported 315 

that the specific surface area is the crucial factor determining the catalytic activity of biochar. 316 

Therefore, focus should be directed towards optimising the O-containing functional groups 317 

when producing a highly active biochar catalyst.  318 

3.4. Mechanism of tar reforming over biochar catalyst 319 

 320 

Based on the above discussion, the following mechanism of tar reforming over 321 

biochar is proposed. As illustrated in Fig. 6, the main steps involved in the reforming process 322 

include the diffusion of tar molecules to internal catalytically active sites followed by the 323 

adsorption and decomposition of tar molecules (CnHm) over active sites. The O-containing 324 

functional groups in biochar would act as primary active sites, especially for the reforming of 325 

relatively large aromatic ring systems and non-oxygen-containing tar compounds. The 326 

overall efficiency of this reforming process is related to the pore structure and the content 327 

of O-containing functional groups of biochar [13], with the latter being the dominant factor. 328 

The small and large tar molecules firstly diffuse into the internal surface of biochar through 329 

the micro- and mesopores in biochar.  330 
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 331 

Fig. 6. Simplified mechanism of tar reforming via O-containing functional groups on biochar 332 

surface. 333 

The tar molecules are then adsorbed on biochar surface via O-containing functional 334 

groups and dissociated into radicals. The formation of radicals is most likely to be the step in 335 

the mechanism that determines the reaction rate [3]. The presence of O-containing 336 

functional groups in biochar would facilitate the destabilisation of tar compounds, making 337 

them extremely active and easy to break into radicals. The breakdown of tar molecules is 338 

also associated with the structure of tar itself, where various tar structures would have 339 

different activation energies. The aromatics with more fused rings or penta-cycled 340 

rings/substituted groups tend to breakdown more easily as they are relatively active. In 341 

parallel to tar adsorption, H2O present in the atmosphere is also adsorbed and dissociated 342 

on biochar, forming active radicals such as H, OH, and O, which could also react with each 343 

other.  344 

The radicals from tar dissociation can react with the active radicals from H2O to also 345 

form some small tar molecules (CxHy), as well as gases including CO and H2, leading to the 346 

reforming/removal of tar compounds. Generated tar radicals could also react with each 347 

other to form larger tar molecules through polymerization and ultimately form coke. The 348 

presented H2 in the system could also react with the tar radicals to form a stable tar 349 
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molecule and a hydrogen radical. As a result, a certain concentration of small and stable 350 

PAHs (polycyclic aromatic hydrocarbons) such as naphthalene is observed. Therefore, the 351 

final tar composition and the gas product distribution of tar reforming is the net result of all 352 

these parallel reactions that take place simultaneously in the reforming process. 353 

As the complex reforming reaction proceeds, deactivation of a biochar catalyst will 354 

occur with the reduction of the O-containing functional groups. The binding between tar 355 

molecules and O-containing functional groups in biochar could also cause the O-containing 356 

functional groups to be decomposed with oxygen atoms being released from the biochar 357 

surface. Due to the lack of sufficient active sites at the late stage of reforming, the formation 358 

rate of tar radicals is significantly reduced, causing a decrease in the efficiency of tar 359 

removal. The mass loss of biochar caused by continuous gasification can lead to the 360 

reduction in catalytic efficiency of biochar catalyst as well.  361 

4. Conclusions 362 

 363 

Mallee wood biochar was activated in situ by steam and then used as a catalyst for 364 

steam tar reforming at 800 °C. The gas composition, light tar composition, as well as the SSA 365 

and pore volume of biochar were comprehensively analysed. Results showed that the H2/CO 366 

ratio increased after employing biochar as catalyst when compared with steam reforming 367 

without biochar. Steam activation of biochar greatly improved its catalytic activities in 368 

reforming of light tar compounds. The yields of these light tar compounds, especially the 369 

non-oxygen-containing compounds, increased with increasing reforming time. The SSA, 370 

micro- and mesopore volumes in biochar raised during steam activation while stayed almost 371 

unchanged during tar reforming. The developed micro- and mesopores in biochar would 372 

enhance the diffusion of both small and large tar molecules into the internal surface of 373 
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biochar. The simultaneously generated O-containing functional groups during biochar 374 

activation are likely distributed in the newly created pores. Above all, it was found that the 375 

content of O-containing functional groups in biochar plays a more important role than the 376 

SSA and pore volume in determining its catalytic activity for tar reforming. Besides, the O-377 

containing functional groups in biochar are likely to act as main active sites for the 378 

destruction of large aromatic ring systems and light non-oxygen-containing tar compounds. 379 

The O-containing functional groups enhance the breakdown of tar molecules to form tar 380 

radicals, promoting the rate of tar removal.  381 

 382 
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