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ABSTRACT 

Wheat straw-derived biochars (produced through slow pyrolysis at 500 °C and 0.1 MPa) were 

physically (with CO2) and chemically (with K2CO3) activated to assess their performance as 

renewable and low-cost catalysts for biomass pyrolysis vapors upgrading. Preliminary cracking 

experiments, which were carried out at 700 °C using a mixture of four representative model 

compounds, revealed a clear correlation between the volume of micropores of the catalyst and 

the total gas production, suggesting that physical activation up to a degree of burn-off of 40% 

was the most interesting activation route. Next, steam reforming experiments were conducted 

using the most microporous material to analyze the effect of both the bed temperature and gas 

hourly space velocity (GHSV) on the total gas production. The results showed a strong 

dependence between the bed temperature and the total gas production, with the best result 

obtained at the highest temperature (750 °C). On the other hand, the change in GHSV led to 

minor changes in the total gas yield, with a maximum achieved at 14500 h–1. Under the best 

operating conditions deduced in the previous stages, the addition of CO2 into the feed gas 

stream (partial pressure of 20 kPa) resulted in a total gas production of 98% with a H2/CO 

molar ratio of 2.16. This good result, which was also observed during the upgrading of the 

aqueous phase of a real biomass pyrolysis oil, was ascribed to the relatively high coke 

gasification rate, which refresh the active surface area preventing deactivation by coke 

deposition.  
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1. Introduction 

It is widely recognized that slow pyrolysis is the thermochemical process by which the yield 

of biochar is maximized (around 25–35 wt. %, depending on the feedstock and operating 

conditions) [1]. The effluent stream from the pyrolysis process is composed of a fraction of 

permanent gases (CO2, CO, CH4, H2, and light hydrocarbons), water and condensable organic 

compounds. After condensation, the resulting product, which is often referred to as “bio-oil”[2] 

or “pyrolysis oil” [3,4], consists of a mixture of water and oxygen-containing organic 

compounds (e.g., carboxylic acids, phenols, alcohols, aldehydes, ketones and furans [5–7]) 

derived from the thermal decomposition of major biomass components. Despite the fact that 

pyrolysis oil can be upgraded to liquid fuel by means of complex deoxygenation and 

hydrogenation processes [8], a practical approach to avoid undesirable condensation of 

volatiles (which causes operational issues in the downstream applications of the pyrolysis gas) 

is their conversion to permanent gases via cracking and steam/dry reforming, either thermally 

or catalytically.  

Using a feasible catalyst in the pyrolysis vapor upgrading process is essential to reach high 

conversion levels with an appropriate selectivity to the desired products. So far, metal-based 

catalysts (mainly Ni [9,10], and, to a lesser extent, some transition metals such as Fe [11] and 

Co [12]) have been investigated for this purpose. In the last years, a growing interest in using 

biochar as catalyst or catalyst support has arisen [10,13–15]. The reason is that biochar is a 

versatile material that can further be upgraded by activation and/or functionalization processes 

[16–20]. Furthermore, using biochar as catalysts for pyrolysis vapors upgrading could offer 

practical advantages, such as higher resistance to deactivation by carbon deposition (due to the 

extent of both steam and CO2 gasification reactions [12,21]) and the fact that spent biochar-

based catalysts can be directly gasified or burnt to recover energy [22]. 
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The performance of a catalyst generally depends on its textural properties. Indeed, an 

appropriate value of surface area guarantees a high level of interaction between the reactants 

and the active sites. In any case, pristine biochar has a relatively low specific surface area, 

which is generally dominated by narrow micropore contributions [23,24]. Therefore, an 

activation step is required to expand the initial porosity of biochar and thus, facilitating high 

mass transfer fluxes and high active loadings. 

Activation processes are generally classified as either physical or chemical, depending on 

the activation procedure. Physical activation is the process in which the development of 

porosity is obtained through controlled gasification of carbon, using an oxidizing agent such 

as CO2, H2O or O2 [25,26]. When the activation of biochar is obtained by means of a chemical 

agent that improves the gasification rate, the process is considered a chemical activation. The 

most used chemicals in literature are H3PO4, ZnCl2, KOH, and NaOH, but all of them have 

drawbacks. For instance, H3PO4 [27] and ZnCl2 [28] are hardly retrieved from the spent 

biochar, leading to eutrophication and heavy metal pollution [29]. On the other hand, KOH 

[30] and NaOH [31] are strong corrosive substances and their use in large-scale processes is 

not feasible. An interesting alternative is the use of K2CO3 since it has proven to be an effective 

chemical agent [32–34] and represents a more suitable material for scale-up purposes.  

The specific aim of this study is to assess the suitability and performance (in terms of total 

gas yield, H2/CO molar ratio, and resistance to deactivation) of wheat straw-derived activated 

biochars to be used as renewable and low-cost catalysts for pyrolysis vapors upgrading 

processes. Two biochar activation procedures (physical activation with CO2 and chemical 

activation with K2CO3) were performed to identify which one was the most appropriate for the 

purpose of this work. Due to the complex composition of the real pyrolysis oil, a mixture of 

four biomass pyrolysis vapor model compounds (acetic acid, acetone, ethanol and eugenol) 

was used during the most part of the study in order to ensure reproducible results. The first two 
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compounds are typically released during the pyrolysis of hemicelluloses and cellulose, whereas 

the last two are linked to the decomposition of lignin [7,35]. Similar model compounds were 

already employed in earlier studies [36–38]. Finally, for validation purposes, the last 

experimental stage was undertaken using the real bio-oil aqueous-phase produced during the 

slow pyrolysis of wheat straw pellets. 

2. Experimental section 

2.1. Production of biochar 

The biochar employed in this work was obtained from binder-free wheat straw pellets (9 

mm OD and 10–13 mm long), which were provided by a Belgian company. Biochar was 

produced via slow pyrolysis (at an average heating rate of 5 °C min–1) using a bench-scale 

fixed-bed reactor (the description of which is available in previous studies [24,39]), at a highest 

temperature of 500 °C, a soaking time (at 500 °C) for the solid fraction of 60 min and a 

residence time of the carrier gas (N2) within the reactor of 100 s. We chose these operating 

conditions in light of a previous study [24], where they were suggested as appropriate 

conditions to reach a reasonable compromise between the yield of biochar and its properties in 

terms of potential stability. The produced biochar (referred as “RW”) was crushed and sieved 

to obtain particle sizes within the range of 0.212–1.41 mm. 

Both the wheat straw pellets and the raw biochar were characterized by proximate and 

ultimate (CHN) analyses. Proximate analyses were conducted in quadruplicate according to 

ASTM standards. An elemental analyzer, model CHN628 from Leco Corporation (USA), was 

used for ultimate analyses, which were performed in triplicate. Furthermore, X-Ray 

Fluorescence (XRF) spectroscopy analysis (ADVANT’XP+XRF spectrometer from Thermo 

ARL, Switzerland) were carried out to evaluate the inorganic content of the ashes present in 

the biomass and raw biochar. 
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2.2. Activation of biochar 

Physical and chemical activations were conducted using a tubular quartz reactor (600 mm 

long and 17.5 mm ID), which was placed inside a vertical tubular furnace (model EVA 12/300 

from Carbolite Gero, UK). The temperature inside the bed was monitored by means of a K-

type thermocouple placed along the longitudinal axis of the reactor. A schematic diagram of 

the activation set-up is given in Fig. A.1 (Appendix 1: Supplementary Data). 

The production of physically activated biochars was carried out under a pure CO2 

atmosphere at 800 °C. A sample of 10 g of raw biochar (RW) was heated under N2 atmosphere 

(500 mL min–1 STP) at a heating rate of 10 °C min–1. Once the target temperature (800 °C) was 

reached, the gas feed was switched from N2 to CO2. Under these conditions, the gas-hourly 

space velocity (GHSV) was estimated to be 6500 h–1. The activation soaking time (under CO2 

atmosphere at 800 °C) was modified to obtain different degrees of burn-off (BO), which is 

defined in Eq. (1). In such equation, m0 and mf correspond to the initial mass of biochar and the 

final mass of activated biochar, respectively, whereas α is the devolatilization ratio (i.e., mass 

loss fraction of RW biochar after heating up to 800 °C under pure N2), which in this work 

resulted to be equal to 0.12.  

BO = [
m0(1 – α ) – mf

m0(1 – α )
]  100         (1) 

Regarding the chemical activation, the RW biochar was impregnated with an aqueous 

solution of K2CO3 (2 M) at a mass ratio K2CO3/biochar of 1/1. The heterogeneous mixture was 

stirred for 2 h at 60 °C to improve the diffusion of the agent into the solid. Then, the liquid 

phase was removed by filtration, and the biochar dried at 110 °C overnight. Afterward, the 

resulted impregnated biochar was heated up to 700 °C at a heating rate of 10 °C min–1 under 

inert atmosphere (N2). The sample was kept at the final temperature for 1 h and cooled down 

to room temperature. The relatively low temperature (700 °C) used in chemical activation was 

chosen to avoid losses of metallic potassium due to its vaporization, which occurs at 760 °C 
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[40]. Finally, the solid product was washed with hot deionized water followed by dilute HCl 

(0.5 M) to remove the excess of inorganic salts and dried at 110 °C overnight. 

Besides its role as precursor, the catalytic activity of the non-activated biochar was also 

assessed in the catalytic cracking of a mixture of model compounds. In order to prevent any 

structural modification during the catalytic process, the RW biochar was heated at 10 °C min–

1 under N2 atmosphere up to 800 °C for 1 h (using the same device previously described). The 

resulting devolatilized biochar is referred as “BC”.  

Table 1 summarizes the nomenclature used to designate the activated and non-activated 

biochars. 

2.3. Textural characterization 

N2 adsorption isotherms at –196 °C were performed to determine the specific surface area 

and pore size distribution (PSD) of both non-activated and activated biochars. A gas sorption 

analyzer, model ASAP2020 from Micromeritics (USA), was used for this purpose. Samples 

(120 mg) were previously degassed under dynamic vacuum conditions at 150 °C to remove 

water and other impurities. The specific surface area (SBET) was obtained using the BET model, 

whereas the total pore volume (Vt) was determined from the amount of N2 adsorbed at high 

relative pressure (p/p0 = 0.98–0.99). The micropore volume (Vmic) was evaluated using the t-

plot method. The PSD (excluding narrow micropores) was estimated assuming a Non-Local 

Density Functional Theory (NLDFT) model and slit-pore geometry. Then, the volume of 

mesopores (Vmeso) was determined by subtracting the Vmic from the cumulative pore volume up 

to 50 nm. To determine the volume of narrow micropores (i.e., ultra-micropores) and the 

corresponding PSD for the range 0.3–1.0 nm [41,42], CO2 adsorption isotherms at 0 °C were 

also performed. The volume of ultra-micropores (Vultra) was then determined using 

conventional Density Functional Theory (DFT) and assuming slit-pore geometry. 
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2.4. Cracking and reforming experiments 

The performance of the activated and non-activated biochars during cracking/reforming of 

pyrolysis vapors was tested in a bench-scale device. The core of the system was a fixed-bed 

reactor (10 mm ID and 300 mm long) made in Hastelloy C276 (EN 2.4819), in which 5 g of 

solid was loaded. The reactor was heated by a PID controlled electric furnace. A K-type 

thermocouple was placed within the packed bed. The pressure drop between the inlet and the 

outlet of the reactor was monitored with a differential pressure transmitter. The liquid reactant 

feed was introduced using an HPLC pump (model 521 from Analytical Scientific Instruments, 

USA) and then evaporated in a heater. For cracking experiments, an equal-mass mixture of the 

four model compounds (acetic acid, acetone, ethanol, and eugenol) was used as feed liquid and, 

for reforming tests, deionized water was added to the above-mentioned mixture, resulting in a 

feed liquid composed of 50 wt. % of water. The resulting vapor stream was then mixed with 

the gas feed (N2 or N2/CO2). The reactor outlet stream, which was composed of permanent 

gases and condensable compounds, was cooled down in a condensation train (composed of 3 

Drechsel bottles placed in an ice bath). Permanent gases were analyzed using a dual channel 

micro-gas chromatograph (μ-GC 490 from Agilent, USA) equipped with TCD detectors and 

two analytical columns (a Molsieve 5 A and a PolarPlot U). The known amount of N2 fed was 

used as tracking compound to calculate the mass of produced gas. Fig. 1 shows a schematic 

overview of the experimental device. 

The total gas production (Yg), as defined by Eq. (2), was chosen as a measure of the 

performance of the upgrading experiments. The selection of this parameter instead of the more 

common liquid conversion was due to the difficulties in recovering the total amount of 

condensable products from the reactor effluent. Since highly volatile compounds were present 

in the condensable fraction, a considerable amount of them could leave the system in the vapor 

phase. This was confirmed by the results obtained from a simulation study using Aspen Plus 
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(more details are available in Fig. A.2 and Table A.1). Besides the total gas production, the 

yields of individual gas species (ηi) were determined according to Eq. (3). 

Yg = 
mg

mL
 100          (2) 

η
i
 = 

ni

mL
            (3) 

In Eqs. (2) and (3), mg is the mass of produced gas (in grams), mL the mass of liquid fed into 

the reactor (in g, dry basis) and ni the amount produced of a given gas species (in mmol). It 

should be pointed out that values of Yg greater than 100% can be obtained for reforming 

experiments, since the variable mL does not include the mass of water fed. 

To assess the catalytic activity of the wall of the reactor and/or the extent of thermal cracking 

of the liquid fed, two types of blank tests were firstly carried out: one using an empty reactor 

and the other one using a bed of silica sand. Catalytic cracking experiments were then 

conducted to choose the best activated biochar (in terms of Yg) keeping constant the operating 

conditions (i.e., bed temperature and GHSV). In a second stage, steam reforming (SR) tests 

were performed using the best catalyst under different bed temperatures and GHSV values. 

Next, steam and dry reforming (SDR) tests were carried out (for the best catalyst and the best 

operating conditions deduced from SR tests) using a mixture of N2 and CO2 (at different CO2 

partial pressures) as feed gas stream. Since CO2 was both a reactant and product in the reactions 

involved in the process, the Yg and ηCO2 values were calculated considering the net mass of CO2 

(i.e., the amount at the outlet minus the amount fed). The final stage of the experimental study 

consisted on the steam and dry reforming of the aqueous fraction of a real pyrolysis oil. To this 

end, we used the bio-oil aqueous-phase produced during the slow pyrolysis of wheat straw 

pellets at 500 °C and 0.1 MPa. The water content of the liquid fed was measured by Karl 

Fischer titration. A summary of the experimental tests and their operating conditions is given 

in Table 2. 

3. Results and discussion 
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To guarantee a reasonable degree of reliability of the experimental results obtained from the 

used set-up, the repeatability of measurements was assessed by comparing three replicates of 

a given steam and dry reforming experiment (not reported in Table 2). The results from these 

repeated tests, which are summarized in Table A.2, showed an acceptable degree of 

repeatability. 

3.1. Properties of the produced biochars 

The results of the proximate, ultimate and XRF analyses of wheat straw biomass and pristine 

biochar (RW) are reported in Table A.3. For physically activated biochars at 800 °C, the desired 

degrees of burn-off (15%, 30%, and 40%) were reached by adjusting the soaking times at 30, 

45 and 60 min, respectively.  

The main results from the textural characterization of activated and non-activated biochars 

are reported in Table 3. For the non-activated biochar (BC), the extremely low (near zero) SBET 

value and non-detectable pore volumes deduced from the N2 adsorption isotherm at –196 °C 

can be explained by the fact that porosity is dominated by narrow micropores (i.e., ultra-

micropores; pore sizes below 0.7 nm). At cryogenic temperatures, the diffusion rate of N2 into 

ultra-micropores becomes extremely slow [42].  

For the chemically activated biochar (CAC), the specific surface area (89.0 m2 g–1, from N2 

isotherm) was significantly lower than the values found in the literature [29]. Since most of the 

previous studies impregnated biomass instead of biochar, a possible explanation of this low 

surface area could be due the hydrophobicity of the precursor used here (low atomic O:C ratio, 

as reported in Table A3 [43]), which hindered the diffusion of the aqueous solution into the 

solid bulk. Furthermore, the relatively low final activation temperature (700 °C) could not be 

high enough to obtain an appropriate extent of reaction.  

On the other hand, physically activated biochars exhibited appropriate specific surface areas 

and pore volumes (see Table 3). In addition, an increase in the degree of burn-off from 15% to 
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30% and 40% led to a progressive and marked increase in the specific surface area, which was 

mainly attributed to the development of new micropores. This is in good agreement with earlier 

studies available in the literature [44,45]. 

3.2. Catalytic cracking experiments 

The cracking process mainly involves the decomposition of volatile organic compounds 

through successive reactions (the main of which are listed in Table 4), leading to the production 

of lighter compounds and permanent gases. In addition, coke can be formed through 

polymerization reactions of free radicals released during cracking. The deposition of coke on 

the catalyst surface can result in a fast deactivation of the catalyst by pore plugging [46,47]. 

The performance of all the catalysts tested during the cracking experiments (which were 

conducted at 700 °C and at a GHSV of 19500 h–1) is shown in Fig. 2. For the two blank 

experiments (not displayed in Fig. 2), the total gas production (Yg) was very low (6.1% and 

7.4% using an empty reactor and a bed of silica sand, respectively), suggesting that both the 

catalytic effect of the reactor wall and the model mixture degradation (due to thermal cracking) 

were negligible under the operating conditions used here. 

As can be seen in Fig. 2a, the total gas production obtained using the non-activated biochar 

(BC) was around 22%. Despite the fact that the value of Yg was relatively low, it was 

considerably higher than that obtained using a bed of silica sand. This can indicate that, given 

the extremely low porosity of the non-activated biochar, the presence of inherent inorganic 

species available on their surface, especially K and Ca (see Table A.3), could lead to a certain 

catalytic activity [48,49]. On the other hand, slightly better results were obtained for physically 

activated biochar at mild conditions (BO = 15%). 

As expected, in accordance with the textural properties reported in Table 3, an increase in 

the degree of burn-off led to a progressive increase in the total gas production, which reached 

a maximum of 40% for the PAC40 catalyst (which had the highest Vmic). As it is also shown in 
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Fig. 2a, the yields of produced CH4, CO2 and CO significantly increased with the degree of 

burn-off; however, the yield of H2 was relatively low and almost constant for all experiments. 

With regard to the chemically activated biochar (CAC), its catalytic activity was much lower 

than that observed for physically activated biochars. A total gas production of only 14% was 

obtained when a bed of this material was used. This poor performance (which was even lower 

than that measured for non-activated biochar) could be explained by the lack of microporous 

and the fact that the washing step with dilute HCl (performed at the end of the chemical 

activation process) led to a certain removal of the inorganic species from the biochar [50] and, 

consequently, an inhibition of the above-mentioned inherent catalytic activity. Indeed, such 

hypothesis was confirmed by XRF analysis of CAC ashes, which revealed that potassium 

content drastically decreased from 12.29 wt. % of the RW ashes to 3.69 wt. % of the acid-

washed chemically activated biochar (CAC). 

Fig. 2b compares the time evolution of the H2 production rates for the cracking experiments 

conducted using activated biochars. From this figure, it can be deduced a relatively fast 

deactivation (occurring during the first 10 min of operation) of BC, CAC and, PAC15 catalysts. 

However, a slightly higher resistance to deactivation by coke deposition was observed for 

physically activated biochars at high degrees of burn-off (30% and 40% for PAC30 and 

PAC40, respectively), probably due to their higher initial microporosity [51]. 

In summary, one can conclude that physical activation up to a relatively high degree of burn-

off (i.e., PAC40) was the most appropriate way to produce a biochar-derived catalyst, since 

cracking reactions were enhanced due to the relatively higher specific surface area and 

micropores content. Thus, the PAC40 catalyst was selected for the next experimental steps. 

3.3. Catalytic steam reforming 

In this experimental stage, a preliminary blank test was performed to measure the effect of 

the presence of water in the feed stream on the thermal stability of the mixture of model 
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compounds. This test, which was conducted using a bed of silica sand at 700 °C and a GHSV 

of 19500 h–1, resulted in a total gas production of only 6.0%. Therefore, the extent of 

uncatalyzed cracking and/or reforming reactions was negligible, even in the presence of water. 

As expected, the addition of water led to an increase in the total gas production and sharp 

differences in the yields of gaseous species. As shown in Fig. 3a, the steam reforming (SR) test 

conducted using the PAC40 catalyst under the same conditions than those used for the catalytic 

cracking test (700 °C and a GHSV of 19500 h–1) revealed a marked increase in the production 

of H2 (and, to a lesser extent, CO2) at the expense of CO and CH4. A possible explanation for 

this finding is the fact that the water fed into the reactor was not only involved in reforming 

reactions (reactions 2 and 3 in Table 4), but also helped to keep the catalyst active through 

steam gasification of both the catalyst and formed coke (reaction 6 in Table 4) [12,48]. In 

addition, and as pointed out by Feng et al. [49], the oxidative nature of steam can lead to the 

formation of O-containing functional groups and related crystal lattice defects, which could 

provide further active sites for gasification. Because of the simultaneous deposition and 

gasification of coke, larger fluctuations in the pressure drop across the bed (in comparison with 

cracking experiments) were observed, as shown in Fig. A.3. On the other hand, the relatively 

low production of CO could be related to a promotion of the water-gas-shift reaction (reaction 

4 in Table 4), which also leads to an additional production of CO2 [50]. 

Concerning the effect of the gas-hourly space velocity, four SR tests at different values of 

GHSV were performed. From the results shown in Fig. 3a, it can be seen that the highest yield 

of H2 (as well as Yg) was obtained at 14500 h–1. Earlier studies (see, for instance, the study by 

Hu et al. [52]) have reported a progressive increase in the total gas production as the gas 

residence time increased. However, a slight decrease in the total gas production (and yield of 

H2) was observed at the lowest GHSV tested (12000 h–1). This apparently contradictory result 

might be related to a higher extent of polymerization reactions at longer contact times, leading 



15 

 

to excessive coke deposition. This is consistent with the slightly faster deactivation shown in 

Fig. 3b for the SR test conducted at the lowest GHSV. In view of these results, a GHSV of 

14500 h–1 was chosen as the most appropriate for subsequent experiments. 

With regard to the influence of the bed temperature, four additional SR tests were performed 

at 600, 650, 700 and 750 °C, keeping constant the GHSV at the best value deduced above. As 

can be observed in Fig. 4a, the total gas production was strongly dependent on the reforming 

temperature. As the temperature increased, it was observed a marked enhancement in the 

production of H2 and, to a much lesser extent, CO2, CO, and CH4. Both the highest total gas 

production and yield of H2 were maximized at the highest temperature tested (750 °C). Fig. 4b 

also shows that, at this temperature, the PAC40 exhibited a good resistance to deactivation. 

This finding seems to confirm that, at 750 °C, the rate of the steam gasification reaction was 

high enough to compensate for the deposition of coke on the surface of the catalyst. To gain 

additional insights on the porosity evolution, the catalysts used in SR tests conducted at 700 

and 750 °C were analyzed in terms of SBET and PSD. As expected, the spent catalysts exhibited 

differences in the specific surface area and PSD in comparison with the fresh ones, as illustrated 

in Fig. 5. The lower decrease in the SBET observed for the spent catalyst at 750°C (a 31% 

decrease instead of a 58% for the catalyst used at 700 °C) could be related to the higher extent 

of the steam gasification reaction and subsequent further development of new pores. In 

addition, the spent biochars exhibited lower volumes of micropores (following the same trend 

observed for the SBET); however, the volume of mesopores increased of 17% when the catalyst 

was tested at 750 °C. 

3.4. Catalytic steam and dry reforming 

Since the pyrolysis outlet stream always contains CO2, more realistic steam and dry 

reforming (SDR) experiments are required. In addition, considerably lower H2/CO ratios, in 

comparison with those obtained using steam reforming (which are too high for most 
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applications [54]), can be obtained by feeding a certain amount of CO2. The results obtained 

from SDR experiments performed at different partial pressures of CO2 in the feed gas stream, 

under the best operating conditions deduced in the previous section and using the PAC40 

catalyst are presented and discussed here. 

As shown in Fig. 6a, the addition of CO2 into the feed gas stream induced a progressive 

increase in the total gas production (Yg). This was largely due to the promotion of dry reforming 

reactions as well as the reverse Boudouard reaction (reactions 5 and 7 in Table 4). Nevertheless, 

a certain decrease in the yield of H2 was also observed when the highest amount of CO2 (pCO2 

= 30 kPa) was fed into the reactor. This finding could be explained by the fact that a higher 

CO2 partial pressure can result in a higher extent of dry reforming at the expense of steam 

reforming, leading to a lower production of H2. Similarly, the reverse Boudouard reaction could 

also be enhanced further, resulting in a lower steam gasification rate. In view of the results 

obtained from the SDR tests, we can conclude that a CO2 partial pressure of 20 kPa in the feed 

gas stream can be considered as the best condition tested, since it provided the highest yield of 

H2 (26.5 mmol g–1 with a composition in the produced gas of 46.5 vol. %) and a molar H2/CO 

ratio in the produced gas of 2.15, which was close to the optimal value for Fischer-Tropsch 

synthesis (2.00) [53,54]. 

A comparison of the resistance to deactivation of the PAC40 catalyst, working under the 

best reaction conditions for both SR and SDR processes, is given in Fig. 6b. As can be deduced 

from the time evolution of the instantaneous production of H2, the addition of CO2 into the gas 

feed resulted in an apparently improved resistance to coke formation. This finding was 

expected, since CO2 can increase further the availability of defects in the biochar, which results 

in an enhanced reactivity towards steam and CO2 gasification [49]. 

3.5. Real pyrolysis oil 
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The aqueous fraction of the bio-oil produced during the pyrolysis of wheat straw at the 

highest temperature of 500 °C and at 0.1 MPa was filtered and fed into the reformer. The best 

process operating conditions deduced from the SDR tests (for the mixture of model 

compounds) were selected for the catalytic upgrading of the real bio-oil sample. As can be seen 

in Fig. 7a, both the total gas production and yield of H2 were improved when the real bio-oil 

sample was used instead of the mixture of model compounds. This finding could partly be 

explained by differences in composition between the two liquid feedstocks. In this sense, the 

real bio-oil sample could contain a higher fraction of light volatile compounds, which are more 

susceptible to thermal decomposition. Furthermore, the content of water in the bio-oil sample 

was considerably higher than that of the wet mixture of model compounds (75.6 vs. 50 wt. %). 

The resulting increased amount of water could lead to a greater extent of the water-consuming 

reactions (e.g., WGS and steam reforming reactions), therefore resulting in increased yields of 

H2 and CO2 at the expense of CO and CH4, as displayed in Fig. 7a. 

Regarding the stability of the PAC40 catalysts during the upgrading of the real bio-oil 

sample, Fig. 7b reveals a good resistance to deactivation over the course of a 60-min 

experiment. In fact, the behavior observed was very similar to that seen previously for the 

upgrading of the mixture of model compounds. 

In summary, the results reported here indicate that physically activated wheat-straw derived 

biochars are appropriate for the upgrading of biomass pyrolysis vapors. It should be highlighted 

that the best performing activated biochar (PAC40) exhibited a good catalytic activity and 

resistance to deactivation by coke deposition at 750 °C (a moderate temperature for a non-

metal-based catalyst) and with a low residence time within the catalyst bed (0.25 s). Further 

studies are needed to assess the long-term stability of biochars as well as the ability of such 

activated biochars to upgrade real pyrolysis vapors in a downstream fixed-bed reactor. 

4. Conclusions 
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From the analysis of the results mentioned above, the following conclusions can be drawn: 

(1) Wheat straw-derived biochars activated with CO2 at 800 °C, up to a degree of burn-off 

of 40%, showed an appropriate specific surface area, which was mostly attributed to 

micropores.  

(2) The good catalytic activity and stability observed for the best activated biochar (i.e., 40% 

BO) during the upgrading of a mixture of model compounds could be explained by three 

reasons: (i) the availability of alkali metals (e.g., K) on the surface of the char matrix, (ii) the 

high surface area and microporous volume obtained through biochar physical activation, and 

(iii) the oxidizing nature of steam and CO2, which can result in the formation of crystal lattice 

defects. In all cases, the number of active sites on the surface of biochar can increase, leading 

to an enhancement of the biochar gasification reactivity. The higher extent of both steam 

gasification and reverse Boudouard reactions can help to refresh the active surface area and 

therefore prevent deactivation by coke deposition. 

(3) The good results also obtained for an aqueous fraction of a real biomass pyrolysis oil 

seem to confirm the ability of the best activated biochar for upgrading purposes. Despite the 

fact that the process temperature used here was not so high (750 °C), further research should 

focus on lowering it. To this end, developing K-loaded activated biochars appears to be an 

interesting option. 
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Appendix A. Supplementary data 

Figs. A.1, A.2, A.3. Tables A.1, A.2, and A.3. 

 

Nomenclature 

BO  Degree of burn-off for the physically activated biochars (%) 

m0  Initial mass of biochar before activation (g) 

mg  Mass of produced gas during the upgrading process (g) 

mf  Final mass of biochar after activation (g) 

mL  Mass of liquid fed into the upgrading reactor (g) 

ni  Produced amount of a given gas specie (mmol) 

SBET  Brunauer-Emmett-Teller specific surface area (m2 g–1) 

Vmeso Volume of mesopores (cm3 g–1) 

Vmic  Volume of micropores (cm3 g–1) 

Vt  Total pores volume (cm3 g–1) 

Vultra Volume of ultra-micropores (cm3 g–1) 

Yg  Total gas production (%) 

Greek symbols 

α  Fraction of mass loss of raw biochar after heating up to 800 °C under N2 (–) 

ηi  Yield of individual produced gas components (mmol g–1) 

Acronyms 

GHSV Gas hourly space velocity 

NLDFT Non-local density functional theory 

SDR Steam and dry reforming 

SR  Steam reforming 
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PSD Pore size distribution 

TCD Thermal conductivity detector 

μ-GC Micro gas chromatograph 

WGS Water gas shift 
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Table 1 

Summary of the nomenclature used in the present study for wheat straw-derived carbon 

materials. 

Material Further treatment  

RW Raw pyrolysis biochar 

BC Raw biochar devolatilized up to 800 °C under N2 

CAC 
Chemically activated biochar through impregnation of a K2CO3 aqueous solution (2 M) and 

subsequent heating up to 700 °C under N2 

PAC15 Physically activated with CO2 at 800 °C up to a degree of burn-off of 15% 

PAC30 Physically activated with CO2 at 800 °C up to a degree of burn-off of 30% 

PAC40 Physically activated with CO2 at 800 °C up to a degree of burn-off of 40% 
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Table 2 

Summary of the operating conditions used for the conducted experiments. 

 Cracking Steam Reforming Steam and dry reforming 

Liquid fed 
Model 

mixture 

Model mixture + 

H2O 
Model mixture + H2O 

Pyrolysis oil (aqueous 

fraction) 

Gas fed N2 N2 
Mixture of N2 and CO2 

(pCO2 of 10, 20 and 30 kPa) 

Mixture of N2 and CO2 

(pCO2 of 20 kPa) 

Catalyst All PAC40 PAC40 PAC40 

Temperature (°C) 700 600, 650, 700, 750 750 750 

GHSV (h–1) 19500 
12000, 14500, 

19500, 35000 
14500 14500 
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Table 3 

Specific surface areas and pore volumes of the carbon materials involved in the present study. 

Material 

Apparent specific surface area (m2 g–1)  Specific pore volume (cm3 g–1) 

SBET
a
 SBET

b
  Vt Vmic Vmes Vultra 

BC 1.68 72.4  ND ND ND 0.023 

CAC 89.0 291  0.045 0.031 0.009 0.119 

PAC15 455 351  0.196 0.145 0.010 0.141 

PAC30 637 414  0.283 0.234 0.018 0.140 

PAC40 815 440  0.366 0.306 0.024 0.151 

  

                                                 
a Determined from N2 adsorption data a –196 °C. 

b Determined from CO2 adsorption data a 0 °C. 
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Table 4 

Main reactions occurring during the upgrading of pyrolysis vapors. 

No. Reaction ΔH0 (kJ mol–1) 

1 CnHmOk → CxHyOz + gases (H2, H2O, CO2, CO, CH4, C2Hx, C3Hy,…) + coke > 0 

2 CnHmOk + (2n – k) H2O ⇄  nCO2+ (2n + 
 m

2
 – k) H2 173.6

c
 

3 CnHmOk + (n – k) H2O ⇄  nCO + (n + 
m

2
 – k) H2 255.9c 

4 CO + H2O ⇄  CO2 + H2 –41.2 

5 CnHmOk + (n – k) CO2 ⇄  (2n – k) CO + (
m

2
) H2 297.0c 

6 C + H2O ⇄  CO + H2 131.3 

7 C + CO2 ⇄ 2CO 172.5 

8 CO + 3H2 ⇄  CH4 + H2O –205.8 

9 CO2 + 4H2 ⇄  CH4 + H2O 77.2 

10 C + 2H2 ⇄  CH4 –74.5 

  

                                                 
c Referred to ethanol (C2H6O). 
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Fig. 1. Scheme of the experimental device used for cracking and reforming experiments: HPLC 

pump (1); evaporator (2); gas pre-heater (3); fixed-bed reactor and furnace (4); condensation 

train (5); and μ-GC analyzer (6).  
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Fig. 2. Results obtained from the catalytic cracking experiments (700 °C and GHSV of 19500 

h–1): total gas production (Yg) and yields of gaseous species (a), and time evolution of the H2 

production rate (b).  
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Fig. 3. Results obtained from the catalytic steam reforming experiments conducted at 700 °C, 

using the PAC40 material, and at different GHSV values: total gas production (Yg) and yields 

of gaseous species (a), and time evolution of the H2 production rate (b).  
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Fig. 4. Results obtained from the catalytic steam reforming experiments conducted at a GHSV 

of 14500 h–1, using the PAC40 material, and at different bed temperatures: total gas production 

(Yg) and yields of gaseous species (a), and time evolution of the H2 production rate (b).  
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Fig. 5. Differences in textural properties between the fresh and spent PAC40 materials from 

the SR tests at 700 and 750 °C.  
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Fig. 6. Results obtained from the catalytic steam and dry reforming experiments conducted 

using the PAC40 material at 750 °C, a GHSV of 14500 h–1, and at different partial pressures 

of CO2 in the feed gas stream: total gas production (Yg) and yields of gaseous species (a), and 

time evolution of the H2 production rate for the best SR and SDR conditions (b). 
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Fig. 7. Comparison of the results obtained from SDR tests of the mixture of model compounds 

and the real bio-oil sample: total gas production (Yg) and yields of gaseous species (a), and time 

evolution of the instantaneous yield of H2 (b). Both tests were conducted using the PAC40 

material at 750 °C, a GHSV of 14500 h–1, and a CO2 partial pressure of 20 kPa. 
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