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There is a growing demand for biocarbon in metallurgical applications. While biocarbon is primarily produced
from stem wood, it is crucial to diversify feedstock sources to ensure sustainability, high availability, and cost-
efficiency. Pine bark, a significant forestry waste stream, represents a promising alternative. However, biocarbon
production via pyrolysis generates significant condensable liquid by-products. Although often discarded, these
condensates can become valuable resources through detailed characterization and upgrading. In this study,
pine bark chips were pyrolyzed in a fixed-bed reactor. To mitigate the high inorganic content typical of bark, a
portion of the feedstock underwent water leaching prior to pyrolysis. The impact of leaching on the resulting
condensate composition was evaluated using gas chromatography/mass spectrometry (GC/MS) analysis. Since
direct utilization of raw condensates is hindered by high water content, post-pyrolysis thermal treatments were
applied to condensates from both leached and unleached samples. The thermal treatment of the condensate
samples was performed in a muffle furnace at 140 and 160 °C for 2 hours. GC/MS analysis of the thermally
treated condensates revealed that heating at 140 °C significantly enriched the organic content, evidenced by
higher compound intensities compared to raw condensates. Treatment at 160 °C showed a similar trend but
favored the retention of heavier compounds (e.g., levoglucosan) while significantly reducing highly volatile
compounds (e.g., acetic acid). These findings provide critical data for the biocarbon industry, supporting the
utilization of pine bark as a feedstock and offering strategies for the valorization of condensate by-products.

1. Introduction

The production and application of biocarbon derived from biomass have gained significant attention as a
sustainable alternative to fossil-based reductants in metallurgical industries. Biocarbon is produced through
thermochemical conversion processes like slow pyrolysis from raw biomass. While stem wood is the traditional
feedstock, its high cost and limited availability, industries with large-scale energy use need to utilize lower-grade
alternatives. Bark, a major by-product of the forestry and sawmilling industries, constitutes approximately 9—-21
% of a tree's dry mass and represents an abundant, renewable resource (Sen et al., 2023). However, compared
to stem wood, bark typically has a higher inorganic content (ash), which can reach 2-8 % depending on the
species (Werkelin et al., 2005; Saarela et al., 2005). This high mineral content, dominated by alkaline and
alkaline earth metals (AAEMSs), is a significant drawback for metallurgical applications where biocarbon of low
ash content is required. To mitigate these adverse effects, water leaching is a promising demineralization
strategy due to its simplicity, low cost, and effectiveness in removing water-soluble species such as potassium,
sodium, and chlorine (Singhal et al., 2023; Wang and Skreiberg, 2023). Studies on coniferous barks have shown
that even static water leaching can significantly reduce alkali ion concentrations by 40-50 %, thereby improving
the quality of the solid biocarbon for industrial processes (Babinszki et al., 2026). Beyond reducing ash-forming
elements, leaching also influences the thermal decomposition of biomass by altering decomposition kinetics
and product distribution (Branca and Di Blasi, 2024). While the primary focus of biomass carbonization is often
the solid biochar, the process also generates significant amounts of condensable liquid by-products.
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These pyrolysis condensates, or bio-oils, are complex mixtures consisting of water and various organic
chemicals such as acids, phenols, ketones and anhydrosugars. Currently, the aluminum industry relies on coal-
tar pitch (CTP) as a binder for carbon anode manufacturing, but CTP is non-renewable and contains
carcinogenic polycyclic aromatic hydrocarbons (PAHs). Bio-pitch synthesized from upgraded bio-oil offers a
potential "green" alternative due to its significantly lower PAH and sulfur content (Lu et al., 2020; Elkasabi et al.,
2022).

However, raw bio-oil faces inherent challenges, including high oxygen (35—40 wt%) and water content (15-50
wt%), which lead to instability and high corrosiveness (Smets et al., 2011). To upgrade this liquid by-product
into a suitable bio-binder, further treatments such as distillation and thermal polymerization can remove moisture
and light volatiles while increasing the molecular weight and viscosity (Santos et al., 2025).

Research has shown that thermal treatment of bio-oil results in polymerization, which can be adjusted to control
properties like the softening point and coking value, essential indicators for binder quality (Lu et al. 2020). While
the impact of feedstock water leaching on the initial chemical composition of bark condensates was established
in our recent publication (Babinszki et al., 2026), a critical question remains regarding how this pretreatment
influences subsequent upgrading stages. The usability and necessary upgrading methods for these liquids are
directly determined by their chemical characteristics.

Thus, the major goal of this work is to reveal the effect of thermal posttreatment on the pyrolysis condensates
of water-leached and unleached pine bark feedstock. The volatilization profile of both raw and posttreated
condensates were characterized by TGA. The chemical compositions of the raw and thermally treated
condensates were analyzed by GC/MS and compared. This study aims to provide essential data for the
biocarbon industry to optimize the utilization of liquid by-products as high-value bio-binders in metallurgical
applications.

2. Materials and methods
2.1 Feedstock and leaching pretreatment

Bark of Scots pine wood (Pinus sylvestris) originating from a forest in South Norway (Hobgl, 59°35'35"N
10°56'45"E) was used. After harvest, the trunk was debarked to obtain separated stem wood and bark. The
separated bark was cut into chips and approximately 2—3 cm pieces were selected as feedstock. The chips
were air-dried at room temperature to about 15 % moisture, followed by oven drying at 105 °C for 16 h.

Some of the bark samples were used for pretreatment of static leaching. Approximately 100 g of bark chips
were immersed in 1 L deionized water and heated at 60 °C for 1 h without stirring.

After leaching, the bark was filtered, oven-dried at 105 °C for 24 h. In contrast to standard laboratory protocols
applying ground raw material and stirring, the leaching method used in this study was designed to reflect an
industrially feasible approach, regarding technological simplicity and cost-effectiveness (Babinszki et al., 2026).

2.2 Production and thermal posttreatment of the condensates

Both leached and unleached bark samples were pyrolyzed using a laboratory-scale fixed-bed reactor system
consisting of a cylindrical reactor housed within a tubular electric furnace. For each experiment, about 300 g of
bark chips was loaded into the sealed reactor, which was purged with nitrogen at a rate of 2 L min=" for 1 h. The
reactor was then heated to 500 °C at a rate of 10 °C min~" and held at this temperature for 1 h.

During pyrolysis, the condensates were collected in an integrated condenser cooled at 5 °C. The designation
used for raw pyrolysis condensates of unleached and leached pine bark is PBU and PBL, respectively.

The solid and condensate yields were 33—-38 % and 29-33 %, respectively. Some of the collected condensates
were additionally thermally treated in a muffle furnace. The posttreatments were performed with about 10 g of
condensate sample, which was loaded into an open glass container and placed in a muffle furnace.

Then the sample was heated up at rate of 1 °C min~" to the final temperatures of 140 or 160 °C and held for 2
h. Abbreviations of PBU140, PBL140, PBU160, and PBL160 are used for the samples, accordingly. The
posttreatment solid yields of PBU140, PBU160, PBL140, and PBL160 were 20.4 %, 14.6 %, 23.8 %, and 19.3
%, respectively.

2.3 Thermogravimetric analysis (TGA)

Thermogravimetry (TGA) measurements were performed using a TGS-2 thermobalance with a modified furnace
(Perkin Elmer, USA). Approximately 3 mg samples were measured into a platinum sample pan. After the furnace
was closed, the heating program was immediately started to avoid partial evaporation of the sample. The furnace
was continuously purged by argon at a flow rate of 140 mL min~" during the measurement. The samples were
heated at a rate of 20 °C min~' from room temperature to 600 °C.
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2.4 GC/MS analysis of condensate compositions

The condensate samples were dissolved in acetone and diluted to an 8 % solution by mass. Prior to analysis,
anisole was added to each sample as an internal standard at a concentration of 0.3 mg mL~'. The chemical
composition of the condensates was determined using an Agilent 7890A/5977B gas chromatograph/mass
spectrometer (Agilent Technologies, USA). The GC injector was maintained at 280 °C. An aliquot of 1 pL
solution was injected in split mode with a split ratio of 1:100. The compounds were separated on a DB-1701
capillary column (30 m x 0.25 mm, 0.25 pym film thickness; Agilent Technologies, USA) using helium as the
carrier gas at a constant flow rate of 1 mL min-'. The GC oven temperature program started with a 1 min hold
at 40 °C, followed by a ramp of 6 °C min~" to 280 °C, where it was held for 10 min. The mass range of m/z 14—
550 was scanned by the MS in electron impact mode at 70 eV. The identification of the molecules was based
on the combined Wiley Registry 9th edition/NIST 2011 mass spectral library. Each sample was analyzed in
triplicates. Relative intensities for each compound were calculated from the peak integrals and divided by the
peak integral of the internal standard for the comparison of the samples.

3. Results and discussion

The characterization of the samples was performed by determining thermal behavior as volatilization profile
(TGA) and the organic volatile composition (GC/MS analysis).
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Figure 1: TG and DTG curves of (a) unleached and (b) leached pine bark condensates.

3.1 Volatilization profile of the samples

The volatilization profile of the samples was followed by TGA measurements and shown in Figure 1. The
volatilization processes can be divided into two phases based on the shape of the DTG curves. Large amounts
of water and highly volatile organic molecules were released from the condensates up to 120 °C as it is indicated
by a significant distinct peak on the DTG curves of raw condensates PBU and PBL. This observation
underscores the unsuitability of the raw condensate for direct application as metallurgical binder due to
excessive water content. The height of the DTG peak below 100 °C of both PBU140 and PBL140 is lower, which
indicates the partial evaporation of these volatile compounds and the significant decrease of water content as a
result of thermal posttreatment performed at 140 °C for 2 h. The mass loss of PBU160 and PBL160 is much
lower up to 120 °C, below 10 %, indicating almost complete evaporation of water and other volatile compounds.
The evaporation of medium-to-heavy organics with lower volatility started over 120 °C and mainly finished up to
300 °C for all samples. At the same time, the thermally labile compounds also decomposed by releasing other
volatile molecules. The relative portion of higher molecular weight compounds with lower volatility was higher in
the posttreatment samples, as it is reflected by the higher DTG values in the temperature range of 120-300 °C
than by that of raw condensates. Additionally, the wide DTG peak corresponding to the second volatilization
step shifted to higher temperatures in the cases of both leached and unleached posttreated pine bark
condensate samples. Beyond the increase in higher molecular weight compounds due to the evaporation of
lower molecular weight and more volatile species, this shift also suggests the formation of additional higher
molecular weight compounds through polymerization, which is in agreement with the findings of Lu et al. (2020).
It can be concluded based on the TGA measurements that thermal posttreatments performed at 160 °C
effectively reduced the moisture content of the condensates and promoted condensation, polymerization and
cross-linking reactions, which are advantageous processes in the production of a potential bio-binder with
increased organic content suitable for metallurgical industry.
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3.2 Organic volatile composition of the samples

The evaluation of the condensate composition of pine bark and the effect of feedstock leaching on the
condensate composition was described in detail in our previous publication (Babinszki et al., 2026). GC/MS
analysis of the samples presented in the work revealed characteristic compositional changes of the condensates
of both leached and unleached pine bark due to thermal posttreatments as shown in Figure 2. The comparison
of the GC/MS chromatograms directly reflects on the increasing peak intensities as the thermal posttreatments
significantly increased the total relative organic content of the posttreated samples. Furthermore, the
temperature of the thermal treatment also showed considerable impact on the sample composition. However,
the individual components were not uniformly affected. The evaluation of compound relative intensities showed
that the concentration of specific compounds increased during the posttreatment, while other compounds
behaved differently. Based on the changes observed, four different behaviors are described as the following,
and the relative intensities of a few compounds evaluated are shown as examples in Figure 3.
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Figure 2: GC/MS chromatograms of (a) PBU160, (b) PBU140 and (c) PBU sample solutions indicated with the
main identified components.

A group of volatile oxo compounds with smaller molecular weight, including both open-chain and cyclic ketones,
aldehydes, and carboxylic acids, showed a distinct tendency. As an example, the relative intensities of acetic
acid, hydroxyacetone, and hydroxyacetaldehyde are presented in Figures 3a—c. In comparison to relative
intensities measured in the raw condensates, the concentration of these compounds was higher in the samples
treated at 140 °C. However, some of these molecules were devolatilized during the thermal treatment performed
at 140 °C as their relative increase was proportionally smaller than it could be simply due to volume reduction
based on the yield of posttreatment. Therefore, the devolatilization of these compounds was relatively low during
a posttreatment performed at 140 °C. On the other hand, thermal treatments performed at 160 °C resulted in a
considerably more intense removal of these compounds as their concentration was measured much lower or
similar than in raw condensates. Note that the removal of acetic acid is beneficial for bio-binder applications by
mitigating its inherent corrosivity. In the next specific group of compounds are furfural (Figure 3d) and 5-
methylfurfural (Figure 3e). The relative intensity of these compounds was measured much lower in posttreated
samples than in raw condensates, which indicates the advanced decomposition of these compounds during
posttreatment instead of evaporation. Despite acid-catalyzed decomposition reactions, polymerization and
condensation processes of furfurals (Almhofer et al., 2023) could contribute to the increase of the higher
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molecular weight fraction, which is not amenable by GC/MS, but it was detected by TGA. It should be noted that

the PBL had a higher concentration of furfurals (Babinszki et al., 2026), which difference was retained in each
thermally treated sample.
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Figure 3: Relative intensity of specific compounds evaluated in the samples.

A group of molecules identified with relatively larger molecular weight showed another distinct tendency as their
concentration increased during the thermal posttreatment, proportionally with the final treatment temperature.
Anhydrosugars (e.g., levoglucosan in Figure 3g) and phenolics, including lignin decomposition products, (e.g.,
dihydroconiferyl alcohol in Figure 3h and hydroquinone in Figure 3i) were mainly retained in the samples during
posttreatments. As shown in Table 1 by relative intensity ratios, the concentration increase of these compounds
in the posttreated samples was proportional to the volume reduction of the samples. However, the concentration
increase of a few compounds was also enhanced by formation during the thermal posttreatment performed at
both temperatures of 140 and 160 °C (e.g., catechol in Figure 3f, vanillin, acetoguaiacone, furan-2-carboxylic
acid). The concentration of these compounds in the raw condensates was below the detection limit (i.e.,
catechol) or their relative intensity ratios was multiple times higher than expected due to enrichment by volume
reduction.

Table 1: Relative intensity (R) ratios of specific compounds.

Compound Resu140/Rereu  Reeuteo/Rreu  ReeL140/RpeL  ResL16o/ReeL
Acetic acid 2.0 0.3 1.8 0.8

Furfural 0.2 0.1 0.2 0.1
Levoglucosan 5.8 10.1 4.0 7.9
Dihydroconiferyl alcohol 8.3 15.0 4.8 10.3
Hydroquinone 6.5 12.9 4.2 8.6
Catechol very large very large very large very large

These phenolics and furan derivatives are known as potential reactants of polycondensation reactions and
increasing fixed carbon content at high carbonization temperatures. Therefore, the enrichment of this type of
content in the posttreated condensates is especially useful for applications, e.g., using posttreated condensates
in aluminum industry as bio-binder for anode production. As the evaluated data of the presented examples
show, thermal posttreatments similarly affected the individual condensate components in both leached and
unleached samples.
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4. Conclusions

The comparison of GC/MS analysis results showed that thermal posttreatment performed at 140 °C significantly
enriched the organic content of both leached and unleached pine bark condensates. While further enrichment
of the organic content was achieved by posttreatment performed at a higher temperature of 160 °C, a significant
shift in the composition was also observed. These findings are in correlation with the volatilization profiles of the
samples. The devolatilization of compounds with lower molecular weight (i.e., open-chain and cyclic ketones,
aldehydes, carboxylic acids) became intense at 160 °C than at 140 °C, but molecules of the higher molecular
weight fraction (i.e., anhydrosugars, phenolics) were retained during both posttreatments. In addition, some
compounds were additionally formed during thermal posttreatments (e.g., catechol, vanillin, acetoguaiacone).
A few condensate components (i.e., furfurals) were found to be sensitive to thermal treatment, and they
decomposed in a considerable ratio during the posttreatment. At the same time, thermal posttreatments
promoted the formation of non-volatile compounds with larger molecular weight through polymerization and
condensation. These data and revealed effects of thermal posttreatment of pine condensates provide useful
information for the utilization and upgrading of pyrolysis condensates in general, e.g., for the biocarbon industry
by producing high-value bio-binders from pyrolysis condensates with a simple thermal posttreatment for
metallurgical applications.

Acknowledgments

The authors acknowledge support from the project Upgrading biocarbon for sustainable metallurgical industries
(BioCarbUpgrade). The supports are through the funding from the Research Council of Norway (grant no:
336309) and financial support from the BioCarbUpgrade project industry partners: Elkem, Eramet Norway,
Norsk Hydro, Eyde Cluster, Norsk Biobrensel, OBIO AS, WAI Environmental Solutions. Z. Sebestyén is grateful
for the support from the Janos Bolyai Research Scholarship of the Hungarian Academy of Sciences.

References

Almhofer L., Bischof R.H., Madera M., Paulik C., 2023, Kinetic and mechanistic aspects of furfural degradation
in biorefineries, Canadian Journal of Chemical Engineering, 101, 2033-2049.

Babinszki B., Sebestyén Z., Jakab E., Czirok I.S., Wang L., Skreiberg &., Czégény Zs., 2026, Characterization
of the pyrolysis condensates of birch, spruce and pine bark: Impact of water leaching on the composition,
Biomass and Bioenergy, 210, 109075.

Branca C. and Di Blasi C., 2024, Demineralization pretreatments for reducing biomass variability in pyrolysis,
ACS Omega, 9, 9536-9546.

Elkasabi Y., Mullen C.A., Strahan G.D., Wyatt V.T., 2022, Biobased tar pitch produced from biomass pyrolysis
oils, Fuel, 318, 123300.

LuY., LiD., Huang X., Picard D., Mollaabbasi R., Ollevier T., Alamdari H., 2020, Synthesis and characterisation
of bio-pitch from bio-oil, ACS Sustainable Chemistry and Engineering, 8, 11772-11782.

Saarela K.E., Harju L., Lill J-O., Heselius S-J., Rajander J., Lindroos A., 2005, Quantitative Elemental Analysis
of Dry-ashed Bark and Wood Samples of Birch, Spruce and Pine from South-Western Finland Using PIXE,
In: Hégnéas G. (Ed.), Acta Academiae Aboensis Ser. B., Vol. 65, No. 4., Abo Akademi University Press, Abo,
Finland.

Santos L.R., Araujo D.R., Rodrigues M.AS., 2025, Strategic techniques for upgrading bio-oil from fast pyrolysis:
a critical review, Biofuels, Bioproducts and Biorefining, 19, 2457-2473.

Sen U, Esteves B., Pereira H., 2023, Pyrolysis and extraction of bark in a biorefineries context: a critical review,
Energies, 16, 4848.

Singhal A., Goel A., Bhatnagar A., Roslander C., Wallberg O., Konttinen J., Joronen T., 2023, Improving
Inorganic Composition and Ash Fusion Behavior of Spruce Bark by Leaching with Water, Acetic Acid, and
Steam Pre-Treatment Condensate, Chemical Engineering Journal, 452, 139351.

Smets K., Adriaensens P., Vandewijngaarden P., Stals M., Cornelissen T., Schreurs S., Carleer R., Yperman
J., 2011, Water content of pyrolysis oil: Comparison between Karl Fisher titration, GC/MS-corrected
azeotropic distillation and 'H NMR spectroscopy, Journal of Analytical and Applied Pyrolysis, 90, 100-105.

Wang L., Skreiberg @., 2023, Evaluation of Water Leaching on Properties of Woody Biomass for Biocarbon
Production, Chemical Engineering Transactions, 105, 277-282.

Werkelin J., Skrifvars B-J., Hupa M., 2005, Ash-forming elements in four Scandinavian wood species. Part 1:
Summer harvest, Biomass and Bioenergy, 29, 451-466.



	139babinszki.pdf
	Effect of Feedstock Water Leaching and Thermal Treatment on the Pyrolysis Condensate of Pine Bark




