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Abstract

Non-catalytic and magnetite-catalyzed pyrolysis of pine wood residues was systematically investigated in a fixed-bed reactor over the 

temperature range of 400–800 °C to elucidate the effects of temperature and magnetite catalysis on product distribution, composition, 

and energy quality. Calcined natural magnetite was employed as a low-cost catalyst to enhance cracking and reforming reactions during 

pyrolysis. Increasing temperature shifted product yields from liquids and char toward permanent gases in both systems; however, 

magnetite catalysis significantly intensified vapor-phase cracking and reforming reactions. Gas yields increased from 39.2–69.1 wt.% 

under catalytic conditions, compared to 18.2–54.8 wt.% for non-catalytic pyrolysis. Magnetite markedly reduced CO2 formation and 

promoted syngas enrichment, with H2, CO, and CH4 contents reaching 19.1, 39.5, and 27.5 vol.% at 800 °C, respectively. As a result, 

the higher heating value of the gas increased from 16.4–28.9 MJ Nm−3, exceeding that of the non-catalytic system (11.2–24.5 MJ Nm−3). 

Compositional analysis showed that magnetite catalysis suppressed oxygenated compounds in the liquid phase via enhanced 

decarboxylation and decarbonylation, while promoting aromatization and polycyclic aromatic hydrocarbon formation; naphthalenes 

increased to 42.6 wt.% at 800 °C under catalytic conditions. Biochar produced in the presence of magnetite exhibited higher fixed 

carbon content, lower O/C and H/C ratios, and improved energy density, with a maximum higher heating value of 40.6 MJ kg−1 at 

800 °C. These results demonstrate that calcined natural magnetite effectively tailors the biomass pyrolysis toward high-quality syngas, 

aromatics-rich liquids, and energy-dense biochar, supporting its application in integrated bioenergy systems.
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1 Introduction
The depletion of fossil fuel reserves, coupled with socio-po-
litical conflicts arising from the concentrated extraction of 
these resources, has highlighted the urgent need for sus-
tainable and renewable energy alternatives. Despite global 
efforts, fossil fuels such as coal, oil, and natural gas con-
tinue to dominate the world's energy supply, contribut-
ing significantly to greenhouse gas emissions and climate 
change [1, 2]. As a result, public awareness of the need to 
explore creative green alternatives and to sustainably pro-
duce and exploit renewable resources has increased. In this 
context, biomass has emerged as a promising renewable 
resource due to its abundance, carbon-rich composition, 
and potential for conversion into fuels, chemicals, and 
energy carriers, accounting for 10.4% of the world's primary 
energy supply and an impressive 77.4% of all renewable 

energy sources [3, 4]. Unlike fossil fuels, carbon released 
during biomass conversion originates from recently cap-
tured atmospheric CO2, rendering biomass utilization near 
carbon-neutral and mitigating the greenhouse effect [5, 6].

Extensive research has been conducted on biomass con-
version technologies, which can be broadly categorized into 
biological and thermochemical pathways. Biological con-
version routes, relying on living organisms or enzymes, 
such as enzymatic lignin valorization, offer high product 
selectivity under mild operating conditions. However, these 
processes are often hindered by slow reaction kinetics, 
which limits their feasibility for large-scale industrial appli-
cations [7, 8]. In contrast, thermochemical conversion tech-
nologies – including gasification, torrefaction, and pyrol-
ysis – have attracted considerable attention due to their 
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operational flexibility, process robustness, and suitability 
for industrial-scale implementation [9, 10]. Among these, 
pyrolysis is particularly attractive as it enables the con-
version of lignocellulosic biomass into three main product 
fractions: liquid bio-oil, solid biochar, and non-condensable 
gaseous products [11, 12]. These fractions can be further 
upgraded or utilized as renewable fuels and value-added 
chemicals  [2,  13, 14]. The performance and product dis-
tribution of the pyrolysis process are strongly influenced 
by several factors, including biomass type, reactor config-
uration, operating temperature, and residence time [15–18]. 
Although bio-oil derived from pyrolysis demonstrates sig-
nificant potential as a renewable energy carrier, its practi-
cal application is limited by high oxygen content and poor 
physicochemical stability, which adversely affect its energy 
density and long-term storage properties [19–21].

Catalytic pyrolysis represents an advanced alterna-
tive to conventional pyrolysis by enabling greater control 
over reaction pathways, thereby reducing the formation 
of undesirable byproducts and improving overall energy 
efficiency. In contrast to non-catalytic pyrolysis, catalytic 
pyrolysis suppresses the formation of complex mixtures 
rich in oxygenated compounds, thereby facilitating the 
production of higher-quality biofuels and renewable chem-
icals through more sustainable and economically viable 
routes [22–25]. Among the various catalysts investigated, 
zeolite-based materials – particularly ZSM-5 – have been 
extensively studied due to their shape-selective pore struc-
tures and strong Brønsted acid sites, which promote key 
reactions such as deoxygenation, aromatization, and olefin 
formation [24, 26–28]. Other zeolitic catalysts, including 
Y-zeolite, Beta-zeolite, mordenite, and ferrierite, exhibit 
distinct catalytic behaviors arising from differences in pore 
architecture and acid site distribution, resulting in varied 
product selectivity during biomass pyrolysis [29, 30].

In addition to zeolites, metal oxide catalysts such as 
magnesium oxide and titanium dioxide have demonstrated 
significant catalytic activity by facilitating deoxygenation 
reactions and enhancing hydrogen production [31–34]. 
Furthermore, natural mineral catalysts, including benton-
ite clay, as well as biochar-derived catalysts, have been 
explored due to their intrinsic alkali and alkaline earth 
metal content, which can contribute to catalytic activ-
ity [35, 36]. However, the catalytic performance of natural 
minerals and biochar is often limited by their heteroge-
neous composition, low specific surface area, and poorly 
defined active sites. These limitations result in reduced 
catalytic efficiency, lower selectivity, and potential issues 
related to catalyst stability and reproducibility [37, 38].

Although catalytic biomass pyrolysis has been widely 
investigated, most studies have focused on zeolites and syn-
thetic metal oxides for improving bio-oil quality. Despite 
their effectiveness, these catalysts are often costly, suscep-
tible to deactivation, and limited in scalability. Iron-based 
catalysts offer a promising alternative due to their abun-
dance and favorable redox properties; however, available 
studies predominantly examine iron oxides in gasification or 
tar reforming systems, typically within narrow temperature 
ranges. The effect of natural magnetite on biomass pyrol-
ysis, particularly its temperature-dependent influence on 
product yields and quality across gaseous, liquid, and solid 
fractions, remains insufficiently explored. Furthermore, 
existing research commonly addresses individual prod-
uct streams independently, providing limited quantitative 
insight into the simultaneous effects of catalyst pretreatment 
on gas composition and heating value, liquid chemical com-
position, and biochar fuel properties. Integrated assessments 
linking temperature, magnetite catalysis, and overall prod-
uct quality are scarce. To address these gaps, this study sys-
tematically compares non-catalytic and magnetite-catalyzed 
pyrolysis of pine wood residues over 400–800 °C using cal-
cined natural magnetite (Fe3O4 ). By concurrently evaluating 
product yields and the physicochemical and energetic prop-
erties of all pyrolysis products, this work provides a quanti-
tative basis for assessing the potential of magnetite as a low-
cost catalyst for integrated bioenergy applications.

2 Materials and methods
2.1 Materials
In this research, Eldar pine (Pinus eldarica) wood residues 
were used as the biomass feedstock. This biomass was 
collected from pruning and wood-processing activities in 
the Absheron Peninsula, Azerbaijan. Prior to the experi-
ment, the collected residues were dried at 100 °C for 20 h 
in a BINDER oven (FD 115, Germany), and subsequently 
ground into particles with a size of 1–2 mm. 

Natural magnetite (Fe3O4 ) was utilized as the cata-
lyst. The magnetite was sourced from the Dashkasan iron 
ore region of Azerbaijan. The raw material was crushed, 
milled, and washed with distilled water to remove surface 
impurities. After that, the washed catalyst was calcined 
at 550 °C for 2 h, and its crystal structure was generally 
preserved in the absence of oxygen; as a result, moisture 
and surface impurities were removed, and the thermal sta-
bility of magnetite was improved before catalytic pyroly-
sis. The specific surface area was evaluated to be 40 m2/g 
from nitrogen adsorption-desorption isotherms recorded 
at −196 °C using an ASAP 2020 surface area and porosity 
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analyzer (Micromeritics, USA). This relatively high sur-
face area indicates a porous structure and provides a large 
active surface for catalytic applications.

2.2 Physicochemical characterization
Proximate analysis of the dry sample, including the determi-
nation of volatile matter (VM), ash, and moisture content, was 
performed following ASTM E872-82(2019) [39], ASTM 
E1755-01(2020) [40] and ASTM E1756-01 [41] standards. 
Elemental compositions were measured in conformance 
with ASTM D5373-02 standard [42] using the Vario EL 
Cube elemental analyzer (model: Vario EL Cube, Elementar 
Analysensysteme GmbH, Langenselbold, Germany). The 
chemical composition was determined according to TAPPI 
standard methods: extractives (TAPPI T 204 cm-17 stan-
dard [43]), lignin (TAPPI/ANSI T 222 om-21 standard [44]), 
and cellulose (TAPPI T 203 cm-22 standard [45]), while 
hemicellulose content was calculated by difference.

2.3 Methods
Pyrolysis experiments were conducted in a laboratory-scale 
fixed-bed tubular reactor made of heat-resistant glass. 
The reactor was vertically positioned inside an electrically 
heated furnace equipped with a proportional–integral–deriv-
ative (PID) temperature controller. For each experiment, 
350 g of biomass was used for non-catalytic runs, while for 
catalytic runs, a biomass–catalyst mixture was prepared. 

Calcined natural magnetite was added at a loading of 5 wt.% 
relative to the dry biomass amount of 350 g, corresponding 
to 17.5 g of catalyst per run. The catalyst and biomass (par-
ticle size 1–2 mm) were thoroughly homogenized prior to 
reactor loading to ensure uniform distribution. The catalyst 
was applied in an in-bed configuration, allowing primary 
pyrolysis and catalytic vapor upgrading to occur simultane-
ously within the same reaction zone. The schematic repre-
sentation of the process is shown in Fig. 1.

Prior to the start of each experiment, the reactor was 
purged with high-purity nitrogen for a sufficient period to 
completely remove residual air and establish an oxygen-free 
atmosphere inside the system. The reactor temperature was 
increased from ambient temperature to the target pyrolysis 
temperatures at a constant heating rate of 25 °C min−1 under 
atmospheric pressure conditions, without the application of 
external pressure. The experiments were performed over 
a temperature range of approximately 400–800 °C to inves-
tigate the effect of temperature on product distribution. Once 
the target temperature was reached, it was maintained for 
a holding time of 1.5 h to allow complete thermal decompo-
sition of the pine wood residues. The volatile products gen-
erated during pyrolysis exited the reactor and were directed 
into an ice-cooled condensation system, where condensable 
vapors were recovered as liquid products. The condensed 
liquid, consisting of bio-oil, water, and fine solid particles, 
was collected in a receiving flask. Non-condensable gases 

Fig. 1 Schematic representation of the process
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were passed through a gas collection unit and analyzed with 
a gas analyzer to determine their composition. Solid biochar 
remained in the reactor after each run. After cooling to room 
temperature, the biochar and liquid products were carefully 
collected and weighed. Product yields of biochar, liquid, and 
gas were calculated as weight percentages relative to the ini-
tial dry biomass mass. Gas yield was determined by mass 
balance. All pyrolysis experiments were performed at least 
three times, and average values were reported to ensure the 
reproducibility and reliability of the results.

2.4 Characterization methods of pyrolysis products
2.4.1 Liquid product composition from gas 
chromatography–mass spectrometry
The composition of the bio-oil was determined using 
gas chromatography–mass spectrometry (GC/MS) 
analysis performed on an Agilent 8890 gas chromato-
graph coupled with an Agilent 5977C single quadru-
pole mass selective detector (Agilent Technologies Inc., 
Santa Clara, CA, USA). Before analysis, the particles 
were removed from the bio-oil samples using a 0.45 µm 
microfilter. The samples were then diluted with high-pu-
rity acetone and injected into the injection port (with an 
80:1 split injection ratio) at a temperature of 230 °C. Pure 
helium was used as a carrier gas at a rate of 1.00 mL/min. 
The oven temperature was held at 300 °C for 20 min. The 
NIST mass spectrometry library was used to identify the 
composition of the bio-oil based on the respective peaks.

For the interpretation of GC/MS data, the term "relative 
content (rel. cont. %)" refers to the normalized peak area 
percentage of each identified compound or compound group 
with respect to the total integrated peak area of all detected 
components in the chromatogram. The relative content was 
calculated by dividing the individual peak area by the sum 
of all peak areas and multiplying by 100. Accordingly, the 
reported values represent semi-quantitative estimates of the 
compositional distribution of the liquid products. It should 
be noted that no external calibration or response factor cor-
rection was applied; therefore, the results are intended for 
comparative analysis of relative changes in chemical com-
position rather than absolute quantification.

2.4.2 Gas chromatography analysis of gas products
Non-condensable gases extracted from the reactor via 
a gas collector were subjected to gas chromatography (GC) 
analysis using a PE-G0-0300 PerkinElmer Autosystem 
XL GC apparatus (PerkinElmer, USA), equipped with 
a dual-channel, capillary injector, thermal conductivity 
detector TCD and flame ionization detector (FID) for the 

detection of components. The split ratio was set as 70:1, 
and high-purity helium was utilized as a carrier gas in 
split injection mode with a flow rate of 25 mL/min.

2.4.3 Biochar characterization
An elementary analyzer (Vario Macro cube, Germany) 
was utilized to determine the N, C, H and S elemental 
contents of biochar products, while the oxygen content 
was inferred from the variation relative to the whole 
sample, so it was determined by subtracting the sum of 
the percentages of hydrogen, carbon, nitrogen, and sul-
fur from 100. Proximate analyses of biochar were per-
formed under ASTM D3172-13(2021)e1 [46], ASTM 
D3173/D3173M-25  [47], ASTM D3174-12(2018)e1 [48] 
and ASTM D3175-26 [49] standards to determine fixed 
carbon (FC), volatiles, ash, and water content.

2.4.4 Determination of higher heating value of biochar 
and gas products
The higher heating value (HHV) of pyrolysis products, 
including biochar and gas fraction, was determined using 
different approaches depending on the physical state of 
the product.

For solid biochar samples, HHV was measured exper-
imentally using a Parr 6300 oxygen bomb calorimeter 
(Parr Instrument Company, USA), following standard cal-
orimetric procedures in accordance with ASTM D5865/
D5865M-19 standard [50]. Approximately 1 g of finely 
ground and oven-dried biochar sample was combusted in 
a high-purity oxygen atmosphere (≈30 bar), and the heat 
released during complete combustion was recorded.

The HHV of the gas mixture was calculated accord-
ing to Eq. (1) [51–53], using the volumetric composition of 
combustible gas components determined by GC analysis:

HHV HHV
gas
� �� �� yi i , 	 (1)

where yi is the volumetric fraction (vol.%) of each gas 
component (H2, CO, CH4, C2–C3 hydrocarbons) on a dry 
gas basis, and HHVi is the corresponding higher heating 
value of each component (MJ Nm−3). Standard HHV val-
ues of pure gas components were taken from literature 
sources  [51–53]. Carbon dioxide was excluded from the 
calculation due to its non-combustible nature.

3 Results and discussion
3.1 Physicochemical characteristics of pine wood 
residues
The physicochemical properties of pine wood residues 
(Table 1) indicate strong suitability for bio-oil–oriented 
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pyrolysis. Proximate analysis showed that pine wood res-
idues have a moisture content of 3.1%, which is within 
the acceptable limit (< 10%) for thermochemical conver-
sion [54]. Low moisture content is a key parameter for effi-
cient pyrolysis, as elevated moisture levels increase energy 
consumption for water evaporation and negatively influ-
ence process efficiency and product yields. Consequently, 
biomass with a moisture content below 10% is considered 
suitable for achieving effective pyrolysis performance 
and improved product quality [54–56]. The high volatile 
matter content (80.1 wt.% on a dry basis) is the dominant 
factor governing product distribution, as rapid devola-
tilization under thermal treatment promotes the forma-
tion of condensable vapors and permanent gases [57, 58]. 
Consequently, biomass with such elevated volatile content 
favors higher bio-oil and gas yields, whereas feedstocks 
with lower volatile matter typically undergo enhanced car-
bonization, leading to increased biochar formation [59]. 
Pine wood biomass, with its low ash content of 0.5 wt.%, 
is ideal for pyrolysis, with most studies recommending ash 
levels below 5% [55, 60], as high ash levels can hinder heat 
transfer, promote undesirable secondary reactions, cause 
reactor fouling, and deactivate catalysts, ultimately reduc-
ing the yield and quality of bio-oil.

Ultimate analysis reveals high carbon (49.7 wt.%) 
and hydrogen (5.9 wt.%) contents with very low nitro-
gen (0.8 wt.%) and negligible sulfur contents (<0.02 wt.%), 
supporting efficient energy conversion with reduced emis-
sion potential, which is consistent with typical biomass 
compositions reported in previous studies [61, 62]. The 
relatively high oxygen content (43.58 wt.%) reflects the 
lignocellulosic nature of the biomass and contributes to 
the formation of oxygen-containing compounds in the liq-
uid phase [56]. The chemical composition further explains 
the observed devolatilization behavior. The dominance 
of cellulose (48.6 wt.%) and hemicellulose (17.8 wt.%) 
favors volatile release and bio-oil formation [63], whereas 
lignin  (26.5 wt.%) decomposes over a broader tempera-
ture range and contributes to both phenolic compounds 
and biochar [64]. The measured higher heating value of 
19.8  MJ  kg−1 confirms the energetic suitability of pine 
wood residues for thermochemical conversion. Overall, 
the high volatile matter, low ash content, and favorable lig-
nocellulosic structure make pine wood residues an effec-
tive feedstock for bio-oil–focused pyrolysis applications.

3.2 Product distribution from non-catalytic and 
catalytic pyrolysis of pine wood residues
Fig. 2 illustrates the product yield distribution obtained 
from the non-catalytic pyrolysis of pine wood residues as 
a function of temperature, while Fig. 3 presents the corre-
sponding results for Fe3O4-catalyzed pyrolysis. The distri-
bution of pyrolysis products from pine wood residues was 
markedly affected by reaction temperature and the applica-
tion of magnetite as a catalyst. In the non-catalytic system, 
increasing the temperature from 400 to 800 °C resulted in 
a continuous increase in gas yield from 18.2 to 54.8 wt.%, 
accompanied by a corresponding decrease in condensable 

Table 1 Physicochemical characteristics of pine wood residues

Proximate analysis wt.% (on dry basis)

Volatile matter 80.1

Moisture 3.1

Ash 0.5

Fixed carbon (based on difference) 16.3

VM/FC 4.9

Ultimate analysis wt.% (on dry ash-free basis)

C 49.7

H 5.9

S <0.02

N 0.8

O (based on difference) 43.6

C/H 8.42

Chemical analysis wt.%

Hemicellulose 17.8

Cellulose 48.6

Lignin 26.5

Extractives 7.1

Energy content MJ kg−1

Higher heating value 19.8

Bulk density kg/m3

Ground pine wood residues 200.1

Fig. 2 Product yield distribution from the non-catalytic pyrolysis of 
pine wood biomass
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liquid yield from 46.0 to 29.0 wt.% and char yield from 35.8 
to 16.2 wt.%. This behavior is characteristic of enhanced 
devolatilization and intensified secondary thermal crack-
ing of primary pyrolysis vapors at elevated temperatures, 
which promotes the conversion of condensable vapors into 
permanent gases and reduces liquid yields. Similar trends 
have been reported in previous studies, where increasing 
pyrolysis temperature enhanced secondary cracking reac-
tions and significantly increased the formation of CO, H2, 
CH4, and other non-condensable gases while suppressing 
biooil and biochar production [65, 66].

In comparison, catalytic pyrolysis in the presence 
of Fe3O4 exhibited a pronounced shift toward gaseous 
products across the entire temperature range. Gas yields 
increased from 39.2 wt.% at 400 °C to 69.1 wt.% at 800 °C, 
consistently exceeding those obtained under non-cata-
lytic conditions. Concurrently, condensable liquid yields 
were significantly suppressed, decreasing from 28.4 to 
14.8 wt.%, which indicates the effective catalytic cracking 
and reforming of oxygen-containing vapor species. This 
observation is consistent with previous reports showing that 
metal-based catalysts promote deoxygenation, tar crack-
ing, and reforming reactions, thereby increasing gas for-
mation and reducing oxygenated liquid fractions [67–69]. 
Char yields under catalytic conditions were slightly lower 
than those observed in non-catalytic pyrolysis, suggesting 
that the catalyst predominantly influenced vapor-phase 
reactions rather than solid-phase decomposition  [68]. 
Overall, the presence of magnetite as a catalyst signifi-
cantly altered the pyrolysis reaction pathways by pro-
moting secondary cracking and deoxygenation reactions, 
thereby favoring gas formation at the expense of liquid 
products. The catalytic effect became more pronounced at 
higher temperatures, demonstrating the synergistic role of 

thermal severity and catalytic activity in controlling prod-
uct distribution during pine wood residue pyrolysis.

3.3 Effect of temperature and magnetite catalyst on gas 
composition and higher heating value
Figs. 4 and 5 present the GC analysis results of biogas 
produced from the non-catalytic and Fe3O4-catalyzed 
pyrolysis of pine wood residues, illustrating the strong 
influence of temperature and catalyst presence on gas 
composition. In non-catalytic pyrolysis, increasing the 
temperature from 400 to 800 °C shifted the gas compo-
sition from oxygen-rich species toward energy-rich com-
ponents. Hydrogen and methane contents increased from 
2.1 to 13.4 vol.% and from 4.6 to 19.2 vol.%, respectively, 
due to enhanced cracking of oxygen-containing intermedi-
ates. A similar pattern is consistent with previous findings 
reported by Lugovoy et al. [70], who observed that increas-
ing temperature promotes secondary cracking reactions, 

Fig. 3 Product yield distribution from the catalytic pyrolysis of pine 
wood biomass

Fig. 4 Composition of biogas produced from non-catalytic pyrolysis of 
pine wood biomass

Fig. 5 Composition of biogas produced from the catalytic pyrolysis of 
pine wood biomass
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resulting in higher concentrations of H2 and light hydro-
carbons. At low temperature, CO2 dominated the gas phase 
(57.5 vol.% at 400 °C) and declined sharply to 12.0 vol.% at 
800 °C, while CO increased from 27.8 to 45.8 vol.%, indi-
cating progressive deoxygenation and activation of CO2-
consuming reactions. Similar behavior has been reported 
by Chai et al. [71], and Ismail et al. [72], who demonstrated 
that oxygen removal shifts from H2O formation at low tem-
peratures to CO and CO2 evolution at higher temperatures, 
accompanied by increased CO production. C2–C3 hydro-
carbons remained minor (<6 vol.%) and decreased at ele-
vated temperatures because of secondary cracking.

In contrast, Fe3O4-catalyzed pyrolysis (Fig. 5) exhibits 
a distinctly different gas composition, highlighting the cat-
alytic role of iron oxides. The catalyst significantly sup-
presses CO2 formation across all temperatures, reducing 
its concentration to 8.0 vol.% at 800 °C, while simultane-
ously enhancing CO, H2 and CH4 production. Comparable 
trends have been reported for nickel-based catalysts, which 
are known to reduce CO2 while increasing syngas compo-
nents through reforming and cracking reactions [73, 74]. 
However, the catalytic behavior of Fe3O4 differs from con-
ventional Ni- and zeolite-based catalysts due to its unique 
redox properties. Unlike Ni catalysts, which primarily act 
through metallic active sites for steam reforming, meth-
anation, and tar cracking, Fe3O4 exhibits catalytic activ-
ity through the Fe3+/Fe2+ redox cycle and oxygen transfer 
capacity, which strongly promotes deoxygenation reac-
tions such as decarboxylation, decarbonylation, and the 
reverse water–gas shift reaction [75–78]. This explains 
the more pronounced suppression of CO2 and the simulta-
neous enhancement of CO observed in the present study. 
At 800 °C, CO and H2 reach 39.5 and 19.1 vol.%, respec-
tively, indicating that magnetite formed in situ promotes 
endothermic reactions such as dry reforming, tar cracking, 
and the reverse water–gas shift reaction. The higher hydro-
gen content under catalytic conditions confirms the ability 
of iron oxides to facilitate C–C and C–H bond cleavage and 
accelerate secondary reforming reactions. Methane con-
centration is consistently higher in the catalyzed system, 
reaching 27.5 vol.% at 800 °C compared to 19.2 vol.% in 
the non-catalytic case, suggesting that iron oxide surfaces 
favor hydrogenation reactions at intermediate and high 
temperatures. Meanwhile, unsaturated hydrocarbons (C2H4 
and C3H6 ) remain at low levels, implying their rapid con-
version into smaller molecules over the catalyst surface.

These compositional changes are directly reflected in 
the HHV of the produced biogas (Fig. 6). HHV increases 

monotonically with temperature for both systems due to 
the progressive enrichment of combustible gases (H2, CO, 
and CH4 ) and the reduction of inert CO2. Non-catalytic 
biogas HHV increases from 11.2 MJ  Nm−3 at 400 °C to 
24.5 MJ Nm−3 at 800 °C, whereas Fe3O4-catalyzed pyrol-
ysis yields significantly higher biogas HHVs, rising from 
16.4 to 28.9 MJ  Nm−3 over the same temperature range. 
The enhanced HHV under catalytic conditions is primar-
ily attributed to increased methane and hydrogen concen-
trations and the suppression of CO2 dilution effects.

Overall, increasing temperature shifts gas composition 
from CO2-rich to syngas-rich mixtures, while the Fe3O4 cat-
alyst substantially enhances syngas quality by promoting 
hydrogen and carbon monoxide formation and suppressing 
CO2. These results demonstrate that the combined effect of 
high temperature and magnetite catalysis is effective for tai-
loring gas composition toward higher-value syngas suitable 
for downstream thermochemical applications, while also 
confirming Fe3O4 as a low-cost and environmentally favor-
able alternative to conventional metal-supported catalysts.

3.4 Effect of temperature and magnetite catalyst on 
liquid product composition 
GC/MS analysis results shown in Tables 2 and 3 reveal 
that both pyrolysis temperature and Fe3O4 catalysis sig-
nificantly influence the chemical composition of liquid 
products derived from pine wood biomass. In non-cat-
alytic pyrolysis, oxygen-containing compounds (acids 
and esters, phenols, ketones, and alcohols) dominate at 
lower temperatures (400–500 °C), reflecting the pri-
mary thermal decomposition of cellulose and hemicellu-
lose. As temperature increases, the relative abundance of 
acids and esters and ketones markedly decreases, indicat-
ing enhanced secondary cracking, decarboxylation, and 

Fig. 6 HHV of biogas products from the noncatalytic and catalytic 
pyrolysis of pine wood biomass
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dehydration reactions. These findings are consistent with 
previous studies on lignocellulosic biomass (e.g.,  beech 
wood and corn stover), where oxygenated compounds 
decrease significantly above ~500–600 °C due to enhanced 
secondary cracking and deoxygenation reactions [65, 79]. 

In those studies, acids and esters showed reductions of 
comparable magnitude, supporting the trend observed in 
this study. Conversely, increasing temperature strongly 
promotes aromatic hydrocarbon formation. In the non-cat-
alytic system, monocyclic and polycyclic aromatic hydro-
carbons (PAHs) increase substantially above 600 °C, with 
naphthalenes rising sharply from 6.1% at 600 °C to 29.8% 
at 800 °C. This trend confirms that high temperatures 
favor aromatization, ring condensation, and polymeriza-
tion of volatile intermediates into PAH-2 and PAH-3 struc-
tures, as reported in the literature [80].

The introduction of magnetite catalysts intensifies 
these compositional shifts. Compared to non-catalytic 
pyrolysis, Fe3O4 significantly suppresses oxygen-contain-
ing compounds across all temperatures. At 800 °C, acids 
and esters are reduced to only 1% under catalytic condi-
tions, compared to 7.8% in the non-catalytic case. This 
indicates that the catalyst effectively promotes deoxygen-
ation pathways such as decarboxylation and decarbonyla-
tion, improving the chemical stability of the liquid prod-
uct. Similar deoxygenation behavior has been reported 
for ZSM-5 and HZSM-5 catalysts, although those systems 
typically achieve oxygen removal via Brønsted acid-cat-
alyzed pathways. In contrast, the Fe3O4 catalyst used in 
this study promotes deoxygenation primarily through 
metal oxide surface reactions, suggesting a different dom-
inant mechanism despite leading to comparable reduc-
tions in oxygenated species [22, 81–83]. Simultaneously, 
the magnetite catalyst markedly enhances aromatic hydro-
carbon production. Naphthalene content reaches 42.6% at 
800  °C under catalytic conditions, substantially higher 
than that obtained without a catalyst. This catalytic effect 
is attributed to iron-oxide-assisted cracking, cyclization, 
and aromatization reactions, which favor PAH growth and 
condensation. The increased formation of multi-ring aro-
matics such as phenanthrene, pyrene, and fluoranthene 
further confirms the role of the catalyst in promoting sec-
ondary vapor-phase reactions. This observation is con-
sistent with previous reports indicating that iron-based 
catalysts enhance PAH growth via condensation and aro-
matization pathways. However, compared to zeolite cata-
lysts such as HZSM-5, which typically favor monocyclic 
aromatics due to shape-selective pore structures, Fe3O4 in 
this study promotes the formation of heavier multi-ring 
PAHs, suggesting a shift toward polymerization-domi-
nated reaction pathways [84, 85].

Overall, temperature governs the transition from oxy-
genated to aromatic-rich liquids, while Fe3O4 catalysis 
accelerates this transformation by selectively reducing 

Table 2 GC/MS analysis results of the liquid products produced from 
the non-catalytic pyrolysis of pine wood biomass

Temperature of 
noncatalytic pyrolysis 
(rel. cont.%, based on 
GC/MS peak area)

400 °C 500 °C 600 °C 700 °C 800 °C

Acids and esters 23.9 17.5 13.4 10.6 7.8

Phenols 12.4 14.6 17 12.8 9.5

Ketones 19.4 22.5 13.8 10.3 9.2

Alcohols 4.0 3.6 2.5 2.0 1.4

Benzofurans 2.6 3.5 2.7 2.4 2.0

Other oxygenates 6.4 0.7 0.6 2.2 1.5

Naphthalenes 3.4 3.8 6.1 16.3 29.8

Phenanthrene 7.7 8.2 10.4 7.2 5.6

Acenaphthylene 2.4 3 4.2 3.5 3.4

Pyrene 4.2 8.4 10 7.4 5.0

1H-Phenalene 1.0 1.4 1.7 2.1 1.6

Fluoranthene 3.2 3.6 4.6 4.1 4.2

Fluorene + 
Anthracene 2.4 3.2 4.0 5.1 3.4

Other aromatics 7.0 6.0 9.0 14.0 15.6

Total 100 100 100 100 100

Table 3 GC/MS analysis results of the liquid products produced from 
the catalytic pyrolysis of pine wood biomass

Temperature of 
catalytic pyrolysis 
(rel.cont.%, based on 
GC/MS peak area)

400 °C 500 °C 600 °C 700 °C 800 °C

Acids and esters 13.7 6.3 3.7 1.9 1.0

Phenols 10.2 12.1 15.0 5.4 4.1

Ketones 10.3 15.6 6.8 5.3 4.2

Alcohols 2.8 2.2 1.7 1.2 0.5

Benzofurans 2.0 2.4 1.6 1.4 1.1

Other oxygenates 7.1 1.5 0.5 0.8 0.4

Naphthalenes 9.4 12.2 18.7 29.3 42.6

Phenanthrene 9.5 10.4 13.2 16.6 8.1

Acenaphthylene 4.3 5.7 6.1 7.0 7.2

Pyrene 8.5 9.6 12.4 10.3 9.0

1H-Phenalene 2.0 2.6 3.1 3.6 2.5

Fluoranthene 5.6 6.3 6.1 5.8 5.0

Fluorene + 
Anthracene 4.6 4.9 5.1 5.4 5.7

Other aromatics 10.0 8.2 6.0 6.0 8.6

Total 100 100 100 100 100
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oxygenates and enhancing PAH formation. These results 
demonstrate that Fe3O4-catalyzed high-temperature pyrol-
ysis is an effective strategy for producing aromatics-rich 
pyrolysis oils with reduced oxygen content.

3.5 Effect of temperature and magnetite catalyst on 
biochar composition and higher heating value
Pyrolysis temperature markedly influenced the composi-
tional evolution and energy properties of pine wood bio-
char under both non-catalytic and Fe3O4-catalyzed condi-
tions, and the results are demonstrated in Tables 4 and 5, 
respectively. A clear increase in fixed carbon was observed 
with increasing temperature, indicating enhanced carbon-
ization and greater thermal stability of the solid carbon 
matrix. Under non-catalytic conditions, fixed carbon con-
tent increased from 69.7 wt.% at 400 °C to 92.1 wt.% at 
800 °C. In the presence of Fe3O4 catalyst, the increase was 
even more pronounced, rising from 75.3 wt.% at 400 °C to 
94.2 wt.% at 800 °C. These results demonstrate that higher 
pyrolysis temperatures significantly promote the transfor-
mation of pine wood biomass into a highly carbonized and 
energy-dense biochar. Similar increases in fixed carbon con-
tent with temperature were reported by Nurhadi et al. [86], 
where fixed carbon increased from 26.35% to 65.66% as 
pyrolysis temperature increased from 300 to 600 °C, and 
by Nath et al. [87], who observed an increase from 31.60% 
to 55.49% between 300 and 600  °C. The  trend observed 
in the present study confirms that pine wood residues fol-
low the same thermochemical transformation pattern, with 

higher temperatures favoring the formation of a more car-
bon-rich and thermally stable biochar structure. The ele-
vated fixed carbon content observed in pine wood biochar 
can be primarily attributed to the inherent lignocellulosic 
composition of pine wood, particularly its relatively high 
lignin content and low ash fraction. Lignin is the most ther-
mally stable component of biomass and decomposes over 
a broader temperature range than cellulose and hemicel-
lulose, thereby contributing significantly to char forma-
tion [88–91]. During pyrolysis, cellulose and hemicellulose 
decompose preferentially at lower temperatures, releasing 
volatile compounds such as CO, CO2, CH4, and light oxy-
genated organics, while lignin undergoes gradual condensa-
tion and repolymerization reactions that favor the formation 
of stable polyaromatic carbon structures [92]. As a result, 
woody biomass such as pine wood generally produces bio-
char with higher fixed carbon content compared to agricul-
tural residues and herbaceous feedstocks.

This was accompanied by increasing carbon content 
and declining hydrogen and oxygen concentrations, result-
ing in progressively lower H/C and O/C ratios and indi-
cating enhanced aromatization and structural ordering 
of the carbon matrix. These temperature-driven changes 
directly improved the biochar's energy density. The pro-
gressive removal of oxygenated functional groups through 
dehydration and decarboxylation reduced biochar polar-
ity and increased aromatic carbon concentration, yield-
ing a steady increase in HHV of biochar product, which 
reached 37.9 MJ kg−1 for non-catalytic biochar at 800 °C.

Table 4 Physicochemical properties of biochar products produced from the non-catalytic pyrolysis of pine wood biomass

Pyrolysis 
temperature

Proximate analysis Elemental analysis
HHV 

(MJ kg−1)Moisture 
(wt.%)

Volatile 
matter 
(wt.%)

Fixed 
carbon 
(wt.%)

Ash 
content 
(wt.%)

C 
content 
(wt.%)

H 
content 
(wt.%)

O 
content 
(wt.%)

N 
content 
(wt.%)

S 
content 
(wt.%)

O/C H/C

400 1.6 27.7 69.7 1.1 72.1 4.3 23.5 0.26 0.07 0.33 0.06 29.5

500 1.4 19.6 77.6 1.4 80.6 3.1 16.2 0.38 0.07 0.20 0.04 32.9

600 1.3 14.7 82.5 1.6 86.7 2.4 10.8 0.49 0.08 0.12 0.03 34.6

700 1.2 9.6 87.3 1.9 88.8 1.6 9.5 0.56 0.08 0.11 0.02 36.2

800 1.3 4.5 92.1 2.1 92.3 1.2 6.4 0.60 0.08 0.07 0.01 37.9

Table 5 Physicochemical properties of biochar products produced from the catalytic pyrolysis of pine wood biomass

Pyrolysis 
temperature

Proximate analysis Elemental analysis
HHV 

(MJ kg−1)Moisture 
(wt.%)

Volatile 
matter 
(wt.%)

Fixed 
carbon 
(wt.%)

Ash 
content 
(wt.%)

C 
content 
(wt.%)

H 
content 
(wt.%)

O 
content 
(wt.%)

N 
content 
(wt.%)

S 
content 
(wt.%)

O/C H/C

400 1.3 22.1 75.3 1.3 75.7 3.8 20.4 0.30 0.07 0.27 0.05 31.8

500 1.2 14.3 82.9 1.6 82.5 2.5 14.9 0.40 0.08 0.18 0.03 34.9

600 1.1 9.4 87.6 1.9 89.4 2.0 8.5 0.49 0.08 0.10 0.02 36.7

700 1.1 5.2 91.6 2.1 91.6 1.4 6.9 0.57 0.09 0.08 0.02 38.8

800 1.0 2.4 94.2 2.4 94.4 0.9 4.6 0.62 0.09 0.05 0.01 40.6



10|Mammadova et al.
Period. Polytech. Chem. Eng. 

The addition of a magnetite catalyst further intensified 
carbonization and deoxygenation across all temperatures. 
Catalytic biochars consistently exhibited higher fixed car-
bon contents, lower oxygen levels, and reduced O/C and 
H/C ratios compared with non-catalytic samples, reflect-
ing more efficient secondary cracking and redox-assisted 
deoxygenation. As a result, HHV values of biochar sam-
ples were systematically higher in the presence of the cat-
alyst, reaching 36.7 MJ kg−1 at 600 °C and a maximum 
of 40.6 MJ kg−1 at 800 °C. Notably, the catalyst enabled 
the production of high-energy biochar at lower tempera-
tures, indicating reduced thermal severity requirements. 
Despite a slight increase in ash content, the combined 
influence of elevated temperature and magnetite catalysis 
yielded biochar with more coal-like elemental character-
istics and improved energy density.

4 Conclusion
This study systematically investigated the effects of tempera-
ture (400–800 °C) and calcined natural magnetite (Fe3O4 ) on 
the distribution, composition, and energy properties of prod-
ucts obtained from the pyrolysis of pine wood residues. The 
results confirm that both temperature and catalyst presence 
exert a decisive influence on product yield and quality.

For gaseous products, the optimal performance was 
achieved at 800 °C under catalytic conditions, yielding the 
highest gas fraction (69.1 wt.%) with a syngas-rich com-
position (H2: 19.1 vol.%, CO: 39.5 vol.%, CH4: 27.5 vol.%) 
and a maximum HHV of 28.9 MJ Nm−3, indicating superior 
fuel quality and reduced CO2 content. For liquid products, 

the most favorable composition was also obtained at 800 °C 
with Fe3O4, where oxygenated compounds were signifi-
cantly suppressed (acids and esters  ~1%) and aromatic 
hydrocarbons were maximized, with naphthalenes reach-
ing 42.6 wt.%, demonstrating effective catalytic deoxygen-
ation and aromatization. For biochar, the best properties 
were observed at 800 °C under catalytic conditions, with 
a maximum fixed carbon content of 94.2 wt.%, a low O/C 
ratio (0.05), and the highest HHV of 40.6 MJ kg−1, indicat-
ing the formation of a highly carbonized and energy-dense 
solid fuel. Additionally, catalytic pyrolysis at intermedi-
ate temperatures (e.g., 600 °C) produced biochar with rel-
atively high HHV (36.7 MJ kg−1), suggesting improved 
energy efficiency at lower thermal severity.

Overall, 800 °C with Fe3O4 represents the optimal con-
dition for maximizing product quality across all phases, 
while intermediate temperatures provide a balance 
between energy efficiency and product performance.

The key novelty of this work lies in the integrated, tem-
perature-dependent evaluation of all three product streams 
(gas, liquid, and solid) under magnetite catalysis, providing 
a comprehensive understanding of how Fe3O4 influences 
pyrolysis pathways. Unlike previous studies that focus 
on individual products, this research establishes a direct 
correlation between operating conditions and multi-phase 
product optimization. These results demonstrate that cal-
cined natural magnetite is an effective, low-cost catalyst 
for tailoring biomass pyrolysis toward high-value energy 
carriers, offering strong potential for application in inte-
grated bioenergy and biorefinery systems.
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