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Abstract 

The application of gasification to thermally treat biomass as carbon neutral resources has been constrained by 

the technical challenges associated with tar formations, which cause operational problems in downstream 

equipment for syngas processing. Catalysts, such as transition metals, calcined rocks and char, can be used to 

catalyse tar reforming. Biochars, which are naturally produced during biomass gasification, are particularly 

attractive as an alternative catalyst due to their catalytic functions, low cost and long endurance. Despite these 

promising characteristics, adequate knowledge on the relationship between the porous structure of biochar and 

its deactivation by coking during the steam reforming of tars is not available. In this work, the influence of the 

porous structure of biochar on its performance across time for reforming tar was investigated in a fixed-bed 

reactor, over a temperature range from 650 to 850 °C. Regular biochar and physically activated biochar from the 

same precursor biomass were employed as bed material. The tar samples were the composed mixture of 

benzene, toluene and naphthalene. Both fresh and spent catalysts were analysed with Brunauer-Emmet-Teller, t-

plot, Fourier Transform Infrared and Scanning Electron Microscopy/Energy Dispersive Spectroscopy. Results 

showed that, while at moderate temperatures of 650 and 750 °C, the activated biochar offered a higher tar 

conversion but more severe deactivation than that of the regular biochar. At the high temperature of 850 °C, the 

difference in the catalytic performance between the two chars was negligible, and over 90% of the initial tar 

species were removed throughout the 3-hour long experiments. At 850 °C, the coke deposited in the meso- and 

macro-pores of both chars was gasified, leading to a stable catalytic performance of both chars. The results 

indicated that meso- and macro-porous biochars are resilient and active enough to become a viable option for tar 

steam reforming.  
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Abbreviations 

AC Activated biochar 

BET Brunauer-Emmet-Teller 

CAC Coked activated biochar 

EDS Energy Dispersive Spectroscopy 



FTIR Fourier Transform Infrared 

HPLC High-performance liquid chromatography 

GC Gas chromatographer 

IPA Isopropanol 

PAH Polyaromatic hydrocarbon 

ppm Parts per million 

RC Regular biochar  

SSA Specific surface area 

Nomenclature 

at Catalyst activity 

Ci, in Concentration of species i at the inlet of the reactor 

Ci, out Concentration of species i at the outlet of the reactor 

cp Specific heat at constant pressure 

Ea Activation energy 

k Reaction rate constant 

k0 Pre-exponential factor 

kd Empirical deactivation constant 

p Pressure 

P Reactor wall perimeter 

Qreaction Heat of reaction 

ri Reaction rate of species i 

R Ideal gas constant 

Sradiation Heat of radiation source term 

t Time 

T Gas temperature 

Twall Wall temperature 

Tɵ Dimensionless temperature 

u Gas velocity in the axial direction 

Xi Conversion of species i 

Yi Mole fraction of species i 

Yi, reaction Source term of species i from reaction 

z Reactor length 

λ Heat transfer coefficient 

μ Gas dynamic viscosity 

ρ Gas density 

ϕ Empirical catalyst deactivation parameter 

ω Empirical catalyst deactivation parameter 

1. Introduction 

The environmental concern together with the exhaustion of fossil fuels has attracted the attention of 

humankind towards renewable energies such as solar, wind and biomass energy. Within all the types of 

renewable energies, biomass is carbon-neutral and plays a significant role to meet the demands on energy and 

fuels. Biomass gasification is a promising technology. The produced gases are versatile and have various 

applications, e.g. power generation using gas turbines or production of liquid fuels via the Fischer-Tropsch 

process [1,2].  However, as promising as the technology sounds, a recurring limitation for biomass gasification 

is found in the generation of some undesirable compounds such as tars, which are notoriously hard to remove 

[1].  

Tars are a mixture of heavy aromatic hydrocarbons with diverse chemical structures and characteristics. 

Examples of tars include heterocyclic compounds such as pyridine, aromatic compounds such as toluene and 

polyaromatic hydrocarbons (PAH) such as naphthalene. Tars from gasification lead to severe problems in the 

downstream processing equipment, e.g., clogging and blockage. Because of this, great effort has been placed to 



develop  efficient tar removal methodologies, classified as physical, thermal or catalytic treatments. Physical tar 

removal is relatively simple, and it works in a way of transferring tars into a different phase rather than 

destroying them, thus requires additional treatment. This constrains the application of physical tar removal 

technologies both environmentally and economically [3]. Thermal cracking involves the degradation of tars into 

lighter hydrocarbons (i.e. CO and H2), therefore tars are effectively destroyed; however, the required operation 

temperatures are exceedingly high, e.g. 1300 °C for degradation of naphthalene, 1100 °C for benzene and 

950°C for toluene [4]. By comparison, catalytic treatments can deliver over 95% tar removal at relatively lower 

temperatures (ca. 800 °C). Moreover, during catalytic treatments, the tars react with a reforming agent such as 

steam or CO2 to yield H2 and CO as products, increasing the heating value of the product gas. Although 

promising, catalytic reforming is limited by catalysts deactivation  due to coke deposition, catalyst poisoning or 

structural collapse [3,5–7].  

Char has been proven to be a capable catalyst of reforming tars. Due to the fact that char is naturally 

produced during the gasification process, its utilization as catalyst presents an added value by potentially 

reducing waste handling costs [8]. The tar removal efficiency using different popular catalysts were compared 

by El-Rub et al. [9] and it was found that char can provide conversions as high as those provided by Ni-based 

catalysts (> 90%). 

The char-catalytic tar reforming performance is affected by various factors, including: (1) the 

physicochemical characteristics of char, e.g. particle size [10], surface area [11–17] , (2) the presence of ashes 

(i.e. inorganic species) on its surface [11,12]; and (3) operation parameters, e.g. the tar concentration, steam 

concentration[10,14], or temperature [9,10,14]. El-Rub et al. [10] tested the effects of these influential factors on 

the reduction of naphthalene, and concluded that temperature is the most significant factor that affects tar 

decomposition, and the effect of the tar concentration is less significant in the conversion. Hervy et al.[13] 

determined that the char deactivation mechanism depends on its physicochemical characteristics. It was found 

that when the char contains a high amount of fixed carbon, deactivation will occur due to pore coking. Fuentes-

Cano et al. [14] studied on employing chars from different sources for reforming toluene and naphthalene, and 

found that at a certain temperature and in the presence of steam, the reforming activity will remain constant. 

Moreover, the authors determined that while the nature of the feedstock used to produce the chars had an effect 

in the char catalytic capabilities, the qualitative behavior of the activity across time did not depend on the type 

of char. 

It has been proven that both surface area and inorganic species are important factors for catalytic reforming 

of tar, and a synergy exists, i.e. highly porous chars with inorganic species can provide higher tar conversions 

[16,17]. Hosokai et al. [15] studied the decomposition of benzene and naphthalene using char and varying the 

composition of the reforming gases, and concluded that the micropore surface area is a key aspect for 

naphthalene reforming. Moreover, it was reported that under an inert atmosphere, chars with a large surface area 

take longer to be deactivated. On the other hand, if the char has a high content of ashes, inorganic species 

contained in ashes will migrate to the char surface and block active sites. Korus et al. [18] assessed the toluene 

degradation in the presence of activated coal char and determined that the char serves as an adsorbent, and 

radicals in the char surface influence the conversion of the tar. Acharya et al. [19] compared regular and 

commercial activated char for the adsorption of toluene and CO production, it was found that the activated char 



performed better and  showed capabilities for adsorption at low temperatures, after a certain operation time, the 

char became saturated with toluene and the adsorption stopped.  

Previous studies have shown that char surface area is important factor for tar reforming, however, the 

influences of the char porous structure on tar reforming and coke gasification are not well understood [13–15]. 

Work has been done to analyze the effect of the porous structure on the char activity during pyrolysis [13,20], 

and comprehensive assessment on the influence of the char porosity on catalytic steam reforming of tars across 

time. For this reason, this study is dedicated to analyzing the effect of the structure of biochar during the 

catalytic steam reforming of a synthetic tar mixture at different temperatures for three hours. Regular biochar 

and physically activated biochar from the same precursor biomass were utilized as catalysts. The two types of 

chars have different porous structures but the same inorganic species, ensuring that any differences in catalytic 

effects are owed to physical features and not chemical characteristics altered during chemical activation. 

Physical char activation with CO2 was chosen because it does not have an effect in the present inorganic species 

(i.e. it does not participate as an oxidizer for the inorganic species, as the Boudouard reaction is more 

thermodynamically favoured) and CO2 is known to promote the formation of micropores [21,22]. Model 

compounds representative of certain tar classes were selected and employed in the experiments: benzene was 

used as an intermediary tar always present in tar mixtures, toluene was used as a stable alkyl aromatic and 

naphthalene was used as a stable polyaromatic hydrocarbon [22]. In addition to experimental results, chemical 

kinetics (including deactivation kinetics) were obtained and are presented with the finality of comparing the 

findings from this work with existing literature. Overall, since biomass gasification is largely constrained by 

either the presence of tars in the produced gas or the deactivation of the catalysts used for tar reforming, the 

results obtained from this research contribute to the viability of biomass gasification as a source of renewable 

energy.  

2. Methodology 

2.1. Experimental setup and procedure 

The experimental setup is illustrated in Figure 1. The reactor employed in this work consisted of an 

electrically-heated fixed-bed drop tube reactor. The dimensions of the reactor were 47 cm long and 2.66 cm in 

diameter. The bed zone, placed in the middle of the reactor, was approximately 7 cm tall. The bed height and the 

gas flow rate were adjusted so the gas residence time through the bed, calculated as a function of the void 

volume in the bed, was around 0.5 seconds. A fixed quartz sinter inside the reactor was used to support the bed, 

and during packing, the reactor was shaken and the particles were pressed against the bottom of the reactor to 

reduce the void space between particles. The reactor and pipes were insulated to prevent heat losses and avoid 

tar condensation during the experiments.  



 

Figure 1. Illustration of the reactor setup for the experiments. 

Experiments were conducted at atmospheric pressure and temperatures of 650, 750 and 850 °C for 3 hours to 

investigate the evolution of the catalyst activity over time. The temperature in the reactor was constantly 

measured via K-type thermocouples located just above the catalyst bed and at the outlet of the reactor. The 

measured temperatures showed a variation of less than 1 °C during the experiments. Before each experiment 

and after packing, the reactor was heated to 650 °C; afterwards, a pure N2 stream was injected for at least 1 hour 

to dry the bed and purge the reactor of any present gas. Subsequently, the reactor was heated to the desired 

operation temperature. When the measured temperature stabilized, a gas mixture with volume composition of 

25.1% CO, 23.7% CO2, 7% CH4, 16.8% H2 and 27.4% N2 was injected via mass flow controllers. The 

permanent gases were mixed with a stream consisting of steam and a solution of tar model compounds. The tars 

were injected using a High Performance Liquid Chromatography (HPLC) pump, the tar concentration in the 

mixture was 20 g/Nm3, and the proportions for benzene, toluene and naphthalene in the mixture were 61.34, 

23.13 and 15.53 wt. %, respectively; the distribution of benzene, toluene and naphthalene in the overall tar 

composition was based on average amount of tars of their respective class reported in literature [23]. The wet 

gas composition of the resulting mixture was approximately, in volume, 18 % CO, 17 % CO2, 5 % CH4, 12 % 

H2, 20 % N2 and 28 % H2O (steam). 

2.2. Catalyst preparation and characterization 

The catalyst consisted of residual gasification biochar, which were obtained from the pyrolysis of hardwood. 

The biochar particles were used either straight from pyrolysis (called regular biochar, abbreviated as RC) or after 

being physically activated (called activated biochar, abbreviated as AC). Additional experiments were conducted 

using a non-catalytic inert bed (silicon carbide, SiC) to compare the extent of degradation of the tars by thermal 

cracking or catalytic cracking.  For the activation of the char, char particles were placed inside the reactor and 

heated to 750 °C. When the measured temperature stabilized, a stream composed by a mixture of 35/65 vol. % of 

CO2/N2 was injected to the reactor for 2 hours to activate the char. CO2 was chosen as an activating agent because 

it is known to favor the formation of micropores and –O groups in the char surface, leading to high reactivity [24–

26]. The amount of CO2 injected was 280 mL/min and the amount of nitrogen was adjusted to the desired flowrate.  

The flow rates were adjusted to prevent pressure drops in the reactor and having burnout rates of around 25 % 

[27].  Proper activation temperature was selected as 750 °C, based on facts that higher temperatures lead to pore 

sintering, while lower temperatures lead to slower micropore development [28–30]. Additionally, 750 °C is a 



temperature low enough to ensure that the inorganic species in the char matrix will not migrate to the surface and 

block the char pores [11]. On the other hand, the activation time was chosen as 2 hours to ensure sufficient 

micropore area, because the activation reaction rate with CO2 is known as lower than that with steam [24,31,32].  

Sieving and structural characterization of the particles was conducted before and after the experiments. The 

particles were crushed and sieved to sizes between 200 and 400 µm to reduce the effects of diffusion. The surface 

area was measured via nitrogen adsorption-desorption at 77K (Micromeritics TriStar II 3020). Brunauer-Emmet-

Teller (BET) theory was used to calculate the surface areas while for the micropore areas and volume, t-plot 

method was employed. Fourier Transform Infrared (FTIR) (Perkin Elmer Spectrum 2) analysis was conducted on 

the char and the results were compared with available literature to identify surface functional groups [33,34].  

Additionally, Scanning Electron Microscopy (SEM) (HITACHI FlexSEM 1000) was used to identify the surface 

features of the chars, and the Energy Dispersive Spectroscopy (EDS) (HITACHI FlexSEM 1000) analysis was 

conducted to ascertain whether or not there was a difference in the inorganic contents between the regular and 

activated chars. To analyse the char particles with SEM/EDS, the particles were mounted over resin (as binding 

material) and were coated with a gold layer to ensure electric conduction [35]. 

 

2.3. Gas sampling and analysis 

The tar species were analysed by a Gas Chromatographer (GC) (Agilent 7890A) connected to the outlet of the 

reactor. Chromatogram data was obtained every 30 minutes to determine the changes in conversion due to 

catalyst deactivation. Subsequently, the tar species were recovered using an ice trap with H2O and isopropanol 

(IPA) while the permanent gases (CO, CO2, CH4, H2, N2) were directed to an online gas analyzer (Sick Maihak 

S710) for characterization before being recovered. The information on the permanent gases was collected by the 

gas analyzer every minute. 

2.4. Determination of kinetic parameters 

A pseudo-homogeneous model was used for the determination of kinetic parameters of tar reforming. A 

relationship (Eq. 1) following Arrhenius equation was utilized for all the tar species, with the reaction rate and 

rate constant defined as: 
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where ri and Ci are the reaction rate and concentration for tar species i, respectively; k is the apparent reaction 

rate constant; k0 is the pre-exponential factor; Ea is the activation energy; R is the ideal gas constant; T is the gas 

temperature and at is the catalyst activity at time t. The reaction rate was assumed to be first-order with respect 

to the tars [10,36]. Tar conversion is defined in Eq. 3, and the apparent rate constant as a function of conversion 

was calculated with Eq. 4: 
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where Xi is the conversion of the species i ; Ci, in and Ci, out are the concentrations of species i at the inlet and the 

outlet of the reactor,  respectively; t is the gas residence time travel through the catalyst bed materials, defined 
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where Xi,out is the conversion of the species i at the outlet of the reactor.  

The deactivation of the catalyst was modelled following the methodology as described in [14,37,38], the 

catalyst activity is empirically defined as a function of time and temperature :  
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where kd, ϕ and ω are parameters adjusted to account for the amount of coke in the catalyst surface, ϕ and ω are 

empirical constants unique for each species and operating temperature, empirically adjusted to fit the measured 

conversions across time [37,38]. Tɵ is a dimensionless temperature to account for the variation of the coke 

formation with increasing of temperature, and defined as:  
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𝑇
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2.5. Computational model 

Simulations of the char catalytic tar reforming employing the collected kinetics were conducted using the 

computational chemistry suite Cantera [39]. The validation of the kinetics was conducted by reproducing the 

experiments. The reactor was modeled as a one-dimensional plug flow reactor, with governing equations for 

continuity, conservation of momentum, energy and species, respectively, defined as:  
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where ρ is the gas density, z is axial direction, p is pressure, μ is gas dynamic viscosity, cp is the specific heat at 

constant pressure, λ is the heat transfer coefficient with surrounding walls, P and Twall are the perimeter and 

temperature of the wall surrounding the gas, Qreaction is the heat of reaction, Sradiation is the source term from 

radiative heat transfer, Yi is the mole fraction of species i and Yi,reaction is the reaction source term for species i.  



3. Results 

3.1 Conversion of tar compounds 

When comparing the experimental results with the inert bed and catalytic bed, it was found that there was no 

tar been converted in the inert bed. This was expected since it is known that temperatures of at least 1273K are 

required to degrade the studied tars [4]. The initial tar conversions, measured right after the experiments began, 

on the char catalytic bed as a function of temperature can be found in Figure 2; more details related to the 

concentrations at the reactor outlet can be found in the supplementary information, Figure S1. For every 

operation temperature the highest conversions were obtained using the AC bed. The tar conversions using RC 

were 7% at 650 °C, 28% at 750°C and 90% at 850 °C, while the tar conversions obtained using AC were 11% at 

650 °C, 48% at 750° and 91% at 850 °C. The differences in the catalyst activity were especially noticeable at 

750 °C, where the conversion for benzene, toluene and naphthalene using AC were 17, 19 and 27% higher than 

that of using RC. By comparison, at 850 °C the conversions obtained with both char catalysts were virtually the 

same: conversions for toluene and naphthalene were more than 95%, while for benzene they were about 85%. 

The tar conversions were calculated across time from the results obtained from the GC analysis each 30 

minutes as shown in Figure 3. Decreases in conversion over the operating time are observed for both catalysts, 

the decrease was more significant when using AC than that of RC. For example, at 750°C the total tar 

conversion using AC decreased from 48 to 23% after 3 hours; while at the same temperature and after the same 

operation time, the total tar conversion using RC decreased from 24 to 22%. Therefore, although the initial 

conversions were higher with activated char, the catalyst lost activity until reaching a plateau where the obtained 

conversions were about the same as those provided by the regular char. The decreases in conversion of 

naphthalene and toluene across time at 850°C for both chars were less than 10% while the reduction in benzene 

conversion was about 25%; for every case the decrease was slightly more significant in the activated char. 

 

Figure 2. Initial catalytic tar conversions as a function of temperature. 

 



 

Figure 3. Catalytic tar conversion across time at different temperatures. a) Total tar conversion, b) benzene conversion, c) toluene 

conversion and d) naphthalene conversion. 

The decay in the activity indicates that the deactivation (i.e. coke deposition rate) of the char is more significant 

at 650 and 750 °C, although the injected steam could active the char in-situ during reforming. Contrarily, at 850 

°C the activity is preserved, thus it can be inferred that the gasification rate of char/coke at least equals the rate of 

coke deposition.  

3.2 Products from tar conversion 

Figure 4 describes the tar reforming products at the outlet of the reactor using AC and RC beds. The H2 

contents increased with the increasing of temperature. At 650 °C, H2 originated from the tar reforming and the 

thermodynamically favored water-gas shift reaction [40]. The greatest H2 increase (54%) was seen at 850 °C, 

owing to the reforming of the tars and methane; this was also reflected in the increases in CO content. At 850 °C 

there was a noticeable decrease in CO2due to the reverse Boudouard reaction. 

 

 

Figure 4. Distribution of species at the outlet of the reactor using a fresh catalyst, in volume %. 

Figure 5 shows the percent changes in the product fractions at inlet and outlet of the reactor from the 

experiments across time. For the 650 and 750 °C experiments, with both catalysts the measured concentrations 



of H2, CO2 and CH4 were almost constant during the 180 minutes of operation. At 850 °C there were some 

changes in the products at the outlet. The produced H2 decreased, in volume percentage, from 55% to 45% using 

RC, and from 47% to 40% when using the AC bed (Figure 5a). With regards to CO (Figure 5b), at 650 and 

750 °C changes were less than 3%, while at 850 °C a decrease of about 7% was detected using both catalysts. 

CO2 and CH4 (Figure 5c and d) behaved similarly, showing negligible changes in concentration at 650 and 750 

°C while showing increases of about 7% at 850 °C.  

 

Figure 5. The changes of tar reforming products from the inlet to the outlet of the reactor across time. a) H2, b) CO, c) CO2 and d) CH4. 

3.3 Kinetic model 

The reactions found in Table 1 were proposed as a reduced mechanism derived from the observed tar 

conversions and product compositions. The influence of internal and external mass transfer to the catalyst were 

determined by calculating the effectiveness factor and Damköhler numbers [41]. At all the experiment 

temperatures, the calculated values for effectiveness factor were practically one, while the values for Damköhler 

number at the lowest operation temperature (650 °C) were 0.001, 0.007 and 0.01 for benzene, toluene and 

naphthalene, respectively. This indicates that internal and external diffusion phenomena did not play an 

important role in the reactions and therefore can be neglected in the kinetic model [41,42]. On the other hand, 

the correlation factors calculated when estimating the kinetic parameters using Arrhenius plots were above 0.95 

for every case. In every case, the activation energies required for tar decomposition using regular char than those 

using activated char. In terms of the parameters calculated to simulate the catalyst deactivation, generally, the 

values associated to the regular char indicated a stronger activity-temperature relationship. 

Table 1. Reduced mechanism for catalytic tar reforming 

Reaction k0 Ea, kJ/mol kd ϕ ω r2 

AC RC AC RC AC RC AC RC AC RC AC RC 

C6H6 + 6H2O → 6CO + 9H2 1.98x107 9.79x107 144 162 5x10-3 3x10-3 2.6 2.5 -1.4 -1.4 0.99 0.95 

C7H8 + 7H2O → 7CO + 11H2 3.27x106 2.51x108 118 160 2x10-3 2x10-3 2.6 2.6 -1.3 -1.6 0.99 0.99 

C10H8 + 10H2O → 10CO + 14H2 2.68x105 2.21x108 95.7 159 5x10-3 3x10-3 2.8 2.6 -1.7 -1.6 0.99 0.99 

Results from simulations and experiments through time are found in Figure 6. There were deviations from the 

experiments in the predictions of the benzene conversion across time; it can be found that, for the operating time 



less than 4 hours, the most significant differences occurred at 650 °C using activated char; these maximum 

differences were less than 8%, thus the model fits accurately at higher operation temperatures, where desirable 

conversion values were obtained. Additional simulations were conducted with the operation time extrapolated 

up to 10 hours. It was shown that the toluene and naphthalene conversions provided by the RC were over 90%. 

After the same period of time, the benzene conversion suffered a decrease of about 40%. For the AC, the 

conversion decreased steadily to a minimum of 71 and 81% for toluene and naphthalene, respectively. With the 

RC, the toluene and naphthalene conversions remained steady at 850 °C, indicating that catalysts endure the 

deactivation by coke. Worth noting is that even if the benzene conversion decreased, since benzene is not as 

problematic as the other model tars, less intensive treatments may be used for its eradication. 

 

Figure 6. Results from the catalyst deactivation simulations. Lines correspond to simulations whilst symbols correspond to experiments. a) 

Benzene; b) toluene; c) naphthalene. 

3.4 Characterization of the catalysts 

3.4.1 Surface functional groups 

Chars are known to have compounds such as polyaromatic hydrocarbons and functional groups such as 

carboxylic, lactonic, carbonyl, phenolic and phenoxide on their surface [43]. The presence of O- radicals that 

adsorb polar molecules, and H- radicals that catalyze the cleavage of C-C and C-H bonds in the char surface was 

determined by FTIR [44,45].  Regular, activated char and spent activated char were subject to the analysis; 



results are found in Figure 7. Bands were found at 2690-2840, 2300-2360, 2150-2212 and 1900-2000 cm-1 and 

correspond to C – H, C = O, C – O and C = C stretching vibrations, respectively [33,46]. Additionally, low 

intensity peaks were found in the intervals between 1580-1680 cm-1, corresponding to C = C bond stretching 

[34]. In the case of the regular char, an additional peak was detected at 870 cm-1 associated with  = C – H bonds 

[34]. The three chars qualitatively presented the same FTIR profile with differences in the peak intensities; the 

fresh RC had the highest transmittance while the spent AC had the least. Although it appears that the chars have 

very different peak intensities, the relative intensities between the functional groups in the chars are largely the 

same, and the observable differences are owed to different baseline transmittances due to changes in the 

physical structure of the solids and the qualitative nature of the analytical technique employed [34]. However, it 

is notable that  there are differences in the relative peaks corresponding to C = O bond vibrations (2300-2360 

cm-1) between the fresh chars and the spent char. This difference occurs due to oxidation of the carbonaceous 

matrix in the spent chars [13]. Therefore, from the FTIR profiles and the observed conversions it can be 

deducted that the differences in the initial char catalytic activity comes mainly from the surface area and not 

from functional groups. 

 

 

Figure 7. FTIR spectra of different char catalysts. 

3.4.2 Porous structure 

Table 2 presents the BET surface areas, average pore diameter, micropore area and micropore volume of the 

chars before and after 3 hours of use. The surface characteristics of the chars from references [11,14,20] are also 

included for comparison purposes (see section 4). Expectedly, the activated char exhibited a higher initial 

micropore area, specific surface area and average micropore diameter than the regular char. Both chars exhibited 

Type I adsorption isotherms and hysteresis loops characteristic of micro and mesoporous carbon structures [47]. 

Moreover, the hysteresis loop found in the AC, between 0.45 and 0.99 relative pressure, is characteristic of 

materials with a combination of micropores and mesopores with micropore networks in the char matrix [47,48]. 

The adsorption isotherms for the chars can be found in the supplementary material. 

Table 2. Surface characteristics of the char particles from this work and char-based catalysts used in references. N/A: Data not reported. 

Char type Description BET surface 

area (m2/g) 

Average pore 

diameter (Å) 

Micropore 

area (m2/g) 

Micropore 

volume (cm3/g) 

Ref. 

Hardwood char Fresh char 232  14.1 110 0.10 

This 
work 

Reforming @ 650 °C for 180 min. 109 19.2 45 0.04 

Reforming @ 750 °C for 180 min. 299  43.7 150 0.05 

Reforming @ 850 °C for 180 min. 555 50.9 320 0.07 

Activated 

hardwood char 

Fresh char 332 18.7 188 0.14 

This 
work 

Reforming @ 650 °C for 180 min. 244 32.1 65 0.07 

Reforming @ 750 °C for 180 min. 354 44.3 245 0.03 

Reforming @ 850 °C for 180 min. 612 52.8 361 0.08 

Coconut char Fresh 597 N/A 482 0.27 

[14] Reforming @ 750 °C for 75 min. 435 N/A 348 0.20 

Reforming @ 850 °C for 75 min. 484 N/A 397 0.22 



Reforming @ 950 °C for 75 min. 677 N/A 540 0.30 

Coal char Fresh 635 N/A 375 0.21 

[14] 
Reforming @ 750 °C for 75 min. 264 N/A 111 0.06 

Reforming @ 850 °C for 75 min. 269 N/A 123 0.07 

Reforming @ 950 °C for 75 min. 916 N/A 512 0.29 

Dry sewage sludge 

char 

Fresh 55 N/A 17 0.01 

[14] 
Reforming @ 750 °C for 75 min. 65 N/A 14 0.01 

Reforming @ 850 °C for 75 min. 41 N/A 4 0.00 

Reforming @ 950 °C for 75 min. 55 N/A 8 0.00 

Commercial AC Fresh 1100 N/A 727 0.92 [20] 

Wood char Fresh 633 N/A 474 0.19 [20]  

Activated wood 

char 

Fresh 832 N/A 870 0.25 
[20]  

Wood char Fresh 51 N/A N/A N/A [11] 

Activated wood 

char 

Fresh 625 N/A N/A 0.27 
[11] 

Food waste / sludge 
char 

Fresh 10 N/A N/A N/A 
[11] 

Activated food 

waste /sludge char 

Fresh 221 N/A N/A 0.1 
[11] 

3.4.3 Scanning Electron Microscope and Energy Dispersive Spectroscopy  

Snapshots of the particles (obtained with SEM) and EDS map scanning results can be found in Figure 8. Figure 

8a portrays the RC particles while Figure 8b shows the AC particles. Evidently, the AC particles exhibit a larger 

amount of slit-shaped micropores, in agreement with the BET characterization results. 

 

Figure 8. SEM snapshots and EDS map scans of (a) Regular char and (b) Activated char. 

 

 

The EDS scans provide qualitative and semi-quantitative information of the distinct species present in a material. 

Besides the expected elements (C and O), Si, Na, Cl, K and Ca were found in both types of char, as depicted in 

the map scans from Figure 9. The Au spectra correspond to the gold coating used to enhance the electrical 

conductivity and are therefore ignored in the analysis. 



 

Figure 9. EDS area scans of (a) Regular char and (b) Activated char. 

 An area scan of the regular char and activated char particles is found in Figures 9a and 9b, respectively. There 

are small differences between the peak intensities of the Na, Si, Cl, K and Ca in the RC and the AC, where the 

peak intensities appear slightly lower in the AC [12].  

4. Discussion 

FTIR profiles were qualitatively the same for all the studied chars, this indicates the differences in their catalytic 

activity and produced gases are related to the char porous structure but not the surface functional groups, and both 

chars exhibit qualitatively same inorganic species with existence of slight differences according to the EDS 

spectra. The differences support the attribution of the catalytic effect to surface area, as Ca and K have catalytic 

capabilities in their oxidized form [49], and have less prevalence in the AC, which has more reforming capabilities 

than the RC.  

A range of reports that have been made on the catalytic decomposition of tar model compounds using chars are 

hereby presented for comparison purposes. In [20] complete benzene conversion was achieved with activated char 

at 850 °C under pyrolysis conditions; the used chars had micropore areas of more than 800 m2/g. In another work 

using benzene as a model compound [11], around 100% of the benzene was converted using biochar with a 

specific surface area of 625 m2/g and 850 °C as reactor temperature, although the employed catalyst showed an 

abrupt deactivation during the first 10 minutes. Fuentes-Cano et al. [14] used different chars (produced from 

coconut, dried sewage sludge and coal) to reform a mixture of 12 g/Nm3 of toluene and 8 g/Nm3 of naphthalene 



at 750, 850 and 950 °C with a gas residence time in the char bed of 0.3 seconds. In their results, the catalysts 

presented significant losses of activity after about 30 minutes, even at a temperature of 950 °C. By comparison, 

the char used in this work provided conversions higher than 90% for more than three hours. All in all, when 

compared with this work, the experiments from the mentioned references exhibited initially higher conversions, 

but in every case the catalysts deactivated more severely. The differences in the catalytic activity are associated 

to the distribution of the char surface area and porosity. 

A comparison between the conversions of toluene and naphthalene across time from this work and results 

from [14] is found in Figure 10. As depicted in the figure, the losses of activity using a microporous coconut 

char from [14] to reform naphthalene were noticeably larger than the losses experienced by the catalysts from 

this work. This phenomenon can be explained by paying attention to the surface characteristics of the compared 

catalysts. As seen in Table 1, the coconut chars had an initially larger BET surface area and a significantly 

higher micropore area than all the chars from this work. The micropores responsible for high initial tar 

conversions were quickly blocked by coke; these pores were not reopened with steam throughout the reforming 

experiments. It is possible that hydrogen produced from cracking restricts the access of the gasifying agent to 

sites located deep in the char matrix [50].  

 

Figure 10. Comparison of the activity of the catalysts used in this work and coconut char catalyst from reference [14]: a) toluene reforming 

at 750 °C; b) toluene reforming at 850 °C; c) naphthalene reforming at 750 °C; d) naphthalene reforming at 850 °C. Data extracted from 

Fuentes-Cano D. et al, “Decomposition kinetics of model tar compounds over chars with different internal structure to model hot tar 

removal in biomass gasification”. Chem Eng J 2013;228:1223–33. Copyright 2013, Elsevier. 

Although the surface areas of both catalysts from this work appeared to increase after being used for 

reforming, the micropore areas and volumes decreased for every case. On the other hand, even if the initial 

micropore volumes decreased, at 850 °C the specific surface areas, average pore diameters and micropore areas 

increased, creating new active sites. Moreover, during reforming at 850 °C the porous features were almost the 

same for both char catalysts, explaining their similar resilience and conversion rate at that temperature. The 

steeper decrease in conversion using AC when compared to the RC occurred because of its originally more 

microporous structure. It has been reported that the catalytic resistance of the char comes from high surface area 

serving as a “reservoir” to adsorb coke [11]. However, from the observed catalytic behavior, products and 

conversions, it was determined that during reforming, the catalyst deactivation resistance does not depend on 

surface area. The resistance of the catalyst stems from the abundance of mesopores in the char matrix. While the 



micropores contribute to the initially high catalytic reforming activity, mesoporous chars provide surface active 

sites which are less prone to diffusion limitations and more resistant to coke. From the surface area 

characterization, it was concluded that in the presence of steam, the coke deposited in macro and mesopores can 

be gasified at sufficiently high temperatures (850 °C in this work), while the coke deposited in micropores could 

not be gasified under any of the studied conditions due to mass transfer limitations and strong molecular 

interactions between the polyaromatic hydrocarbons composing the coke [8,51].  

While it appears that there are loses in benzene conversion over time, what actually occurs is that after the 

micropores are completely blocked by coke, the toluene starts decomposing into benzene, this is indeed in 

agreement with [18]. This explains the changes in the obtained products across time (e.g. the amount of H2 

produced decreases, as shown in Figure 5), and indicates that different reaction pathways are followed 

depending on the status of the active sites on the char surface. Even if reforming can occur with reactivated char, 

for constant heterogeneous reforming via coke deposition then gasification, conserving the active sites in the 

micropores is necessary.  

4 Summary and conclusions 

Experiments using biochar and activated biochar as a catalyst for reforming a mixture of tars at different 

temperatures were conducted in this work. Although the chars provided different levels of conversion, during tar 

reforming both led to the production of gases (CO, CO2, H2, CH4) in similar proportions, initially and across 

time. Moreover, at 850 °C, the highest studied temperature, none of the chars exhibited significant deactivation. 

It was concluded that:  

• The coke deposited in macro and meso pores can be gasified in the presence of steam and at 

sufficiently high temperatures (850 °C in the studied conditions), preventing decreases in specific 

surface area and reforming activity. On the other hand, although microporous chars provide a higher 

initial tar conversion than their mesoporous counterparts, microporous chars are quickly deactivated 

due to coking. Under the studied conditions it was not possible to preserve micropores in the char 

surface.  

• The reforming activity of the char depends mainly on its surface area, while the reforming mechanism 

followed by the tars with char depends on the active sites inside pores. When the active sites in the char 

surface are blocked, the tar stops depositing in the form of coke and reforms homogeneously. The 

followed reforming mechanism affects the tar reforming capabilities. For example, after the active sites 

in the micropores were coked, the decomposition of toluene resulted in the formation of the more stable 

benzene, and decreases in total tar conversion. 

• The results from the simulations using the kinetic parameters obtained from the laboratory experiments 

showed a good agreement when compared with the experimental results. Additional simulations of 

reforming during 10 hours were conducted, which showed that at 850 °C, more than 90% of the toluene 

and naphthalene, and around 50% of the benzene in the tar mixture were removed using regular char as 

a catalyst.  

The findings from this work present the relevance of biochar, specifically meso and macroporous, as stable 

catalysts for tar reforming. While the experiments conducted were relatively short in duration, the findings 



provide an insight for the design of future experiments during longer operation times. This can consolidate 

the resilience of char-based catalysts in an industrial scale. 
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