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For the first time, the non-catalytic formation of value-added liquid products, such as levoglucosenone (LGO) and
1,4:3,6-dianhydro-a-D-glucopyranose (DGP) from wood cellulose pulp residue (WCPR) has been achieved using
dry torrefaction (DT) under solvent-free conditions and in a nitrogen atmosphere. This study systematically
examined the influence of reaction conditions on the DT process, evaluating their effects on the surface
morphology and elemental composition of the resulting biochar. This process encompassed a temperature range
of 210-300 °C and reaction durations spanning from 15 to 60 min. Optimal conditions for liquid product
selectivity were identified, achieving 67.7 % selectivity for LGO at 270 °C after 15 min and 32.6 % selectivity for
DGP at 240 °C after 30 min. The highest yields were obtained at 300 °C after 60 min, reaching 10.5 % for LGO
and 8.5 % for DGP. Various properties of the obtained biochar were thoroughly assessed, including the higher
heating value (HHV), decarbonization, dehydrogenation, deoxygenation, enhancement factor, surface area, pore
diameter, as well as solid, carbon, hydrogen, and energy yields. The highest carbon content, reaching 65.3 %,
was achieved at 300 °C after 60 min of treatment, resulting in an HHV of 25.6 MJ/kg and an enhancement factor
of 1.33. Finally, a comprehensive reaction pathway for the conversion of cellulose into LGO and DGP was
proposed to elucidate the DT mechanism of WCPR. The results suggest that the autocatalytic nature of WCPR
facilitates the selective formation of LGO and DGP through thermally induced dehydration and molecular
rearrangement reactions, thereby enhancing the overall efficiency of biomass valorization.

1. Introduction low grindability. DT, a thermochemical conversion process ideal for dry

biomass (less than 60 % moisture), operates at 200-300 °C for several

The increasing global population, industrialization, and growing fuel
demand for transportation necessitate a shift toward renewable and
alternative energy sources, as the reliance on fossil fuels remains the
primary contributor to climate change, accounting for 80 % of green-
house gas emissions in the European Union [1,2]. Biomass stands out as
a leading renewable source of carbon, ranking as the fourth largest
resource after coal, oil, and natural gas [3]. It presents an excellent
alternative to traditional fossil fuels due to its abundance, renewability,
carbon neutrality, and low pollution levels [1,4].

Thermochemical processing techniques, encompassing dry conver-
sion methods like pyrolysis, dry torrefaction, and gasification, as well as
wet conversion methods, are extensively employed to transform biomass
into oil, char, and gas products [5,6]. Today, dry torrefaction (DT) is
widely acknowledged as an effective pretreatment technique to address
the inherent limitations of biomass fuel [7,8]. These limitations include
low bulk density, high moisture content, suboptimal heating value, and
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minutes to hours in an oxygen-depleted (inert) atmosphere with atmo-
spheric pressure, producing a solid product (biochar) with thermal and
processing properties similar to coal with improved grindability and
hydrophobicity, HHV, and energy density, making it suitable for
replacing fossil fuels in combustion or gasification [9,10].
Lignocellulosic biomass, consisting of cellulose (40-50 %), hemi-
cellulose (15-25 %) and lignin (15-30 %) is the most abundant source of
carbon-based molecules [11]. Cellulose is a polydisperse linear poly-
saccharide composed of beta-1,4-glycosidic linked D-glucose units,
known as anhydroglucose units. It can be depolymerized to produce
anhydrosugars through pyrolysis or dehydration under anhydrous con-
ditions [12,13]. Cellulose can be converted into a variety of chemical
platforms, including glucose, furfural, 5-hydroxymethyl furfural
(5-HMF), 2,5-furandicarboxylic acid, 2,5-diformylfuran, 2,5-dime-
thylfuran, lactic acid, acetic acid, levulinic acid, y-valerolactone,
ethanol, itaconic acid, levoglucosan (LGA), etc. [14,15]. Another
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anhydrosugar that can be selectively derived from cellulose through
dehydration, pyrolysis, or catalytic processes is levoglucosenone (1,
6-anhydro-3,4-dideoxy-beta-D-glycero-hex-3-enopyran-2-ulose, LGO)
features a double bond conjugated with a ketone, along with a protected
aldehyde and two protected hydroxyl groups [16]. LGO was recently
recognized as one of the top 10 platform chemicals [17]. LGO holds a
distinct advantage over other biomass-derived platform chemicals due
to its ability to be directly produced through the pyrolysis of
cellulose-containing materials, including waste products like discarded
paper. However, a significant drawback is that LGO yields remain
consistently low, typically less than 3 wt%, regardless of the specific
operating conditions or type of feedstock used [18].

At the same time, producing LGO from non-sugar compounds
through chemical synthesis is constrained by lengthy synthesis proced-
ures and intricate reactions [19]. LGO unique structure and potential as
a chiral building block have made it an attractive platform molecule,
valued for producing solvents, polymers, and scaffolds for drug discov-
ery, with its derivatives demonstrating anticancer, antitumor, and
antimicrobial activities [20,21]. LGO is produced at a rate of 50 T per
year, with production set to increase to 1000 T per year soon [22].
Moreover, the current high cost of LGO (in the range of 470-1000
USD/g) limits the ability to thoroughly assess its full potential as a
biorenewable platform chemical [23]. To make LGO more accessible, it
is essential to develop a method that enables its efficient production in
high yield [18]. 1,4:3,6-Dianhydro-a-D-glucopyranose (DGP) is another
unique anhydrosugar with a rigid, multicyclic chiral structure, no un-
saturated C=0 and C=C bonds, but possessing a hydroxyl group, making
it valuable in chemical synthesis [24,25]. Despite its potential as a
versatile starting material in both carbohydrate chemistry and the syn-
thesis of non-carbohydrate and non-natural compounds, the conven-
tional chemical synthesis of DGP is challenging and costly, leading to
limited market availability and rare applications; alternatively, DGP can
be produced through the fast pyrolysis of cellulose, though with low
yield [24].

In this study, a novel, sustainable method for the DT of wood cel-
lulose pulp residue (WCPR) was developed using a horizontal tubular
quartz reactor in a nitrogen atmosphere. For the first time, selective
production of LGO and DGP from WCPR without a catalyst was ach-
ieved. The effects of DT temperature and time were examined. The
primary goal of this research was to enhance the production of biochar
with higher HHVs and increased carbon content, while also generating
valuable liquid products such as LGO and DGP. Comprehensive char-
acterization of both WCPR and the biochar produced after the DT pro-
cess was conducted using various techniques, including Brunauer-
Emmett-Teller (BET) analysis, scanning electron microscopy (SEM), X-
ray diffraction (XRD), CHN(O)S elemental analysis, and thermogravi-
metric analysis (TGA). These analyses provided valuable insights into
the structural and compositional properties of the biochar. The struc-
tures of LGO and DGP were confirmed by gas chromatography/mass
spectrometry (GC/MS). Furthermore, the formation mechanisms of LGO
and DGP were proposed and analyzed in detail.

This work supports sustainable energy development by transforming
renewable biomass into energy-dense solid fuels and valuable chemical
intermediates. The biochar produced under optimized DT conditions
exhibited a significantly improved HHV of up to 25.6 MJ/kg, making it a
viable renewable alternative to fossil coal in energy production systems.
In addition, the selective formation of platform chemicals such as LGO
and DGP adds a further dimension to biomass valorization. These
compounds serve as biorenewable platform chemicals, supporting the
integrated biorefinery concept that underpins many renewable energy
strategies. Their potential conversion into fuels and green chemicals
contributes to a circular, fossil-independent energy economy. Impor-
tantly, our process operates under solvent-free, non-catalytic conditions
in an inert atmosphere, offering a more energy-efficient and scalable
route for renewable energy and chemical production. Therefore, this
work contributes to renewable energy research by advancing biomass-
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based fuel production, improving energy density of renewable solids,
and generating chemical intermediates that can reduce dependence on
fossil resources.

2. Experimental section

Detailed information on materials, analysis, and calculations is
available in the Supporting Information file (ESI) including the
composition of WCPR feedstock (Table S1).

2.1. Experimental apparatus and procedure

Before using WCPR for DT, the feedstock was dried at 40-45 °C
overnight. Approximately 5.0 g of the WCPR sample was accurately
weighed and placed into a quartz glass boat, which was then sealed
inside a horizontal tubular quartz reactor with a three-zone electric
furnace. The WCPR underwent DT in a nitrogen atmosphere at a flow
rate of 200 mL/min (Fig. 1). After DT, the quartz glass boat was
reweighed to determine the mass loss. The organic liquid products
generated during the DT process were collected from the condenser,
filtered, and analyzed using gas chromatography-mass spectrometry
(GC-MS). Highly volatile compounds were absorbed in a second water-
filled condenser, while non-absorbed gaseous products were directed to
a micro-GC for analysis. The analysis of liquid products was conducted
using an Agilent GC-7890A coupled with an Agilent 5977B GC/MSD,
equipped with a DB-WAX Ultra Inert capillary column (30 m length,
0.25 mm internal diameter, 0.25 pm film thickness), with external
calibration used for identification and quantification.

For optimal separation of the products, the column temperature was
initially held at 40 °C for 4 min, then increased to 230 °C at a rate of
15 °C/min, and held at this final temperature for 12 min. The split ratio
was set at 1:30, with a total flow rate of 34.5 mL/min, resulting in a total
runtime of 32 min. The experiments examined four torrefaction tem-
peratures (210, 240, 270, and 300 °C), representing light, mild, and
severe torrefaction, with durations of 15, 30, and 60 min.

The experiments were conducted in triplicate with deviations below
5 %, and the product compounds were identified using the NIST MS
spectral database (Fig. S1). Gas composition analysis was conducted
using an Agilent 490 Micro GC equipped with thermal conductivity
detectors (TCD) and CP-Molsieve and PoraPlot U columns. Across all
samples, the detected concentrations were as follows: N (50.4-50.6 %),
CO2 (28.8-29.8 %), CO (13.2-14.1 %), Hj (3.2-5.3 %), and C2-C4 hy-
drocarbons (ethane, propane/propylene, and butane) at 1.6 %.

Wet torrefaction (WT) reactions of WCPR were conducted in six
stainless steel, 75 mL batch reactors, each equipped with pressure and
temperature control regulators, and heated at a rate of 10 °C/min [26,
27]. The reaction mixture was stirred at 800 rpm using a magnetic
stirring bar, with 3.0 g of WCPR introduced into each reactor. Tem-
perature control was managed by an electric heating system, with inline
thermocouples monitoring the internal temperature. Once the target
reaction temperature was reached, the reaction time commenced, and
after completion, the reactors were rapidly cooled in an ice bath.
Hydrochars were separated from the liquid products by filtration, dried
at 105 °C for 24 h, and stored in a desiccator with silica gel, while
product solutions were collected using a 0.22 pm membrane filter.

3. Results and discussion

3.1. Effect of reaction time and temperature on the product selectivity and
yield in the liquid phase after DT of WCPR

In this study, the impact of reaction time and temperature on the
product distribution during the conversion of WCPR was investigated
(Fig. 2). The experimental conditions were standardized with a constant
amount of 5.0 g of WCPR, a N, flow rate of 200 mL/min, and a reaction
temperature range from 210 to 300 °C. The reaction times were varied
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Fig. 1. Schematic view of horizontal reactor, furnace, and equipment utilized for DT of WCPR.
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Fig. 2. Effect of reaction time (a — 15 min, b — 30 min, ¢ — 60 min) and temperature on the liquid-phase product selectivity in the DT of WCPR. Reaction conditions:
5.0 g of WCPR, N flow of 200 mL/min, reaction temperature ranging from 210 to 300 °C, and reaction time from 15 to 60 min. Abbreviations: LGO — levoglu-
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between 15 and 60 min, allowing for a comprehensive analysis of the
product distribution at different stages of the reaction. At the initial 15
min mark, the product distribution reveals the early stages of cellulose
breakdown. The presence of both DGP and LGO indicates that cellulose
is beginning to decompose, likely through pyrolytic processes. While
DGP is present initially, its amount decreases as more LGO is formed. HA
is also detected, suggesting the formation of smaller aldehyde com-
pounds. At this stage, while other compounds may be forming, they are
not yet predominant.

This observation underscores the importance of early reaction dy-
namics in shaping subsequent product profiles. As the reaction time
extends to 30 min, the product profile evolves. LGO remains a significant
component, reflecting its ongoing formation and stability. Notably, DGP
begins to emerge, indicating secondary reactions that lead to more
complex anhydrosugars. The appearance of MH suggests further trans-
formation of initial breakdown products into alcohols. At 60 min, the
product distribution becomes more complex. LGO continues to domi-
nate, reinforcing its role as a key intermediate or final product in this
process. The presence of DGP becomes more pronounced, indicating
that longer reaction times favor its formation. The emergence of MH and
CHD points to further secondary reactions and the formation of more
diverse alcohol products. Temperature is a crucial factor in determining
the product distribution. Higher temperatures within the range of
210-300 °C likely accelerate the breakdown of cellulose and the for-
mation of secondary products. The stability of LGO across different
temperatures indicates its robustness as a product (Fig. 2a).

LGO is known to form primarily through a fast, thermally driven
dehydration of cellulose intermediates, such as LGA, under mild pyro-
lytic conditions. Our results indicate that 270 °C provides an optimal
balance between reaction temperature and energy input, enabling the
selective formation of LGO while minimizing its secondary degradation.
At this temperature, the breakdown of cellulose is sufficiently activated
to generate LGO in high yield, yet harsh cracking or overreaction
pathways are not yet dominant. This explains the peak LGO selectivity
(67.7 %) observed at 270 °C after 15 min.

In contrast, DGP appears to accumulate more significantly at longer
residence times (30-60 min), particularly at moderately elevated tem-
peratures (240-270 °C). This behavior is attributed to the fact that DGP
formation involves slower intramolecular dehydration and ring-closure
reactions, likely proceeding via intermediate anhydrosugars. These re-
actions require more time to reach completion and are favored under
relatively stable thermal conditions where secondary transformations
can occur. Therefore, extended residence times facilitate DGP accumu-
lation, while LGO remains dominant at early stages due to its rapid
formation and thermal stability.

Renewable Energy 252 (2025) 123547

Fig. 3 illustrates the effect of reaction temperature and residence
time on the yields of the main products — LGO and DGP. As shown in
Fig. 3a, the LGO yield increases with temperature, suggesting that
higher temperatures promote its formation through the dehydration and
rearrangement of cellulose-derived intermediates. For a reaction time of
15 min, the LGO yield progressively rises, reaching 10.3 % at 300 °C. A
similar trend is observed for 30 min, but with a lower maximum yield of
7.1 %, suggesting partial degradation at extended exposure.

Notably, at 60 min, the LGO yield reaches its highest value of 10.5 %
at 300 °C, demonstrating that prolonged heating enhances the conver-
sion of WCPR into LGO. However, at 30 min and 300 °C, a noticeable
drop in LGO yield is observed compared to the shorter and longer resi-
dence times, likely due to secondary degradation reactions, such as over-
cracking into volatile products or polymerization into char. This in-
dicates that while high temperatures facilitate LGO formation, excessive
exposure (>270 °C) can lead to decomposition, underscoring the need
for temperature-time optimization to maximize LGO yield while mini-
mizing degradation.

Unlike LGO, DGP formation follows a different pattern, as shown in
Fig. 3b. At 210-240 °C, the DGP yield remains low, suggesting that its
formation is thermally less favorable and requires higher temperatures
to proceed efficiently. For 15 and 30 min, the yield remains below 4 % at
all temperatures, implying minimal formation. However, at 60 min, the
yield gradually increases, reaching 8.5 % at 300 °C, indicating that
prolonged heating promotes its formation, possibly via sequential
dehydration and rearrangement reactions. The low DGP yield at 15 min
across all temperatures implies that its formation pathway may require
prolonged thermal exposure, likely involving intermediate fragmenta-
tion and anhydrosugar reorganization. The significant increase in DGP
yield at 60 min and 300 °C suggests that it forms as a secondary product,
favored by progressive dehydration and cyclization reactions. The
residence time plays a crucial role in determining the product distri-
bution. While prolonged reaction times favor the conversion of WCPR-
derived intermediates into both LGO and DGP, excessive heating leads
to LGO degradation while enhancing DGP formation. This indicates that
LGO formation is optimized at moderate temperatures and shorter re-
action times, whereas DGP formation benefits from extended heating at
higher temperatures.

Fig. S2 presented compare the product distribution in mol% for the
decomposition of WCPR under DT and WT. Both reactions were con-
ducted at 260 °C for 30 min, but the DT process involved a N flow of
200 mL/min with 5.0 g of WCPR, while the WT process involved 3.0 g of
WCPR in 30 mL of water with a stirring speed of 900 rpm in Ny atmo-
sphere, as detailed in our recent study [27].

The product distribution in the DT process is dominated by LGO,
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Fig. 3. Effect of reaction temperature and time on yields of LGO — (a) and DGP - (b). Reaction conditions: 5.0 g of WCPR, N, flow of 200 mL/min, reaction

temperature ranging from 210 to 300 °C, and a reaction time of 15-60 min.
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which accounts more than 60 % among the detected products (Fig. S2a).
This indicates that under dry conditions, LGO is the major product
formed from the decomposition of cellulose. In contrast, the WT process
produces a more diverse array of compounds, with no single product
dominating the distribution (Fig. S2b). This diversity suggests that the
presence of water, the high stirring speed and pressure promote a
different set of reactions, leading to the formation of various furan de-
rivatives, ketones, acids, and alcohols. The presence of furfural, acetic
acid, and levulinic acid indicates that hydrolysis and dehydration re-
actions are significant under WT conditions.

3.2. Effect of reaction temperature and time on conversion and solid yield
of WCPR

The conversion of WCPR is strongly influenced by both reaction
temperature and reaction time, as evidenced by the data presented in
Fig. 4aand Table S3. At the lower end of the temperature range (210 °C),
the conversion of WCPR remains minimal, with percentages barely
exceeding 5 % even after 60 min. This suggests that 210 °C is insufficient
to overcome the activation energy barriers necessary for significant
cellulose decomposition. As the temperature increases to 240 °C, there is
a noticeable rise in conversion rates (8.6-12.4 %), particularly for the
longer reaction times of 30 and 60 min. This indicates that higher
temperatures facilitate the breakdown of cellulose into smaller mole-
cules, initiating more substantial thermal degradation processes. At
270 °C, the conversion rates exhibit a marked increase, with the 60 min
reaction time achieving conversion rates close to 30 %. This temperature
appears to be critical for initiating extensive decomposition of cellulose,
highlighting its potential as an optimal point for effective cellulose
conversion into LGO.

The highest conversion rates are observed at 300 °C, where the 60
min reaction time results in 45.0 % conversion. This significant increase
underscores the role of higher temperatures in enhancing the thermal
degradation of cellulose. The solid yield data presented in Fig. 4b and
Table S3 provide complementary insights into the decomposition pro-
cess. At 210 °C, the solid yield remains high, around 94-95 % for all
reaction times, reinforcing the observation that this temperature is not
sufficient for substantial cellulose breakdown. A notable decrease in
solid yield is observed as the temperature increases to 240 °C, especially
at longer reaction times. This decrease correlates with the increased
conversion rates, indicating that more cellulose is being converted into
liquid and gaseous products, thus reducing the residual solid fraction. At
270 °C, the solid yield drops significantly, with the 60 min reaction time
resulting in a yield of around 70 %. The trend continues at 300 °C, where
the solid yield further decreases to 55.0 % for the 60 min reaction time.
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This indicates extensive decomposition and conversion of cellulose, with
only a small fraction remaining as solid residue.

3.3. TG analysis of WCPR and DT WCPR samples

The thermogravimetric (TG) curves in Fig. 5 illustrate the thermal
degradation behavior of WCPR and its DT product (biochar) at different
temperatures and reaction times. The samples were heated from 20 to
800 °C at a rate of 10 °C/min in a Ny atmosphere. For the samples tor-
refied at 210 °C, the residual weights are: 15 min-20.0 %, 30 min-20.6
%, 60 min-18.3 %.

These values indicate that the thermal degradation at 210 °C is
relatively low, with the residual weights remaining close to the WCPR
feedstock’s residual weight of 18.3 %. The slight variations in residual
weight with time suggest minimal additional decomposition occurring
at this temperature. At 240 °C, the residual weights are similar to those
at 210 °C: 15 min-20.0 %, 30 min-20.6 %, 60 min-21.3 %. The samples
treated at 270 °C show an increase in residual weights: 15 min-25.8 %,
30 min-30.6 %, 60 min-33.0 %. This increase in residual weights at
higher torrefaction temperature suggests the formation of more ther-
mally stable products - biochar or other byproducts resistant to further
degradation. At 300 °C, the residual weights are significantly higher: 15
min-40.4 %, 30 min—-44.9 %, 60 min—-48.6 %. These results indicate the
highest formation of stable residues at 300 °C. The substantial increase
in residual weights with temperature suggests that extensive thermal
degradation occurs, resulting in the formation of thermally stable
biochar.

3.4. HR SEM analysis of WCPR and DT WCPR samples

The scanning electron microscopy (SEM) images of WCPR and its DT
sample at 300 °C for 60 min reveal significant morphological changes,
reflecting the impact of high-temperature torrefaction on the material
microstructure (Fig. 6). The SEM image of the untreated WCPR
(Fig. 6a—c) shows a fibrous and layered structure typical of cellulose-
based biomass. The fibers are closely packed, and the overall structure
appears relatively intact, with minimal signs of degradation or structural
collapse. The presence of these fibers indicates the high degree of
polymerization and structural integrity of the cellulose in its natural
state. In contrast, the SEM image of the DT WCPR sample (Fig. 6b-d)
exhibits a markedly different morphology. The sample treated at 300 °C
for 60 min was selected for SEM analysis, as this condition represents the
most intensive torrefaction scenario investigated. Under these condi-
tions, the biomass exhibited the highest carbon content and the most
pronounced morphological changes. This allowed for a more detailed
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Fig. 4. Effect of reaction temperature and time on conversion of WCPR - (a) and its solid yield — (b). Reaction conditions: 5.0 g of WCPR, N, flow of 200 mL/min,
reaction temperature ranging from 210 to 300 °C, and a reaction time of 15-60 min.
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observation of the structural transformation of WCPR during DT.

The fibrous structure observed in the untreated WCPR has been
substantially altered. The DT-treated sample shows a highly porous
structure with significant voids and cavities. This increase in porosity is
indicative of the extensive thermal degradation and volatilization of
organic components, leading to the formation of biochar with a more
open and porous structure. This structural transformation is further
confirmed by Ny adsorption-desorption experiments (Table S2), which
show an increase in the pore diameter from 73 A in the untreated WCPR
to 215 A in the DT WCPR sample at 300 °C. This increase in porosity is
indicative of the extensive thermal degradation and volatilization of
organic components, leading to the formation of biochar with a more
open and porous structure. The layered structure of the original WCPR
has collapsed, forming a more irregular and fragmented morphology.
This collapse is likely due to the breakdown of cellulose and hemicel-
lulose components, which lose their integrity at high temperatures.

3.5. XRD analysis of WCPR and DT WCPR samples

The XRD patterns of WCPR and DT WCPR at different temperatures
(210-300 °C) and durations (15, 30, and 60 min) reveal important in-
sights into the structural transformations and crystallinity changes
induced by dry torrefaction. The XRD patterns in Fig. 7 illustrate the key
diffraction peaks corresponding to the crystalline planes of cellulose I,
specifically at 26 values of approximately 15.6° (110), 22.4° (200), and
34.4° (004). The XRD pattern of untreated WCPR shows well-defined
peaks at 15.6°, 22.4°, and 34.4°, indicating a high degree of crystal-
linity typical of cellulose I structure. The intensity of these peaks sig-
nifies the presence of ordered crystalline regions within the biomass

waste. The samples treated at 210 and 240 °C for different durations
exhibit minor reductions in peak intensities compared to untreated
WCPR.

This suggests that low-temperature torrefaction induces slight
degradation of the cellulose crystalline structure, but a significant
amount of crystallinity is retained. The residual weights of these sam-
ples, as indicated by TGA, are also similar to those of untreated WCPR,
further confirming the limited structural degradation at these temper-
atures. At 270 °C, there is a noticeable reduction in the intensity of the
crystalline peaks. The peaks at 15.6° and 22.4° become broader and less
defined, indicating partial disruption of the crystalline cellulose
structure.

The XRD patterns of samples treated at 300 °C for different durations
show significant broadening and reduction in the intensity of the char-
acteristic cellulose peaks. This indicates extensive degradation of the
crystalline regions, leading to a more amorphous structure. The most
significant structural changes occur at 60 min, with 300 °C samples
showing almost complete loss of distinct crystalline peaks. This suggests
that prolonged exposure to high temperatures leads to extensive
amorphization and formation of a stable biochar structure. The impact
of DT duration and temperature on the crystallinity index and crystallite
size of WCPR was investigated after XRD analysis. Fig. 7d and e provide
valuable insights into the structural evolution of the WCPR samples
subjected to different thermal treatments. The data in Fig. 7d and
Table S2 reveal a consistent trend of decreasing crystallinity with
increasing temperature and time of treatment. At 210 °C, a significant
reduction in crystallinity is observed, with values dropping from 76.5 %
in untreated WCPR to around 71.2-73.5 % for all treatment durations.
Further temperature increase to 240 °C results in a more pronounced
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Fig. 6. SEM images of untreated WCPR (a, ¢) and DT-treated WCPR (b, d) after treatment at 300 °C for 60 min. Images (a) and (b) include 100 pm scale bars at 300x
magnification, while images (c¢) and (d) include 10 pm scale bars at 1.00 kX magnification.

decline, with crystallinity indices falling to 61.4-69.5 %. At 270 °C, the
crystallinity index continues to decrease, reaching values close to
28.0-48.1 %. The most drastic reduction is seen at 300 °C, where the
crystallinity index plummets to around 6.7-10.7 %, indicating sub-
stantial amorphization of the cellulose structure. Interestingly, the
duration of heat treatment appears to have a less significant effect on the
crystallinity index compared to the temperature. This suggests that
temperature is the dominant factor influencing the structural changes in
the WCPR samples during DT.

Fig. 7e and Table S2 show the variation in crystallite size for the same
set of WCPR samples. The trend is similar to that observed for the
crystallinity index, with crystallite size decreasing as temperature and
duration of heat treatment increase. The untreated WCPR samples
exhibit an average crystallite size of 3.3 nm. At 210 °C, the crystallite
size slightly decreases to 3.1-3.2 nm, with minimal differences among
the different durations of heat treatment. At 240 °C, a more noticeable
reduction in crystallite size is evident, with values dropping to around
2.5-3.0 nm. The crystallite size continues to decline with increasing
temperature, reaching 1.0-1.1 nm at 270 °C. At the highest temperature
of 300 °C, the crystallite size reaches its minimum, ranging from 0.7 to
0.8 nm. Similar to the crystallinity index, the temperature plays a crucial
role in determining the crystallite size, with the duration of treatment
having a secondary effect.

3.6. Elemental components and surface properties of WCPR and DT
WCPR samples

Table S2 presents a comprehensive analysis of the proximate and
elemental composition, along with the BET surface area and average
pore diameter (PD) of WCPR and its DT samples at various reaction
temperatures and times. The moisture content in the untreated WCPR is

3.9 %, which decreases significantly after DT treatment. The volatile
matter (VM) content shows a slight decrease with increasing tempera-
ture and time. The DT_WCPR_300 (60 min) sample exhibits the lowest
VM at 51.8 %, compared to the untreated WCPR at 78.7 %. Fixed carbon
(FC) content increases with higher temperatures and longer durations of
torrefaction, with DT_WCPR_300 (60 min) showing the highest FC
content of 40.9 %. This trend indicates that higher temperatures and
longer treatment times enhance the carbonization process, resulting in
higher FC content and lower VM.

Carbon (C) content increases significantly with higher torrefaction
temperatures and longer durations (Table S2). The untreated WCPR has
a carbon content of 48.3 %, which rises to 65.3 % in DT_WCPR_300 (60
min). This increase in carbon content corresponds with a decrease in
oxygen (O) content, indicating a progressive deoxygenation process
during torrefaction. Hydrogen (H) and nitrogen (N) contents show
minor fluctuations across the samples, with no consistent trend
observed. Sulfur (S) content remains relatively low across all samples,
with a slight increase at higher torrefaction temperatures. The BET
surface area of the untreated WCPR is 3.4 m?/g. After DT, the surface
area shows varied changes. The highest surface area is observed in
DT_WCPR_240 (60 min) with 4.4 mz/g, while the lowest is in
DT_WCPR_300 (30 min) with 2.5 mz/g. These variations suggest that DT
conditions significantly affect the surface area, potentially due to
changes in the material’s porosity and structure. The average PD in-
creases with higher DT temperatures and longer durations, reaching a
maximum of 726 A in DT_WCPR_300 (30 min). The results indicate that
DT effectively reduces moisture and VM while increasing FC content and
carbon concentration in WCPR. These changes enhance the material’s
energy density and stability, making it more suitable for applications
like bioenergy production. The variations in BET surface area and PD
suggest that optimizing DT conditions can tailor the material’s



A. Kostyniuk and B. Likozar

Renewable Energy 252 (2025) 123547

(a) (b)
(200) DT time = 15 min (200) DT time = 30 min
WCPR WCPR
P —DT_210 R —DT_210
= ——DT 240 | 5 ——DT_240
< DT 270 | & DT_270
= ——DT_300 .g ——DT_300
C
) (s
E (004) £ (004)
| <
34.4°
10 20 30 40 50
2 theta (degrees) 2 theta (degrees)
(c)
(200) DT time = 60 min
WCPR
~ ——DT_210
- ——DT_240
= DT 270
& ——DT_300
C
9
= (004)
22.4° 34.4°
10 20 30 40 50
2 theta (degrees)
(d) (e
80 —— 15 min 3.5 —— 15 min
70 —@—30 min —@— 30 min
3 —&— 60 min a 3.0 —A— 60 min
\; 60 - c
x £
2 501 829
= w
%‘ 40- £ 201
T 304 g
% | g 1.5
5 204 &
10 109
R S S . 3 05— 3 S R S
cP A Pl 2 N cP 20 a 71 0
o\ - o' - P ot - o' - o'~ o' - 1\

Fig. 7. Comparison of X-ray diffraction patterns of the DT of WCPR samples at temperatures ranging from 210 to 300 °C (DT_210 — DT_300) with WCPR samples
subjected to different durations of heat treatment: 15 min — (a), 30 min — (b), and 60 min — (c). Additionally, analysis includes crystallinity index — (d) and

crystallite size — (e).

properties for specific applications, such as adsorption or catalysis.

3.7. HHV, solid, carbon, hydrogen, energy yields, DC, DH, DO, ARE,
enhancement factor and atomic ratios of O/C and H/C of WCPR and DT
WCPR samples

The effect of heat treatment duration and temperature on the higher
heating value (HHV) and energy yield of WCPR is presented in Fig. 8.
These parameters are crucial for assessing the energy potential of WCPR
when subjected to thermal treatments. Fig. 8a demonstrates the HHV of

WCPR samples treated at various temperatures for different durations.
The results show a clear trend of increasing HHV with rising tempera-
ture and duration of heat treatment. The untreated WCPR sample has an
HHV of approximately 19 MJ/kg. At 210 °C, the HHV shows a slight
increase to around 20.0-20.1 MJ/kg, with the values for 15, 30, and 60
min being closely aligned. As the temperature increases to 240 °C, the
HHV further increases, reaching approximately 20.4 MJ/kg. A more
significant increase is observed at 270 °C, where the HHV rises to around
21.2-22.9 MJ/kg. The highest HHV values are recorded at 300 °C,
where the HHV reaches approximately 24.6-25.6 MJ/kg, with the 60
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Fig. 8. HHV - (a) and energy yield — (b) for different durations (15-60 min) of WCPR and DT WCPR samples.

min treatment showing the highest value. The increase in HHV with
temperature and duration indicates enhanced energy content in the DT
WCPR, making it a more efficient fuel source. The prolonged duration of
treatment at higher temperatures contributes to more extensive thermal
degradation, leading to higher HHV values.

Fig. 8b and Table S3 show the energy yield of WCPR samples. Energy
yield is a measure of the efficiency of the thermal treatment in
conserving the energy content of the original material. At 210 °C, the
energy yield decreases slightly to around 97-99 %, with minimal
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variation between different durations. As the temperature increases to
240 °C, the energy yield declines further to approximately 93-95 %. At
270 °C, a more pronounced reduction in energy yield is observed, with
values dropping to around 84-90 %. The most significant decrease in
energy yield occurs at 300 °C, where it falls to approximately 73-78 %,
with the 60 min treatment resulting in the lowest yield at around 73.3 %.
The decline in energy yield with increasing temperature and duration
suggests that while the thermal treatment enhances the HHV, it also
leads to greater loss of solid yield. This trade-off indicates that
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Fig. 9. H/C versus O/C ratio in terms of atomic basis (van Krevelen diagram) for different durations of DT of WCPR: 15 min - (a), 30 min - (b), and 60 min - (c).
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optimizing the dry torrefaction conditions is essential to balance be-
tween maximizing HHV and minimizing energy losses.

The van Krevelen diagrams in Fig. 9 present the atomic H/C versus
0O/C ratios for WCPR and DT WCPR samples subjected to different du-
rations of DT at various temperatures.

These diagrams provide valuable insights into the chemical changes
occurring in WCPR as a result of DT. The untreated WCPR is positioned
at the upper right, indicating higher H/C and O/C ratios. As the tem-
perature increases, the data points move down and to the left, indicating
a decrease in both H/C and O/C ratios. The DT WCPR_300 sample shows
the lowest H/C and O/C ratios, indicating significant thermal degrada-
tion. The linear regression equation suggests a strong correlation be-
tween H/C and O/C ratios. This trend is consistent with the findings of
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previous studies [14,28].

The plots in Fig. 10a-c illustrate the relationship between FC and VM
content in DT WCPR samples. The linear regression lines indicate a
strong inverse correlation between FC and VM, with higher torrefaction
temperatures leading to higher FC and lower VM content. This trend is
consistent across all reaction times. At 60 min, the trend persists with the
highest FC content (~41 %) and lowest VM (~52 %) observed for the
sample treated at 300 °C. The regression line y = —0.8933x + 87.78 with
an R? value of 0.9899 suggests a strong inverse relationship, similar to
the shorter durations but with even higher FC content at elevated tem-
peratures. Higher FC content and lower VM indicate an increase in the
energy density of the biochar. Biochar with higher FC is more suitable
for applications requiring high energy content, such as solid fuel or as a
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Fig. 10. Fixed carbon versus volatile matter (a—c) and solid yield versus O/C ratio (d—f) for different durations (15-60 min) of DT of WCPR.
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reducing agent in metallurgical processes.

The increase in FC content with higher torrefaction temperatures
suggests the formation of more stable and less reactive biochar. This
stability is advantageous for long-term soil amendment applications,
where slow degradation and sustained nutrient release are desired.
Moreover, biochars with higher FC and lower VM may exhibit enhanced
adsorption properties due to increased surface area and porosity. These
properties are beneficial for environmental remediation applications,
such as water purification and pollutant adsorption.

The plots in Fig. 10d-f illustrate the relationship between solid yield
and atomic O/C, with the linear regression lines highlighting a clear
positive correlation between solid yield and atomic O/C ratio, showing
that higher torrefaction temperatures lead to lower solid yields and O/C
ratios consistently across all reaction durations. At 60 min, the solid
yield and atomic O/C ratio show the same trend, with the lowest values
observed at 300 °C. The regression line y = 110.8x + 25.8 with an R?
value of 0.9930 indicates an even stronger correlation compared to
shorter durations. The prolonged reaction time at higher temperatures
results in more complete decomposition and further reduction of the O/
C ratio. Lower solid yields and O/C ratios at higher torrefaction tem-
peratures indicate the formation of more stable biochar with lower ox-
ygen content. A lower O/C ratio suggests higher carbon content and
lower oxygen content, which can increase the energy density of the
biochar. The reduction in the O/C ratio with higher temperatures sug-
gests a decrease in hydrophilic functional groups and an increase in
hydrophobicity. This can influence the biochar’s adsorption properties
and its interactions with water and organic compounds.

The profiles of decarbonization (DC), dehydrogenation (DH), and
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deoxygenation (DO) for different durations of DT of WCPR are presented
in Fig. 11. The data indicate significant variations in the efficiency of
these processes over time. As shown in Fig. 11a, after 15 min, there is a
noticeable but modest increase in the percentages of DC, DH, and DO
across all WCPR temperatures. The highest values are observed for
DT_WCPR_300, with DC reaching 21.5 %, DH at around 52 %, and DO
close to 57 %. This indicates that even within a short period, the highest
temperature (300 °C) significantly enhances the reaction efficiencies,
especially for deoxygenation. At 30 min, Fig. 11b illustrates a marked
improvement in the reaction processes. Notably, DT_WCPR_300 shows
increases with DC of 24 %, DH reaching 56 %, and DO surpassing
approximately 65 %. The data for 60 min, depicted in Fig. 11c, further
substantiate the trend of increasing efficiency over time. For
DT_WCPR_300, DC, DH, and DO achieve their highest levels at about 26
%, 60 %, and 70 %, respectively. These results highlight that prolonged
exposure at higher temperatures not only sustains but also enhances the
reaction efficiencies.

The enhancement factor, which represents the improvement in key
characteristics of the solid product after DT processing, is plotted against
carbon enrichment (Fig. S3a—c) and atomic O/C ratio (Fig. S3d-f). The
trends observed in these figures provide critical insights into the struc-
tural transformations occurring during DT of WCPR. A strong positive
linear correlation is evident between the enhancement factor and carbon
enrichment across all durations (15-60 min). The regression equations
(R? > 0.999) confirm the robustness of this correlation. This indicates
that the increase in carbon content due to DT directly contributes to the
enhancement factor. The slope of the linear fits remains relatively stable,
with only minor variations, suggesting that the process efficiently
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Fig. 11. Profiles of decarbonization (DC), dehydrogenation (DH), and deoxygenation (DO) for different durations of DT of WCPR: 15 min - (a), 30 min - (b), and 60

min - (c).
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promotes carbon accumulation irrespective of duration. The arrows
indicating "increasing temperature" highlight the expected enhancement
in carbon enrichment with higher processing temperatures.

For shorter durations (15 min, Fig. S3a), the enhancement factor
increases almost proportionally with carbon enrichment (slope =
0.9801), suggesting rapid initial carbonization. As the duration extends
to 30 min (Fig. S3b), the slope remains nearly identical (0.9804), con-
firming a consistent enhancement rate. However, at 60 min (Fig. S3c), a
slightly lower slope (0.9520) suggests that prolonged DT treatment does
not further enhance carbon enrichment at the same rate, likely due to a
stabilization effect in the conversion process.

A strong negative correlation is observed between the enhancement
factor and the atomic O/C ratio, with R? values above 0.96 for all cases.
The negative slope indicates that as the O/C ratio decreases (signifying
deoxygenation), the enhancement factor increases. This trend is
consistent with the removal of oxygen-containing functional groups,
which is a key indicator of DT efficiency. At the shortest duration (15
min, Fig. S3d), the slope is the steepest (—1.0066), indicating a rapid
reduction in the O/C ratio during initial processing. This suggests that
the removal of oxygen is particularly efficient in the early stages of DT.
As the duration increases to 30 min (Fig. S3e), the slope remains nearly
identical (—0.9808), indicating a sustained rate of oxygen removal.
However, at 60 min (Fig. S3f), the slope decreases slightly (—0.8936),
suggesting that the rate of oxygen loss slows down over time as a result
of the stabilization of the chemical composition.

3.8. Elucidation the reaction pathway for the formation of valuable liquid
products in the DT of WCPR

The DT of WCPR initiates a series of intricate chemical reactions,
resulting in the breakdown of cellulose and the formation of various
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valuable products (Fig. S1). The reaction mechanism of WCPR conver-
sion to LGO and DGP follows an autocatalytic pathway, where thermal
degradation generates in situ acidic species such as acetic, levulinic and
formic acids. These acids catalyze further depolymerization and dehy-
dration of cellulose, creating a self-sustaining reaction cycle that en-
hances selectivity toward LGO formation. The presence of these
intermediates lowers the activation energy for glycosidic bond cleavage
and rearrangement, reinforcing the autocatalytic nature of the process.
As the reaction progresses, solid char surfaces may also contribute to
additional catalytic effects, further accelerating the transformation of
intermediates into target products. Fig. 12 illustrates these trans-
formations, highlighting the major pathways and the yields of main
products such as LGO and DGP. The initial step in the mechanism in-
volves the hydrolysis of cellulose into glucose units. This process is
facilitated by the addition of water molecules that cleave the glycosidic
bonds between the glucose monomers. Once glucose is formed, it can
isomerize into fructose, enabling multiple pathways for further chemical
transformations. Fructose undergoes dehydration to form 5-HMF, an
important intermediate [29]. The dehydration involves the removal of
water molecules.

5-HMF itself is a versatile intermediate that can follow multiple re-
action pathways. One significant pathway is its further dehydration and
rehydration to produce levulinic acid and formic acid. These reactions
involve the loss and subsequent addition of water molecules. Alterna-
tively, 5-HMF can undergo condensation reactions to form humins,
which are polymeric by-products often considered undesirable due to
their recalcitrant nature. In parallel, fructose can also dehydrate to form
furfural, a valuable chemical intermediate.

The decomposition of cellulose can lead to the formation of LGA
through a dehydration reaction. LGA is a crucial intermediate for further
chemical transformations. One significant pathway involves the further
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Fig. 12. Reaction pathways of DT of WCPR, leading to biochar and value-added liquid products.
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dehydration of LGA to form LGO, achieving an impressive selectivity of
67.7 % and a yield of 10.5 %. Alternatively, LGO can also be indirectly
synthesized from DGP [30]. Subsequently, LGO can be isomerized
5-HMF via hydration of the anhydro bridge, followed by ring rear-
rangement and/or the formation of humins [31]. LGO serves as a
valuable chemical intermediate in various industrial applications.
Another pathway for LGA involves its dehydration to produce DGP,
which has a yield of 8.5 %. Furthermore, LGA can undergo cracking
reactions to produce hydroxyacetaldehyde (HA), showcasing its versa-
tility as a precursor for different valuable chemicals. Further cracking of
HA can produce 1-hexanol, 4-methyl- (MH), demonstrating the
complexity and multiplicity of pathways involved in the thermal treat-
ment of WCPR. Additionally, HA can be converted to 1,2-cyclohexane-
diol (CHD) through dehydration reaction.

The high selectivity of LGO (67.7 %) and DGP (32.6 %) underscore
the efficiency of the DT process in producing valuable chemical in-
termediates. LGO, in particular, is a key product due to its significant
yield and broad industrial applications. These findings highlight the
potential of optimizing thermal treatment parameters to maximize the
production of desired chemicals from cellulose. In conclusion, the WT of
WCPR at 270 °C for 15 min effectively converts cellulose into a variety of
valuable chemical products. The detailed mechanism illustrates the
complexity of the reaction pathways and emphasizes the importance of
conditions such as temperature and time in achieving high yields of
specific intermediates. This understanding is crucial for industrial ap-
plications aiming to utilize biomass as a sustainable source of chemicals.

The DT conditions reported in this study, moderate temperatures
(210-300 °C), short residence times (15-60 min), and N5 as an inert
carrier, are well-aligned with current industrial practices used in
biomass thermal pretreatment systems such as fixed bed reactor, rotary
kilns (drum) reactor, auger reactor (screw-type reactor), or moving-bed
reactor [32]. These technologies already operate under similar tem-
perature and residence time regimes and can be adapted for torrefaction
without the need for additional catalysts or solvents, thus simplifying
process integration. However, several challenges may arise during
scale-up. One key issue is the uniformity of heat transfer in larger-scale
reactors, which can influence product selectivity and thermal decom-
position profiles. Maintaining a consistent temperature distribution to
favor LGO formation without its degradation would require careful
reactor design and process control. Additionally, the recovery and sep-
aration of volatile value-added compounds like LGO and DGP from the
gas stream in a continuous process may require dedicated condensation
and purification units, which could increase operational complexity.
Despite these challenges, the catalyst-free and solvent-free nature of the
process enhances its industrial viability by reducing material costs and
simplifying downstream processing.

4. Conclusions

This study demonstrates that dry torrefaction (DT) is an effective
low-temperature pretreatment method for converting biomass waste
into high-quality biochar and valuable platform chemicals. It was also
shown that levoglucosenone (LGO) and 1,4:3,6-dianhydro-a-D-gluco-
pyranose (DGP) can be selectively obtained from wood cellulose pulp
residue (WCPR) under solvent- and catalyst-free conditions in Ny at-
mosphere. The process is driven by the autocatalytic behavior of WCPR,
which generates in situ acidic intermediates that promote selective
conversion without the need for external catalysts. The effects of tem-
perature (210-300 °C) and reaction time (15-60 min) on product dis-
tribution and biochar properties were systematically investigated.
Optimal selectivities for LGO (67.7 %) and DGP (32.6 %) were observed
at 270 °C (15 min) and 240 °C (30 min), respectively, while the
maximum yields were obtained at 300 °C after 60 min. The resulting
biochar exhibited enhanced properties, including a higher heating value
of 25.6 MJ/kg, carbon content of 65.3 %, and an energy enhancement
factor of 1.33. A comprehensive reaction pathway for cellulose
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conversion into LGO and DGP was proposed, providing insights into the
DT mechanism. These results highlight the potential of catalyst-free
biomass valorization strategies that enable simultaneous energy densi-
fication and selective production of value-added chemicals, with
promising implications for scalable and sustainable process
development.
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