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Abstract: Torrefaction-pyrolysis is the thermal treatment of biomass in an inert atmosphere between 105  °C and 

800  °C to break carbon bonds and produce biofuels. The purpose of this study is to examine how woody biomass 

with different particle sizes (250 µm and 500 μm), wood types (Poplar and Fir), and catalyst types (K, Na, and Mg) 

responds to catalytic thermochemical conversion in a CO2 environment. Torrefaction-pyrolysis of woody biomass 

shows the Boudouard equilibrium responds after 780 °C for K and Na-catalysts, except in samples impregnated with 

Mg-catalyst. When K-catalyst material is present, the C-O-C signal regarding the glycosidic linkages from cellulose 

and hemicelluloses in Fir is observed to decrease the most. This is related to the fact that Fir (22.43 wt.%) has nearly 

twice as many hemicelluloses as Poplar (12.18 wt.%), making it less thermally stable and more vulnerable to the 

prolonged drying required following catalyst impregnation. 
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1. Introduction 

Carbon dioxide emissions reached 149% of pre-industrial levels while methane and nitrous oxide emissions 

reached 262% and 124%, respectively, in 2021 [1]. Thus, distinctive solutions are necessary to reduce GHG 

excessive production by changing the focus away from reliance on non-renewable fossil fuels and toward 

renewable, clean, and sustainable energy. Converting biomass to biofuel is a low-cost, competitive alternative to 

fossil fuels due to its carbon neutrality and availability [2–4]. Biomass, such as wood waste from the timber 

industry, is a prospective candidate for biomass-based renewable energy, with 95.1 million tons of dead biomass 

generated in the state of California alone between the years 2012 to 2017 [5]. Currently, the primary means of 

disposal is through mass burning, releasing carbon dioxide, particulate matter, and other pollutants into the 

atmosphere [6,7]. Utilizing woody biomass as a sustainable fuel source provides a practical way to get rid of these 

dead standing trees and use them as feedstock for making biofuel [8,9] in addition to woody furniture, building 

structures, and bio-composite [10–12].  

Biomass is also a carbon-neutral fuel source since the amount of carbon emitted is equivalent to the amount 

captured during growth [13,14]. The energy from the conversion of sunlight and carbon dioxide during 

photosynthesis is stored in the carbon-carbon bonds found within the three main biopolymers of biomass [15]. 

Figure 1 is the illustration of the chemical structure of three biopolymers in wood. Cellulose is composed of a linear 

polymer chain of glucose monomers held tightly together by hydrogen bonding [9]. Lignin is composed of three main 

phenolic units organized randomly, resulting in variable structures serving to hold the material together [13]. 

Hemicelluloses are composed of short polysaccharide chains. Xylan is an example of a hemicellulose [16,17]. A 

thorough understanding of the chemical processes involved in breaking these bonds can lead to the efficient 

extraction of the energy in biomass. However, woody biomasses have high moisture content and heterogeneity in 
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addition to low bulk energy density, and low uniformity across different species, limiting their efficiency of 

conversion to biofuels when undergoing torrefaction-pyrolysis [17,18]. 

 

Figure 1. Three main biopolymers of woody biomass: cellulose, an example of hemicelluloses, and an example 

of lignin. 

Torrefaction heats biomass between 200 °C and 350 °C, improving its energy potential and reducing 

greenhouse gases by 85% compared to coal [2,19,20]. Pyrolysis, above 350 °C, produces liquid and gas products 

through extensive degradation [13,14,21]. Catalysts like potassium (K), sodium (Na), and magnesium (Mg) 

enhance both processes [22,23]. Potassium carbonate, for example, reduces torrefaction time by 67%, increases 

heating value, and improves gas yields [24,25]. NaCl boosts pyrolysis yield and heating value [26], while MgCl2 

lowers pyrolysis temperature and increases yield in cabbage-based biochar [27]. MgO, however, shows low 

activity for sugar cane pyrolysis [28]. Additionally, the inert carrier gas in torrefaction-pyrolysis, such as CO2 

atmosphere, differs from N₂ due to CO2’s vibrational modes and electrophilic structure, allowing it to absorb more 

radiation and be more reactive [29]. This reactivity supports the Boudouard equilibrium, where solid carbon reacts 

with CO2 to form CO above 700 °C. Studies have shown increased CO, H2, and CH4 production at these 

temperatures, influenced by heating rate [30–32]. Guizani et al. [33] found that adding 20–40% CO2 to N2 during 

pyrolysis of hardwood beech species increased mass loss by 10–13%, enhanced gas yields, and produced more 

carbon-rich char by altering hydrogen and oxygen interactions. 

Limited studies have explored torrefaction-pyrolysis in pure CO2, especially with woody biomass. Most 

research on catalysis in CO2 has focused on expensive heavy metals (Pd, Pt, Ni), leaving earth metal catalysis in 

CO2 of interest. To address the challenge, thus, this study aims to examine the effects of CO2 on the torrefaction-

pyrolysis of hard (Poplar) and soft (Fir) woods with different particle sizes (250 µm and 500 µm) and three 

catalysts (KCl, NaCl, MgCl2) using various analytical methods. The novel approach combines torrefaction and 

pyrolysis in one protocol to provide a comprehensive understanding of how CO₂ influences both processes.  

2. Materials and Methods  

2.1. Materials 

The wood samples were obtained from a local timber in the Grand Est area (France). The selected wood 

species for this study were Fir wood (Abies pectinata), and Poplar wood (Populus nigra) as they are all common 
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waste woods in the Vosges region in France. The woods were ground using a knife-mill SM100 (Retsch, Germany) 

equipped with trapezoidal meshes of 0.5 mm. The wood powder was sieved using meshes to obtain particle sizes 

of 250 µm and 500 μm. All wood samples were dried at 103 °C overnight prior to catalyst impregnation. Potassium 

chloride (KCl—99.5%) and sodium Chloride (NaCl—99.9%) were delivered by VWR. Meanwhile, crystalline 

anhydrous magnesium chloride (MgCl2—99.0%) was obtained from Alfa Aesar. 

2.2. Methods 

2.2.1. Catalyst Impregnation 

According to a procedure commonly adopted in the literature, earth metals were inserted into the biomass 

through chemical impregnation using KCl, NaCl, and MgCl2 [34]. The catalytic impregnation solutions were 

prepared by dissolving KCl, MgCl2, and NaCl with deionized water in three different concentrations 0.025 ± 0.005, 

0.05 ± 0.004, and 0.1 M. Research has indicated that 0.025 M of catalyst could efficiently catalyze the transformation 

of furfurals produced from biomass into useful compounds such as cyclopentanone [35,36], 0.05 M improved 

accessibility to the acid site and mass diffusion [37], meanwhile, the concentration higher than 0.1 M might revealed 

negative consequences caused by char pore clogging [38]. Dry Fir and Poplar samples of 250 µm and 500 μm were 

impregnated with three types of catalyst. The samples were impregnated by mixing 3.0 g of oven-dried wood samples 

with 250 mL of salt solution. The mixture was stirred for 1 h at ambient conditions before undergoing vacuum 

filtration. Each sample was then placed in an oven at 103 °C until the weight was stable. 

2.2.2. TGA Experiments  

The behavior of impregnated and raw wood during torrefaction-pyrolysis was analyzed by thermogravimetric 

analysis using a simultaneous thermal analyzer (TGA/DSC-STA 449 F3 Jupiter, Netzsch, Selb, Germany) with a 

CO2 flow of 50 mL/min. Oven-dried powder samples of approximately 10.0 mg were loaded in a ceramic crucible 

and heated from room temperature to 105 °C under a CO2 atmosphere. That temperature was maintained for 10 min 

to remove residual moisture. Each sample was then heated to 350 °C at a heating rate of 20 °C·min−1. The 

temperature was maintained at 350 °C for 30 min to observe torrefaction conditions. After that, the temperature 

was increased to 800 °C at a heating rate of 20 °C·min−1 and maintained at 800 °C for 30 min in a pyrolysis step. 

Finally, the atmosphere was switched to air, and the sample was kept at 800 °C for an additional 30 min for a 

complete combustion of all organic residue. The curve of solid weight percentage as a function of temperature was 

obtained (TG), and the derivative of the TG (DTG) as a function of time was considered. The TGA experiments 

were duplicated, and the average curves are presented herein. All the results of TGA experiments were controlled 

with the α ≤ 0.1 (maximum 10% error).  

2.2.3. SEM and FTIR Tests 

Each wood type was characterized by its fiber composition, surface morphology/topography, and chemical 

functional group by fiber analysis, SEM, and FTIR spectroscopy, respectively. Fiber analysis was used to 

determine the composition of hemicelluloses, cellulose, and lignin in lignocellulosic biomass materials [8,39]. A 

Whatman 41, circular, ashless filter paper with a 42.5 mm diameter was used. For SEM, approximately 2.0 mg of 

samples were placed on copper tape and mounted onto a JEOL Aluminum Specimen Mount (9.5 mm × 9.5 mm) 

from TED PELLA, INC. The mounted sample was coated in platinum using a Denton Vacuum Desk V Sputter and 

dried in a vacuum desiccator for 4 days before being imaged with a JEOL JSM-7600F Scanning Electron Microscope 

equipped with an Energy Dispersive X-ray (EDX) detector. EDX spectroscopy was used to determine the elemental 

composition of each sample. Furthermore, approximately 0.05 g of each sample was used for FTIR spectroscopy 

using a Thermo Scientific Nicolet iS10 FTIR spectrometer (Madison, WI, USA) equipped with an attenuated total 

reflectance (ATR) accessory. All spectra were normalized based on the H-C (sp3) signal at ~2900 cm−1 in each 

spectrum. All the results of EDX experiments were controlled with the α ≤ 0.1 (maximum 10% error). 

3. Results and Discussion 

3.1. Characterization of Woody Sample 

Fir (softwood) and Poplar (hardwood) are the two most common wood species in France’s forests. In order 

to analyze the chemical composition within the raw sample of Fir and Poplar woods, some tests were performed, 

including fiber analysis and higher heating value (HHV) (Table 1). The Fir sample has a deep brownish color 
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compared to the Poplar sample, which shows more light brownish. The fiber analysis shows Fir contains cellulose 

at 45.24 wt.%, lignin at 32.33 wt.%, and hemicelluloses at 22.43 wt.%, meanwhile, Poplar contains cellulose at 

63.93 wt.%, lignin at 23.89 wt.%, and hemicelluloses at 12.18 wt.%. Hardwood (Poplar) typically has a higher 

cellulose content compared to softwood (Fir). Cellulose is a polymer that works to increase the strength, hardness, 

and durability of wood [5,16]. This is why hardwoods are naturally more durable and stronger than softwoods. In 

terms of energy content, the calorific value test of HHV indicates that Fir has approximately 9.65% more energy 

(19.88 MJ/kg) than Poplar (18.13 MJ/kg).  

Table 1. Wood characterization of Fir and Poplar. 

Procedure a Fir Poplar 

Sample image 

  

Fiber Analysis (wt.%)   

Cellulose 45.24  63.93 

Hemicelluloses 22.43 12.18 

Lignin 32.33 23.89 

HHV (MJ/kg) 19.88 18.13 

a: The experiment was performed duplicate with an error margin α ≤ 10%. 

In order to provide an overview of catalytic species retained after impregnation, selected samples with the 

same particle size (500 µm) were analyzed by SEM and EDX, as shown in Figure 2. A consistent magnification 

of 400× was adopted for imaging. The most notable information gained from SEM and EDX data includes the 

verification that impregnation was successful, as seen by the relative concentrations of K, Mg, Na, and Cl atoms 

in each of the impregnated samples analyzed. It can also be noted that in the areas examined, impregnation appears 

uniform based on the elemental mappings obtained. It is worth mentioning that the concentration of Cl retention 

in Poplar after impregnation with 0.1 M KCl is approximately twice as high as that of Fir impregnated with 0.05 M 

KCl, Poplar impregnated with 0.05 M NaCl, Poplar impregnated with 0.05 M MgCl2, and approximately three 

times higher than raw Poplar. This indicates that the retention of Cl atoms from KCl and NaCl is directly dependent 

on the concentration of the impregnation solution, regardless of the wood. It is somewhat surprising that MgCl2 

didn’t result in more retention of Cl atoms, as expected from its original composition. 

It is important to highlight the significantly high concentration of K and Cl in raw Poplar and the complete 

absence of Mg and Na (Table 2). In fact, the lower K concentration in Poplar impregnated with 0.05 M NaCl and 

0.05 M MgCl2 with respect to the raw wood (Table 2) suggests that most of the Potassium naturally present in the 

wood leaches out during the impregnation process. The same effect is not observed with Cl. 

FTIR was used to analyze samples before and after impregnation to determine if the impregnation process 

and the subsequent drying of impregnated samples at 103 °C for an extended time affected the composition of the 

woody biomass before torrefaction-pyrolysis. In Table 2, the ratios of C-O-C signals (~1100 cm−1), pertaining to 

glycosidic bonds from cellulose and hemicelluloses, and OH signals (~3500 cm−1) present in impregnated samples 

can be seen. It can be noted that while the changes in Poplar-impregnated samples are negligible, Fir seems more 

susceptible to the effect of drying in the presence of impregnated atoms. Indeed, there is a slight decrease in C-O-C 

relative to OH for all Fir-impregnated samples in comparison to the raw wood. It is possible that during drying, 

the extended exposure of the sample to an elevated temperature (103 °C) triggered the cleavage of some glycosidic 

bonds in the most thermally susceptible components, such as hemicelluloses.  

The C-O-C bond vibration is only present in glycosidic bonds, which is the fundamental connection between 

sugar units to form polysaccharides, such as cellulose and hemicelluloses [40]. When a relative decrease in that 

signal is detected, it implies the rupture of the C-O-C connection. The decrease in C-O-C in Fir is largest in the 

presence of K (Table 2). The higher susceptibility of Fir to cleavage of glycosidic bonds can be correlated to its 

hemicellulose content. Fir has almost twice as many hemicelluloses (22.43 wt.%) as Poplar (12.18 wt.%), therefore, 

they are less thermally stable and more sensitive to the extended drying imposed after impregnation. The 

considerable difference in hemicellulose content can also be seen by the initial (C-O-C):(OH) ratios of Fir and 

Poplar (Table 2).  
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Figure 2. SEM and EDX results of selected samples. 

Table 2. FTIR peak area results of Poplar and Fir impregnated samples. 

Biomass 
Normalized O-H  

Peak Area (a.u.) 

Normalized C-O-C  

Peak Area (a.u.) 
(C-O-C):(O-H) Peak Area Ratio 

Fir (0.05 M)    

Fir Raw 7.54 16.92 2.24 

Fir NaCl 9.78 20.17 2.06 

Fir KCl 10.58 19.24 1.82 

Fir MgCl2 10.16 19.66 1.94 

Poplar (0.05 M)    

Popar Raw 7.14 13.05 1.83 

Poplar NaCl 8.63 15.16 1.76 

Poplar KCl 10.08 19.65 1.95 

Poplar MgCl2 9.84 16.98 1.73 

3.2. Thermogravimetric Analysis 

TGA and DTG of Poplar and Fir raw samples were performed for two particle sizes (250 µm and 500 µm) 

in a CO2 atmosphere. The results are presented in Figure 3. The thermodegradation of wood samples can be divided 

into two steps: torrefaction and pyrolysis. Torrefaction results in partial degradation of the wood polymers from 

105 °C to 350 °C. Pyrolysis results in the extensive degradation of carbon-carbon bonds at temperatures between 

350 °C and 800 °C. 
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Figure 3. Raw sample of TGA (a) DTG, (b) curves of Poplar and TGA, (c) DTG, (d) curves of Fir. 

One of the most notable results obtained from the raw data includes the similarity of the curves for different 

wood types, regardless of their classification as hard or soft woods. The most noticeable difference between the wood 

samples is the longer pyrolysis degradation for the Fir samples. In a CO2 atmosphere, the torrefaction curve of these 

biomasses (105–350 °C, Figure 3) looks similar to those reported in the literature in an N2 atmosphere [24,39]. This 

similarity agrees with what has been found during the torrefaction of other biomasses in a CO2 atmosphere. In fact, 

it has been reported that CO2 plays little role in physical properties during the torrefaction step [30,41]. However, 

during pyrolysis, the degradation of the remaining materials begins at approximately 450 °C, as expected, and 

continues until near completion at approximately 750 °C, unlike results reported under a nitrogen (N2) atmosphere. 

This continuing degradation can be attributed to the theoretical Boudouard equilibrium, which states that 

gaseous carbon dioxide (CO2) will react with solid carbon to form carbon monoxide at temperatures greater than 

700 °C, as seen in Equation (1) [42,43].  

C(s) + CO2(g) ⇋ 2CO(g) (1) 

Multiple studies have explored the feasibility of the Boudouard reaction and have concluded that heating rate 

and biomass source influence the temperature that marks the onset of the Boudouard equilibrium [44,45]. Cho et 

al. exposed spent coffee grounds to both nitrogen and carbon dioxide atmospheres with a heating rate of 10 °C/min 

from ambient temperature to 900 °C [31,46]. The study determined that the TGA curves between the two gases 

were similar until around 350 °C and that under carbon dioxide, the Boudouard equilibrium shifted right at 

approximately 850 °C, causing total degradation and a higher concentration of carbon monoxide gas produced 

under these conditions. Kim et al. observed oak tree sugars in both nitrogen and carbon dioxide atmospheres from 

ambient temperature to 900 °C with a heating rate of 35 °C/min [32]. The study found that mass decay from the 

Boudouard reaction begins at a temperature greater than 720 °C and reaches a maximum at 830 °C.  

The aforementioned phenomena allowed all those studies to conclude that the Boudouard reaction has very 

slow reaction kinetics. Similar conclusions were reached by Cho et al. [31,46], who compared TGA curves of red 

seaweed in both nitrogen and carbon dioxide atmospheres. The study found heating rate to be a contributing factor 

in the onset of the Boudouard reaction with the right being favored at approximately 850 °C using a heating rate 

of 100 °C/min while a heating rate of 5 °C/min allowed for the onset to begin at 740 °C with complete degradation 

to carbon monoxide taking a total of 16 min, therefore validating the Boudouard reaction to have very slow reaction 

kinetics. These studies confirm the feasibility of the Boudouard equilibrium to favor carbon monoxide formation 
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at approximately 750 °C and complete degradation in approximately 16 min after reaching 800 °C, as seen in the 

current study (Figure 3).  

Compared to large-scale industrial processes, the environmental impact of experimental CO2 utilization is 

probably going to be minimal. Even so, it’s crucial to think about the possible effects and take precautions against 

them. The environmental impact of utilizing CO2 for testing can be lessened, for instance, by using smaller 

volumes of CO2, making sure that it is properly contained and disposed of, and using renewable energy for any 

related activities. Several concepts related to carbon capture, use, and storage (CCUS) have been put forth in earlier 

studies on the management of CO2. The plan is to use pyrolyzed biochar to capture CO2 directly from the air [47], 

use the catalytic chemical looping reaction to reduce industrial CO2 emissions [48], and even use the CO2 for the 

CO2-expanded fluid extraction method in microalgae oil [49].  

3.3. Catalytic Activity 

From the three possible alkali earth metal and alkali metal catalysts, the presence of potassium had the 

greatest literature precedent in woody biomass torrefaction-pyrolysis. No known studies have explored how KCl 

affects the torrefaction-pyrolysis of woody biomass in a complete carbon dioxide atmosphere. Figure 4 shows the 

TGA/DTG curves of Poplar and Fir of different particle sizes impregnated with 0.05 M of KCl. It can be seen that 

the TGA degradation profile of these wood types is very similar, regardless of the particle size. There are three 

main degradation peaks on the DTG. There is a maximum of only 3% difference in weight loss between samples 

impregnated with KCl and raw wood. The presence of KCl causes less mass loss during torrefaction and more 

rapid degradation during pyrolysis for Poplar. During torrefaction, the weight loss of the sample impregnated with 

KCl was approximately 63.10% vs. 68.13% for the raw sample. The predicted error of the instrument is 

approximately 3%, therefore, the observed difference was deemed negligible. Upon increasing the concentration 

of KCl by two-fold to 0.1 M, the TGA and DTG curves (Figure 5) reveal a decrease of nearly 6.5% in mass loss 

during torrefaction with respect to the raw sample. This indicates that the presence of potassium in woody biomass 

causes a decrease in weight loss during torrefaction and an increase in the rate of degradation during pyrolysis. 

In Figure 6, TGA and DTG curves of Poplar impregnated with different concentrations of NaCl are overlayed 

with the raw wood sample. The sample impregnated with 0.054 M of NaCl showed almost the same mass loss 

(69.47 wt.%) as the control (68.13 wt.%). When the concentration used was increased to 0.1 M, no difference was 

observed between the impregnated sample and the raw wood. In conclusion, NaCl did not have an observable 

impact on the thermal degradation of the woody biomass. Using the same procedures as the impregnations of NaCl 

and KCl, Poplar samples with a particle size of 500 µm were impregnated with a 0.054 M solution of MgCl2. The 

DTG and TGA curves of these samples are presented in Figure 7. There was a very distinct difference between the 

raw wood and samples impregnated with MgCl2 during both torrefaction and pyrolysis. Foremost, the presence of 

MgCl2 increases weight loss during torrefaction by nearly 4.5%, from 68.13 wt.% for the raw wood to 72.60 wt.% 

for the impregnated sample. During pyrolysis, the initial degradation is similar between the raw wood and the 

impregnated sample. This degradation is presumed to be associated with the remaining crystalline cellulose regions 

in the biomass material. It is interesting to note that the complete degradation attributed to the Boudouard 

equilibrium is not present for samples impregnated with MgCl2. Instead, the impregnated sample only attains 

complete degradation during combustion, as expected under a nitrogen atmosphere. The test was repeated with 

samples impregnated with 0.025 M and 0.012 M of MgCl2, resulting in identical curves to those of the sample 

impregnated with 0.054 M of MgCl2. This indicates that there is a saturation point for the effect of MgCl2 in woody 

biomass. In order to determine the saturation point, Poplar samples were impregnated with 0.006 M and 0.003 M 

solutions. The sample impregnated with 0.003 M of MgCl2 displays slightly more degradation before combustion. 

These concentrations were repeated with Fir with similar results in further discussion. 

The lack of the Boudouard reaction for samples impregnated with MgCl2 has not been extensively reported 

in the literature but was also observed by Aho et al. in the gasification of acid-washed pine doped with magnesium, 

potassium, and sodium [50]. The gasification was performed at 805 °C in an atmosphere containing 50% of N2 

and 50% of CO2, in a TGA, with a heating rate of 50 °C/min. The rate of gasification of magnesium-doped samples 

lasted nearly five times longer than the rate of control, resulting in the need for further studies. However, some 

factors that could be contributing to the inhibition of the Boudouard equilibrium in the presence of MgCl2 are the 

slow reaction kinetics of the Boudouard equilibrium in combination with the faster reaction kinetics of the 

magnesium ion in the presence of carbon dioxide in the redox reaction shown in Equation (2). 

2Mg2+ + CO2 → 2MgO + C (2) 

This reaction is very thermodynamically favorable and commonly reported in the literature, as magnesium is 

an element capable of oxidation in the presence of CO2. Frost et al. determined that the combustion of magnesium 
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in the air would begin to form magnesium oxide at 500 °C, and the reaction rate would increase at 560 °C. Under 

carbon dioxide, however, the enthalpy of the reaction is −810.1 kJ [51]. Barabulica et al. reported the reaction of 

magnesium in various mixtures of nitrogen and carbon dioxide and determined that no reaction occurred in 

atmospheres containing less than 10% carbon dioxide. As the carbon dioxide concentration increased, the reaction 

rate increased [52]. However, this is not the only reaction possible for an explanation of this phenomenon. While 

it is likely to be occurring, the low concentration of magnesium present in the sample should not be enough to 

outcompete all signs of the Boudouard reaction, and therefore, it is thought that the (2+) charge of the magnesium 

could play a role in this effect. Moreover, magnesium’s affinity to bind to oxygen could cause the formation of a 

more oxygen rich material at the end of torrefaction, leaving less carbon to react in the Boudouard reaction and 

delay its occurrence to a time and temperature outside of the range of this study. In order to confirm any of these 

hypotheses, future studies need to be conducted to analyze the composition of materials after torrefaction using 

FTIR and py-GCMS during gasification. 

The main novelty of the work presented herein lies in the lack of the Boudouard reaction for samples 

impregnated with MgCl2. The evidence in the experiments performed points to an inhibition of the Boudouard 

reaction in the presence of Mg2+, which was not observed with any of the other salts investigated. As discussed 

earlier, this finding is in line with reports on the inhibition of the Boudouard reaction during the gasification of 

pine in the presence of magnesium [50]. It has also been shown that the presence of Mg2+ during the pyrolysis of 

sawdust favored crosslinking and repolymerization reactions of pyrolysis intermediates, resulting in an increased 

biochar yield and the formation of the stable metal oxide MgO [53]. One possible mechanistic explanation for 

these observations is that the crosslinking, condensation, and repolymerization reactions catalyzed by magnesium 

happen at a faster rate than the Boudouard reaction, offsetting its effect and resulting, globally, in a higher rate of 

biochar/solid carbon formation than the rate of solid carbon conversion to CO through the Boudoard reaction. 

 

Figure 4.  KCl 0.05 M impregnated of TGA (a) DTG, (b) curves of Poplar and TGA, (c) DTG, (d) curves of Fir. 
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Figure 5.  KCl 0.1 M impregnated of TGA (a) DTG, (b) curves of Poplar and TGA, (c) DTG, (d) curves of Fir. 

 

Figure 6. NaCl 0.1 M impregnated of TGA (a) DTG, (b) curves of Poplar and NaCl 0.05 M impregnated of TGA, 

(c) DTG, (d) curves of Fir. 
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Figure 7. TGA and DTG curves of Poplar impregnated with different concentrations of MgCl2. 

3.4. Interaction Effect 

The interaction effect from the catalysts can be defined as either synergistic or antagonistic. Synergistic 

effects are defined as a greater and/or faster degradation of the material treated with external material, in this study, 

such as the catalyst, than the untreated sample (raw) in a certain range, while, antagonistic effects are defined as 

less and/or slower degradation of the material treated with the catalyst than that of the untreated sample [54,55]. 

If degradation is the same for both treated and untreated samples, it can be said that there is no interaction effect 

between the catalyst and the sample [54]. Aniza et al. [54] analyzed the interaction effect of three extracted 

components from microalgae (lipid, protein, and carbohydrate) during thermochemical conversion using TGA. 

According to the study, the synergistic impact happens when glucose signals as a dominant molecule in the 

carbohydrate model, accounting for roughly 50% of the total mass loss. These findings motivate the current study’s 

use of catalyst impregnation to examine the interaction effect within woody biomass. Figure 8A shows the TGA 

and DTG curves of Poplar at a particle size of 500 µm after impregnation with different concentrations of KCl. It 

can be noted that the curve for the sample impregnated with 0.1 M KCl is the most different from the control, with 

the curve for the sample impregnated with 0.025M KCl being the most similar. 

To determine how impregnation with 0.1 M KCl affects both torrefaction and pyrolysis separately, the graph 

can be analyzed in two parts, with enlarged graphs of torrefaction (Figure 8B) and pyrolysis (Figure 8C). In Figure 

8B, the DTG curve for the sample impregnated with 0.1 M of KCl is shifted left of the control, with a sharper peak. 

This shift indicates degradation is happening more rapidly and at a lower temperature, leading to the conclusion 

that KCl has a synergistic catalytic effect on Poplar for samples impregnated with 0.1 M and 0.05 M of KCl. The 

effect increases with increasing concentrations of KCl. It can be noted, however, that there appears to be less mass 

loss in samples containing KCl than in the control during torrefaction. This was similarly reported by a multitude 

of sources in both complete nitrogen and oxidative atmospheres and confirms that the impregnation of potassium 

contributes to weakening linkages and hydrogen bonding between cellulose and hemicellulose components [22,24]. 

In a purely speculative way, it can be proposed that the chemical pathway for K+ to disrupt hydrogen bonds in 

cellulose and hemicelluloses occurs by replacing H+, therefore opening the microfibril structure and making it 

more susceptible to thermal degradation.  

The pyrolysis step can be observed in Figure 8C, where KCl appears to have a synergistic effect on the 

degradation of Poplar at approximately 800 °C. While this temperature is attributed to gasification in a carbon dioxide 

atmosphere, the implications of potassium at this temperature in lignocellulosic biomass are not commonly reported. 

However, Menendez et al. observed the microwave-assisted pyrolysis of coffee hulls with carbon dioxide and 

determined that potassium-rich samples catalyze self-gasification reactions like the Boudouard equilibrium [56]. It 

could be hypothesized that the degradation of potassium-rich samples during torrefaction leads to a more carbon-rich 

char participating in Boudouard gasification a enhancing the rate of degradation.  
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Figure 8. (A) TGA and DTG curves of Poplar impregnated with 0.1 M, 0.05 M, and 0.025 M solutions of KCl, (B) 

Enlarged section (torrefaction) Poplar, and (C) Enlarged section (pyrolysis) Poplar. 

These results can be contrasted with Figure 9A, which shows the TGA and DTG curves of Fir samples 

impregnated with KCl at different concentrations. While Figure 9B shows a clear synergistic effect during 
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torrefaction similar to the one observed with Poplar, in Figure 9A, an antagonistic effect can be seen during the 

pyrolysis (~800 °C) of Fir samples impregnated with KCl. This indicates a fundamental difference between Fir 

and Poplar. Dupont et al. studied the gasification kinetics of different hard and soft woods. It was found that higher 

concentrations of silica had an inhibitory effect on gasification reactions despite the catalytic presence of potassium 

because of the formation of potassium silicates. The concentration of inorganic salts in both Poplar and generalized 

“soft woods” were measured and it was found that soft woods have approximately 3619 mg Si/kg of dry biomass 

while Poplar has 763 mg Si/kg of dry biomass (nearly a 5-fold difference in silica content) [57]. It could be 

hypothesized that the silica content in Fir could have an inhibitory effect on the gasification reactions during 

pyrolysis.  

 

Figure 9. (A) TGA and DTG curves of Fir impregnated with 0.1 M, 0.05 M of KCl, and (B) Enlarged section 

(torrefaction) Fir. 

In Figure 10A, the torrefaction-pyrolysis curve of NaCl impregnated Poplar samples is shown. It was stated 

that the difference in results is negligible, indicating that NaCl does not have strong effects on the torrefaction-

pyrolysis of Poplar in a carbon dioxide environment. When looking at only the torrefaction curve of NaCl 

impregnated samples vs the control in Figure 10B, it can be seen that there are very slight synergistic effects in the 

DTG curve but that these are negligible. The same can be noticed in the Figure 10C with the pyrolysis of these 

samples—there is a slight synergistic effect around 800 °C, but by a negligible amount. The TGA-DTG curve of 

NaCl impregnated Fir samples can be seen in Figure 11A. In Figure 11B, the torrefaction step presents a slight 
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synergistic effect, while there is a slight antagonistic effect from the NaCl during the Pyrolysis step in Figure 11A. 

This indicates the effects of NaCl in the pyrolysis of impregnated Fir to be the opposite of impregnated Poplar, 

although both are so slight that they are negligible. 

 

Figure 10. (A) Torrefaction-Pyrolysis TGA and DTG curves of Poplar impregnated NaCl with 0.1 M and 0.05 M, 

(B) Enlarged section (torrefaction) Poplar, and (C) Enlarged section (pyrolysis) Poplar. 
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Figure 11. (A) Torrefaction-pyrolysis curve of Fir treated with NaCl and (B) Torrefaction curve of Fir treated 

with NaCl. 

Figure 12 shows the torrefaction curve of MgCl2-impregnated Poplar samples as an expanded graph of the 

entire torrefaction-pyrolysis seen in Figure 7. While MgCl2 increases weight loss during the torrefaction step, there 

is a slight antagonistic effect of MgCl2 on the rate of torrefaction see in Figure 12 with the DTG curve of the 

impregnated samples showing a cellulose peak shift right (indicating higher temperatures for degradation) and the 

appearance of a hemicellulose shoulder in the impregnated samples that is not shown in the impregnated samples. 

This indicates that MgCl2 affects the degradation of hemicelluloses—similar to those results by Kawamoto et al. [58]. 

These results can be contrasted with those with Fir in Figure 13. Figure 13A shows the entirety of the MgCl2-

impregnated Fir torrefaction-pyrolysis graph which appears similar to that of MgCl2-impregnated Poplar. However, 

in Figure 13B, the enlarged torrefaction TGA and DTG curves show MgCl2 to have a synergistic effect with the 

lack of a hemicellulose shoulder. 
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Figure 12. Torrefaction curve of Poplar treated with MgCl2 solutions. 

 

Figure 13. (A) TGA-DTG curves of torrefaction-pyrolysis of Fir treated with MgCl2 and (B) TGA DTG curves of 

torrefaction of Fir treated with MgCl2. 
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A comparison of all catalytic impregnations of Poplar wood can be found in Figure 14. During torrrefaction, 

a synergistic effect is observed from impregnation with KCl with an antagonistic effect from impregnation with 

MgCl2—where the hemicellulose shoulder is much more prominent than in the control sample seen in Figure 15A. 

This appearance of a broad shoulder could indicate the prolonged degradation of hemicellulose with a delayed 

degradation of cellulose when magnesium is present. During the pyrolysis segment, all impregnations displayed 

similar degradation rates as the control, but gasification was accelerated when exposed to KCl and inhibited when 

exposed to MgCl2 as seen in Figure 15B. Catalytic activity when impregnated in Fir was drastically different from 

that of Poplar as seen in Figure 16. During the torrefaction step shown in Figure 17A, KCl has a greater synergistic 

effect than MgCl2—while MgCl2 results in greater mass loss. During the pyrolysis step in Figure 17B, the rate of 

degradation is similar for all samples. Upon gasification, MgCl2 samples show an absence of gasification, while 

KCl shows an antagonistic effect in comparison to NaCl and the raw samples.  

In terms of ionic reaction, when comparing the effects of KCl, NaCl, and MgCl2 during the torrefaction of 

wood, the different behavior observed can be attributed primarily to the cations K+, Cl+, and Mg2+ since the anion 

Cl− is the same in all cases. For the Boudouard reaction inhibition, as discussed previously, it is believed that the 

charge (+2) of magnesium is critical in catalyzing condensation, crosslinking, and repolymerization reactions. 

Likewise, K+ is believed to disrupt H-bonding while Na+ doesn’t have that effect, which could be related to specific 

cation properties such as radius. In order to fully elucidate these factors, a comprehensive screening of a series of 

compounds would be necessary.  

 

Figure 14. Torrefaction-pyrolysis TGA and DTG curves of Poplar treated with MgCl2, NaCl, KCl. 
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Figure 15. (A) TGA-DTG torrefaction curve of Poplar treated with MgCl2, NaCl, KCl and (B) TGA-DTG pyrolysis 

curve of Poplar treated with MgCl2, NaCl, KCl. 
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Figure 16. Torrefaction-pyrolysis TGA and DTG curves of Fir treated with MgCl2, NaCl, KCl. 

 

Figure 17. Cont. 
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Figure 17. (A) TGA-DTG torrefaction curve of Fir treated with MgCl2, NaCl, KCl and (B) TGA-DTG pyrolysis 

curve of Fir treated with MgCl2, NaCl, KCl. 

4. Conclusions  

Poplar and Fir wood species have different chemical compositions, which cause a difference in catalytic 

efficiency when exposed to different alkali and alkaline earth metals—namely, K, Na, and Mg. Both Poplar and 

Fir species show self-gasification in a carbon dioxide environment at temperatures greater than 700 °C. When 

employing catalytic thermal conversion to produce biofuel, the aK-catalyst outperforms the other catalyst materials 

(K, Na, and Mg) in a CO2 atmosphere. When the K-catalyst is impregnated in Fir, the C-O-C compound decreases. 

This is in line with the fact that Fir’s hemicellulose content (22.43 wt.%) is double that of Poplar (12.18 wt.%), 

which results in a less thermally stable molecule. This suggests that K may be able to have less interaction with CO2 

and better thermal resistance. K-impregnated Poplar samples showed faster self-gasification, possibly indicating a 

more carbon-rich state of biochar after torrefaction. Na-impregnated Poplar and Fir samples exhibited no self-

gasification at magnesium loadings as little as 0.003 M impregnations. An explanation for this is currently unclear, 

and the observation is limited. The Boudouard equilibrium was detected in the thermal conversion at 780 °C. 

Furthermore, during torrefaction and pyrolysis, the synergistic impact is more noticeable when the K-catalyst is 

employed than when Na and Mg are used. This suggests that the K-catalyst’s performance in this study is thermally 

stable. Further studies are suggested to be conducted at higher concentrations and using py-GCMS for an 

understanding of the underlying mechanisms in CO2.  
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