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This study investigates rice husk biochar for catalytic cracking of toluene - a tar model compound - in a fixed-

bed reactor. The rice husk biochar was physically activated to about 25% conversion in either a H₂O or CO₂ 

atmosphere. The activated biochars were then employed as catalysts for toluene decomposition at 850 °C in a 

laboratory-scale fixed-bed reactor. Catalytic performance evaluation of the raw rice husk biochar indicates poor 

activity in toluene cracking due to its low surface area and porosity. With physical activation, BET surface area 

increases significantly from 17 m2/g to 440 m2/g under CO2 and 426 m2/g under H2O. These morphological 

changes lead to better catalytic activity, particularly for the steam-activated char. It achieved about 71% toluene 

conversion and a longer activity span of about 20 min than the CO2-activated char, before total deactivation. 

This improved performance is attributed to the presence of surface mesoporosity, which slows deactivation. 

Silicon oxide constituted approximately 94 % of the inorganic content, which rendered the active metal species 

less effective in the process. 

1. Introduction  

Biomass valorization into bioenergy, such as syngas, has shown great potential. However, tar formation and 

impurity of the syngas remain major obstacles. Thermal cracking of the tar and use of naturally minerals as a 

catalyst for syngas purification have often proven inefficient and economically unviable (Huchon et al., 2024).  

Biochar produced through thermochemical processes such as pyrolysis/gasification of lignocellulosic biomass, 

possesses properties that make it a potential heterogeneous catalyst. These include ultra-/super-microporosity 

and mesoporosity, the presence of transition metals and Alkaline and Alkaline earths metals (AAEM), as well 

as oxygenated surface functionalities (Frainetti and Klinghoffer, 2023; Klinghoffer et al., 2015). While porosity 

enhances gas diffusion to active sites, metals act as active sites, promoters, or supports (Claude et al., 2016). 

Surface functionalities are rarely considered due to their instability at high thermal treatment temperatures 

(Wood et al., 2024). Previous studies indicated that woody biomass develops greater surface area during 

biochar production than agricultural waste, whereas the latter often possesses a higher inherent inorganic 

mineral content (Tomczyk et al., 2020). To further understand the influence of the surface porosities and 

presence of minerals in tar cracking, this study tends to compare the effectiveness of rice husk char and beech 

wood char for toluene cracking. 

2. Experimental  

2.1 Production, Activation, and characterization of Rice husk biochar (RHC) 

Rice husk biomass (RHB) sample was initially sourced from Bama region of western part of Burkina Faso. The 

RHB sample was utilized in its original condition, without any pretreatment before biochar production, using a 

pilot-scale pyrolysis reactor at 900 °C under nitrogen atmosphere at 5 Nl/min and heating rate of 5 °C/min, 
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followed by a holding time of 1 h. This high-thermal treatment aimed to produce stable char with less or negligible 

release of volatile matter. Table 1 shows the results of physicochemical properties of the samples.  

The produced biochar was subjected to a physical activation in a fixed-bed reactor using either 20 vol% CO2 (in 

N₂) at 900 °C or 20 vol% H2O at 800 °C. The differences in operating temperature between the H2O and CO2 

experiments were due to the slow kinetic rate of the CO2 activation process (Arayedh et al., 2025a). Experiments 

were performed to reach a target carbon conversion of 25 %; CO₂ or H₂O injection was then stopped, and the 

flow was switched to 100 % N₂ to quench the reaction and cool the activated char to ambient temperature prior 

to collection. The carbon conversion (X) was calculated using the formula in equation 1. The gas product 

compositions were measured with micro gas chromatography (µ-GC). 

𝑋 % =  
𝑛𝑐(𝑡) 𝑀𝑐

𝑚𝑜−𝑚𝑎𝑠ℎ
× 100      (1) 

where nc(t) is the cumulative number of moles of carbon-containing gases at a certain time (CO, CO2, CH4, 

C2H2, C2H4, C2H6) (mol), Mc is the molecular mass of carbon (g/mol), mo and mash denote the initial mass of 

biochar and ash content (g), respectively. 

The raw biomass, produced biochar, and activated biochars were characterized for surface porosity (N2 and 

CO2 sorption isotherms at 77 K) and for morphology using a scanning electron microscope (SEM). To further 

investigate the mineral composition and surface dispersion, scanning electron microscopy-energy dispersive X-

ray spectroscopy (SEM-EDX) and inductively coupled plasma emission spectroscopy (ICP-OES) were also 

conducted. 

Table 1: Physicochemical properties of the biomass and biochar.  

 Rice husk biomass Rice husk biochar  

Proximate Analysis wt.% (db)    

Volatile matter  66.91 ± 0.15 1.99 ± 0.04  

Fixed carbon 16.23 ± 0.37 56.07 ± 0.52  

Ash  16.86 ± 0.02 41.93 ± 0.56  

Ultimate Analysis wt.% (db)    

Carbon 41.47 ± 0.01 54.37 ± 0.13  

Hydrogen 4.69 ± 0.06 1.33 ± 0.05  

Nitrogen 0.33 ± 0.03 0.4 ± 0.07  

Oxygena 36.65 ± 0.08  1.9 ± 0.01  

a by difference 

2.2 Experimental setup  

The toluene cracking experimental setup is depicted in Figure 1. The whole setup comprises a fixed-bed reactor, 

two cooling systems, electric heating resistances, a micro gas chromatography (µ-GC), a nitrogen flow meter, 

and a manometer. The fixed-bed reactor coupled with an electric furnace and consisted of two quartz glass 

reactors with internal diameters of 16 mm and 26 mm. The smaller quartz glass has a sintering disk with a 

thickness of 1 mm positioned as a catalyst bed. Both reactors are fixed onto a two-flange disk that differentiates 

the inlet and outlet flow of the gases, where the smaller quartz glass is inserted into the larger one. A 

temperature-controlled double enveloped cooling system comprises a glass bubbler-tube, thermocouple, and 

cooling agent (fluid) used for cooling down and maintaining the toluene liquid to -15 °C. A cooling bath 

comprising two glass bubblers filled with 100 mL of isopropanol, cooled to −20 °C, was used to trap condensable 

products at the reactor outlet. The permanent (non-condensable) gases passed through a µ-GC (Varian CP - 

4900) for gas analysis. The condensable liquid products were analyzed using an Agilent GC/MS system. 

Rice husk biochar, used as a catalyst, was initially placed in the inner quartz reactor, with a catalyst bed height 

of 13 mm, before assembling the system. The reactor was then purged with pure N₂ at a flow rate of 13.8 NL/ 

min while being heated at 20 °C/min up to a target temperature of 850 °C. Once a stable temperature of -15 °C 

was reached in the toluene cooling system, and the upstream and downstream heating lines were at 250 °C, 

nitrogen flow was passed through the toluene flask and then diverted directly to µ-GC to measure the toluene 

and verify its stability. The toluene concentration mostly stabilizes within the range of 4500-4800 ppm, 

depending on the room temperature, and it takes not fewer than 1 hour to achieve absolute stability with less 

average of 15 ppmv standard deviation. Afterward, the stable nitrogen and toluene flow was channeled back to 

the reactor through the catalyst bed with a contact time of about 0.13 s. Condensable gases were collected in 

the cooling trap, as non-condensable gases were directed to and measured online with the µGC analyzer. 
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During the experiments, coke deposited on the surface of the catalyst, which was collected and measured after 

stopping the toluene injection and cooling the system to an ambient condition with nitrogen flow. The toluene 

conversion (XT) was calculated using the formula in equation 2. 

𝑋𝑇 % =
𝑤𝑇,𝑖𝑛−𝑤𝑇,𝑜𝑢𝑡

𝑤𝑇,𝑖𝑛
× 100      (2) 

where, wT,in is the amount of toluene molecule injected into the reactor (ppm, mol, g), and wT,out is the amount of 

toluene molecules collected out of the reactor (ppm, mol, g). 

 

Figure 1: Schematic representation of toluene cracking experiment setup (Arayedh et al., 2025b). 

3. Results and discussion 

Biochars derived from rice husk (RHC) and beech-wood (BWC) were produced and characterized. These 

materials were subsequently physically activated to a carbon conversion of 25% using either H₂O (X25%-H₂O-

RHC and X25%-H₂O-BWC) or CO₂ (X25%-CO₂-RHC and X25%-CO₂-BWC). The resulting activated chars, 

together with the raw rice husk biochar (Raw-RHC) and quartz glass beads (thermal cracking), were then used 

for toluene cracking, enabling a comparison between thermal and catalytic cracking effects, as discussed in 

sections 3.2. 

3.1 Characterization of biochar and activated biochars 

To examine the effect of physical activation on the textural properties of the produced biochar and activated 

biochars, N₂ sorption isotherms were evaluated, and the results are presented in Figure 2 and Table 2.  

 

Figure 2: N2 adsorption-desorption isotherms of the raw biochar and activated samples. 
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The results indicate a significant increase in the specific surface area of the raw rice husk biochar, from 17 m2/g 

to 440 m2/g for CO2-activated char and 426 m2/g for H2O-activated char. Despite their similar specific surface 

area development, the steam-activated char developed greater mesoporosity due to its ability to widen existing 

pores, which resulting in a larger mesopore volume for both samples (Alvarez et al., 2014).Rice husk–activated 

biochars developed a lower specific surface area than activated beech-wood biochars, due to their higher ash 

content, especially the presence of Si in the RHC compared to BWC. This results in pore blockage and a dilution 

of surface area when expressed per gram of material (Tomczyk et al., 2020). 

Table 2: N2 sorption isotherms analysis results.  

Biochar samples Raw-RHC X25%-CO2-

RHC 

X25%-H2O-

RHC  

X25%-CO2-

BWC* 

X25%-H2O-

BWC* 

  

BET Surface area (m2/g) 17 440 426 582 600   

Micropore surface area (m2/g) 15 317 316 540 452   

Mesopore surface area (m2/g) - 30 84 - -   

Total pore volume (cm3/g) - 0.2007 0.2316 0.3294 0.3891   

Micropore volume (cm3/g) 0.0054 0.1422 0.1258 0.2423 0.2054   

Mesopore volume (cm3/g) - 0.0293 0.0792 0.0460 0.1358   

Results marked with an asterisk (*) were reported from Arayedh et al., (2025a) 

 

Table 3 showed the results of ICP-OES analysis for the RH biomass and biochars produced and how the 

transformation from raw biomass to physical activation affects the inorganic metals composition. For all the rice 

husk-derived biochar, silica was the major inorganic element present with about 94% of silicon oxide, and minor 

content of other compounds such as AAEMs and transition metals. The activated biochars have nearly the same 

composition of inorganic metals retained, except for K, Ca, Fe, and Si. 

Table 3: The elemental compositions of the samples (wt.% dry basis).  

Samples  RH Biomass RH Biochar X25%-CO2-RHC X25%-H2O-RHC   

Na <LD  <LD <LD <LD   

Mg 0.04 ± 0.01 0.09 ± 0.01 0.11 ± 0.01 0.12 ± 0.01   

Al 0.07 ± 0.01 0.12 ± 0.01 0.15 ± 0.01 0.16 ± 0.01   

K 0.26 ± 0.01 0.70 ± 0.02 0.87 ± 0.02 0.94 ± 0.01   

Ca 0.13 ± 0.01 0.29 ± 0.01 0.34 ± 0.01 0.38 ± 0.02   

Ti 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01   

Mn 0.01 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 0.04 ± 0.01   

P 0.04 ± 0.01 0.08 ± 0.01 0.10 ± 0.01 0.11 ± 0.01   

Si 7.22 ± 0.50 18.29 ± 0.34 23.16 ± 0.10 24.47 ± 0.16   

Fe 0.03 ± 0.01 0.04 ± 0.01 0.15 ± 0.01 0.10 ± 0.01   

3.2 Catalytic cracking of toluene over a biochar-based catalyst  

Prior to the catalytic cracking test, a blank experiment was conducted with 2 mm diameter of quartz beads glass 

to determine the extent of thermal efficiency of the bed at 850°C. The experimental results showed an average 

toluene conversion of 28.5 ± 2.7 %. A similar finding of 28 % toluene conversion was reported under the same 

operating conditions (Arayedh et al., 2025b). The corresponding thermal and catalytic cracking results are 

presented in Figure 3. The Raw-RHC showed a limited effect, with a toluene conversion of 29.8 ± 1.1 %, nearly 

the same value obtained for quartz beads, which represent the thermal cracking effect. The poor performance 

of Raw-RHC may be attributed to its limited catalytic properties. The physical activation using steam and CO2 

has been reported to transform the catalytic activity of biochar by improving toluene cracking conversion 

(Frainetti and Klinghoffer, 2023). The 25% steam and CO2-activated RHC catalysts showed improved 

performance in toluene cracking, with similar conversion after 3 min test, 71.5 ± 2.6 % and 68.9 ± 3.0 % 

respectively. This was followed by a drastic deactivation slope, which was greater for the CO2-activated char 

compared with the steam-activated char. The rice husk-derived catalysts were then compared with beech-wood 

derived catalyst produced under the same operating conditions and employed for cracking under similar 

conditions. However, the beech-wood-derived catalyst exhibited better performance with 95.4 ± 0.5 % for CO2-

activated and 96.0 ± 0.03 % for steam-activated samples, along with a prolonged catalytic activity.  
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Figure 3: Thermal and catalytic cracking of toluene molecules at 850°C using rice husk and beech-wood biochar-

based catalyst. Each experiment point corresponds to the mean of replicate measurements. 

3.3 Influence of the textural properties  

Textural properties, such as surface area and pore structure, strongly influence toluene cracking by controlling 

reactant accessibility and diffusion within the catalyst. In line with this, initial catalytic tests with Raw-RHC 

showed limited activity, suggesting that increase in surface area and porosity were needed to improve its 

catalytic properties. Previous studies have reported that physical activation (both from H2O & CO2) significantly 

improved the surface area and porosity of beech-wood biochar-based catalyst (Arayedh et al., 2025a). The 

specific surface area and pore volume play a vital role in toluene cracking, by controlling the accessibility of 

toluene molecules with a kinetic diameter of 0.58 nm to an active sites and toluene adsorption capacity (Frainetti 

and Klinghoffer, 2023). It is evident that the raw rice husk biochar, with 17 m2/g and micropore volume of 0.0054 

cm3/g, showed a poor catalytic activity and rapid deactivation due to limited diffusion and adsorption capacity. 

Subsequently, the physical activation improved surface area and pore volume, which enhanced the catalytic 

performance, resulting in high toluene conversion, higher than 70 %, in the first 3 min for both the H2O and CO2-

activated biochars, mainly due to their similarly developed specific surface area. However, differences in 

mesopore properties distinguished their deactivation behavior. The CO₂-activated biochar experienced faster 

deactivation, likely due to limited diffusion caused by coke deposition on less-developed mesopore surfaces, 

which created a barrier to interaction with active sites within the micropores. The development of mesoporosity 

plays a vital role in facilitating diffusion and contributes to the longer conversion of toluene under a biochar-

based catalyst. 

3.4 Influence of the inorganic mineral contents  

The presence of certain inorganic minerals, such as silica and phosphorus, has been found to inhibit to certain 

catalytic activities, according to Frainetti and Klinghoffer (2023). However, the presence of AAEMs and transition 

metals has also been reported to promote the catalytic activity. This effect can be accessed by using a proposed 

inorganic composition metric ratio (Ca + K)/(Si + P). For all the rice husk derived biochar, silica was the most 

abundant major inorganic element, which may explain their lower performance in toluene cracking compared 

with the beech-wood catalyst with low or negligible silica content (Arayedh et al, 2025b). According to the ICP-

OES elemental analysis in Table 3, the steam-activated char retained higher contents of AAEMs (K and Ca), 

whereas the CO2-activated biochar retained more Fe. However, when considering the inorganic catalytic activity 

metric, both steam and CO2-activated char have a similar value of approximately 0.06 which is well below 1. 

This reveals that the global inorganic mineral content of rice husk–derived biochars contributes to an inhibitory 

effect on toluene cracking.  

4. Conclusion 

In this paper, the rice husk-derived catalysts, comprising of raw biochar, H2O, and CO2-activated biochars, were 

tested for toluene cracking using a fixed-bed reactor. Among the three-rice husk-derived catalysts studied, the 

steam-activated char performed better due its longer-term activity. However, compared with the beech-wood-

derived catalyst, the rice husk showed lower performance, due to their differences in textural properties and 
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inherent inorganic content. The surface area and porosity of RHC improved after physical activation with steam 

and CO2. Steam activation developed greater mesoporosity, which enhanced the diffusion network as well as 

adsorption capacity, leading to higher catalytic performance than the CO2-activated char. The high silica content 

appears to have adversely affected the catalytic contribution of inorganic minerals in rice husk derived biochars, 

resulting in lower toluene cracking performance compared with the activated beech-wood derived catalyst. 

Steam activation improved the textural properties of rice husk derived char, which may have contributed in its 

enhanced performance in toluene catalytic cracking.  

Nomenclature 

X % Carbon conversion rate [%] 

nc(t) Cumulative number of moles of carbon content gases at a certain time (t) [mol] 

Mc Molecular mass of carbon [g/mol] 

mo Initial mass of biochar [g] 

mash Mass of ash content [g] 

XT % Toluene conversion [%] 

wT,in Amount of toluene at the reactor inlet [ppm, mol, g] 

wT,out Amount of toluene at the reactor outlet [ppm, mol, g] 
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