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Abstract
This study evaluated the effect of contact charring plus linseed oil submersion on wood chemistry and microstructure in 
Pinus taeda and Eucalyptus bosistoana wood specimens. Fourier-transform infrared spectroscopy (FT-IR), scanning elec-
tron microscope (SEM) and Raman spectroscopy analyses were performed to characterize charred wood in comparison 
to uncharred controls. Total lignin content increased to nearly 53% and 55% in the outer surfaces of the charred P. taeda 
and E. bosistoana specimens, respectively. The inner parts of the charred specimens also demonstrated increases higher 
than 50% in total lignin content. Total carbohydrate content of charred wood specimens decreased after the carboniza-
tion process. In the charred P. taeda specimens, the highest reductions in carbohydrate units observed were arabinan, 
xylan, and mannan. In the charred E. bosistoana specimens, arabinan, galactan and xylan showed the highest reductions 
in carbohydrate units. After charring, all wood specimens exhibited elevated contact angles when compared to control 
specimens due to increased hydrophobicity. The FTIR spectra analyses also indicated polysaccharide depolymerization 
and the formation of furans and alkylated aromatic compounds in charred specimens. Oil submersion led to saturation of 
cell lumens in both wood species used in this study. Charring led to sensitivity and homogeneity in cell walls although 
cells and pits retained their structural integrity and shape. Additionally, crack formation and separation occurred along the 
cell wall in some tracheid and fiber cells.
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1  Introduction

Charred wood has been used for centuries in Japan as a tra-
ditional method known as “yakisugi” to enhance the dura-
bility of wood against biodeterioration. Interest in the use 
of charred wood materials has been growing in recent years 
and has been introduced into the worldwide market as a sus-
tainable and desirable aesthetic material for both exterior 
and interior applications. Surface charred wood is gener-
ally considered as a stylish, high-design structural mate-
rial with good service-life (Sandberg and Kutnar 2021). 
In recent years, several studies have been done related to 
charring of wood surfaces focusing on water-sorption prop-
erties (Kymäläinen et al. 2018), surface characteristics and 
fire resistance (Machova et al. 2021), artificial weathering 
properties (Kymäläinen et al. 2022a), density profile and 
wettability (Šeda et al. 2021), weathering and surface func-
tional groups (Kymäläinen et al. 2020), natural weathering 
characteristics (Kymäläinen et al. 2022b), water absorption 
and micromorphological analyses (Kymäläinen et al. 2017), 
moisture sorption and dimensional stability (Kymäläinen 
et al. 2022c), decay resistance (Kymäläinen et al. 2022d), 
fire performance (Buksans et al. 2021), cupping formation 
and charred layer thickness (Ebner et al. 2021), total car-
bohydrates, phenolic compounds, moisture and mechanical 
behavior (Čermák et al. 2019), durability and fire perfor-
mance (Hasburgh et al. 2021), hydrophobicity, influence 
of inorganics on wood surface and organic acid effect on 
color (Morozovs et al. 2021), artificial weathering (Kampe 
and Pfriem 2018), and charring method development and 
structural evaluations (Ebner et al. 2022). In the above-men-
tioned studies, different charring techniques have been used 
such as flame charring, contact charring, one-sided or multi-
sided charring, without oil application and most of these 
studies evaluated water sorption and wettability issues. 
However, there is little available research related to changes 
in micro-structure and wood chemistry after surface char-
ring combined with oil treatment.

When wood is exposed to high temperatures, the chemi-
cal components begin to change, and the first signs of these 
changes can be observed in the cellular structure of the 
wood. This combined effect on chemical and microstruc-
tural alterations lead to changes in the macrostructure which 
eventually result in shifts in the physical and biological 
properties of the wood. The magnitude and impacts of these 
changes vary depending on the wood species as well as the 
process and parameters used during treatment (Fengel and 
Wegener 1984; Hill 2006). The varying effects of the same 
process on different species can be explained by the differ-
ences in underlying microstructure and chemical proper-
ties of different tree species (Sehlstedt-Persson et al. 2006; 
Boonstra 2008; Awoyemi 2011).

Different types of thermal modification techniques have 
been developed over the years. According to industry speci-
fications for thermal modification, temperature does not 
usually exceed 250 °C (Hill 2006; Esteves and Pereira 2009; 
Boonstra 2008; Dubey 2010; ITWA 2021). In these methods, 
the entire material is treated, not just the outer surface/s. Sur-
face modification chars the wood surface by subjecting it to 
high temperatures with flame or hot plate contact. However, 
studies on the effects of contact surface charring on wood 
microstructure are quite limited. Kymäläinen et al. (2017) 
revealed some changes in the microstructure of wood cells 
in one-sided charred spruce and pine sapwood, particularly 
on the lumen side of the tracheid cell, but no obvious crack 
formations were observed on the cell walls. Kymäläinen et 
al. (2018) examined the sorption-related characteristics of 
spruce wood and stated that although there was little effect 
on the overall cellular structure, a small number of crack 
formations were observed, and due to densification, the 
wood cells became flattened and plasticized. In addition to 
these limited number of studies related to surface charring, 
changes in the microstructure of carbonized wood have been 
the subject of some studies utilizing various tree species. In 
carbonization studies carried out at varying temperatures 
from 300 to 1000 °C, it has been demonstrated that changes 
in cell shapes, sizes, and frequency occur above 400 °C, and 
homogenization is observed with crack formations in the 
cell walls (Leme et al. 2010; Gonçalves et al. 2012; Gasson 
et al. 2017; Stange et al. 2018; Osterkamp et al. 2018; Li et 
al. 2022).

Hasburgh et al. (2021) states that as a thermochemi-
cal process, charring refers to incomplete combustion and 
results in removal of organic components and formation of 
a carbon layer that is generally devoid of surface carbohy-
drates. Kymäläinen et al. (2022b) studied chemical changes 
in charred and weathered wood surfaces by FTIR and Raman 
spectroscopy. Their results were indicative of degradation in 
the lignin components of contact charred wood; however, 
more resistant carbon structures in flame charred wood were 
shown even after weathering. Another study by Kymäläinen 
et al. (2018) evaluated the changes in the microstructure and 
surface functional groups of surface charred spruce wood 
by SEM and photoacoustic FTIR spectroscopy. They found 
increases in aromatic structures on the wood surface after 
charring; however, little effect was observed on the cellular 
structure of charred wood. Kymäläinen et al. (2022d) found 
decreases in the overall carbohydrate content of one-sided 
charred wood by contact and flame methods. Their study 
indicated that in the contact charred wood, hemicelluloses 
were almost entirely depleted, while the flame method 
resulted in complete degradation of all carbohydrates. Šeda 
et al. (2021) studied the relationships between wettabil-
ity/water absorption and chemical properties in one-sided 
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charred beech wood and their results revealed decreases in 
the number of OH groups in the celluloses and hemicellu-
loses and increases in cellulose crystallinity and cross-link-
ing of lignin. Machová et al. (2021) also showed significant 
decreases in total carbohydrates in one-sided charred wood. 
Čermák et al. (2019) found that reductions in equilibrium 
moisture content levels and decreased water absorption 
properties in one-sided surface charred wood specimens 
were correlated with the decreases in OH groups and cross-
linking of lignin as well as increases in soluble carbohy-
drates and phenolic compounds.

Published literature has repeatedly demonstrated the 
effects of temperature modification on changes in wood 
properties. Therefore, understanding microstructural 
changes associated with temperature treatment methods and 
wood species can be important for material characterization. 
In this study, the wood surface of two wood species was 
carbonized by surface contact charring. During carboniza-
tion, the water in the cell structures is removed and macro 
cracks may form due to the collective effect of the shrinkage 
of cells and decomposition of chemical components. To pre-
vent the formation of macro cracks, samples were dipped in 
linseed oil after charring and crack formation was relatively 
controlled. In our previous study (Soytürk et al. 2023), we 
examined biological performance of multi-side charred 
Pinus taeda and Eucalyptus bosistoana woods by contact 
charring method with linseed oil application. The overall 
goal of the current study was to examine alterations in wood 
microstructure as well as changes in wood chemistry associ-
ated with contact charring plus linseed oil treatment.

2  Materials and methods

2.1  Wood specimens

Three 50-year-old Eucalyptus bosistoana (F. Muell.) and 
two 22-year-old Pinus taeda (L.) trees were harvested from 
Bernardo Rosengurtt Experimental Station of the Faculty 
of Agronomy of Universidad de la República, Cerro Largo, 
Uruguay. Sapwood of the harvested trees was utilized in 
this study since it is susceptible to deterioration and thus 
would benefit from charring protection. The harvested trees 
were cut into 2-meter-long boards and then air dried for 16 
weeks. The sapwood boards were then cut into specimens 
(15 × 25 × 50 mm); half of the specimens were charred while 
the other half remained uncharred and was used as controls.

2.2  Charring process

The prepared wood specimens were first oven dried at 80 °C 
for two days and then charred on a hot metallic surface at 

an initial temperature of 120  °C. The surface was heated 
with electric resistance monitoring the temperature via an 
HI 99550-00 infrared thermometer (Hanna Inst. Mexico 
City, MX) every 15  min. During charring, a 5  kg weight 
was placed on top of the specimens to ensure homogenous 
contact throughout the entire surface and to avoid deforma-
tions. In addition, temperature was continuously maintained 
below 150  °C to prevent cracking on wood surfaces. The 
charring conditions were selected based on preliminary 
attempts to minimize surface cracking while forming a 
thick and uniform charred layer beneath the surface. Con-
tact time with the hot surface was determined by monitoring 
the char depth with a caliper to obtain homogeneous speci-
mens with a char layer no thicker than 3 mm. Each surface 
of a given specimen was exposed to heat for 10 min and all 
surfaces of each specimen were exposed to the same char-
ring conditions. Once the charring process was finished, the 
specimens were immediately dipped in linseed oil for 5  s 
to homogenize the char layer and prevent further cracking. 
Excess oil and loose char were then gently removed with a 
wire brush and charred specimens were subjected to air dry-
ing for 96 h at room temperature.

2.3  Chemical analyses

Chemical analysis was done on three replicate blocks from 
each of the specimen test groups. In charred samples, outer 
sections (approximately 3  mm) were analyzed separately 
from inner portions, which were prepared by sectioning off 
the outer portion of the block using a blade so that analyses 
could be used to determine differences between the charred 
surface layer versus the inner core. All samples for chemi-
cal analysis were prepared by grinding in a Wiley mill to 
pass size 20 mesh and approximately 200 mg was collected 
from each sample. Chemical analysis was run in duplicate 
and included evaluation of total carbohydrates based on 
the NREL/TP-510-42618 procedure, “Determination of 
Structural Carbohydrates and Lignin in Biomass” (NREL 
2012). The analytical procedure included quantification of 
lignin (soluble and insoluble) and carbohydrates. Briefly, 
the procedure consisted of a two-stage acid hydrolysis fol-
lowed by a filtration step to remove the insoluble fraction. 
The hydrolysates were then diluted and injected into an ion 
chromatography system (DIONEX ICS 3000) to quantify 
soluble sugars. Chemical analysis data for wood sugars is 
presented as quantities of each sugar monomer (glucan, 
arabinan, rhamnan, galactan, xylan, mannan) as a fraction 
of dry weight material which can be used to estimate the 
amount of the hemicelluloses.
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3  Results and discussion

3.1  Chemical analysis

Table 1 shows acid insoluble lignin (AIL), acid soluble lig-
nin (ASL), and total lignin content as well as ash content of 
the test specimens. In charred P. taeda specimens, no sta-
tistically significant differences were observed between the 
inner and outer sections of the charred specimens for AIL 
or total lignin content, however, the inner and outer section 
did show significantly higher AIL and total lignin content 
compared to control P. taeda. There was significantly higher 
ASL content formed in the outer section compared to the 
inner section of charred P. taeda specimens. In E. bosis-
toana specimens, significantly higher AIL and total lignin 
content was obtained in the outer section. Additionally, 
there was significantly higher AIL and total lignin content 
in both outer and inner sections when compared to control 
E. bosistoana. The inner section of E. bosistoana contained 
significantly higher ASL content when compared to the 
outer section; however, the higher ASL in the inner section 
was comparable to control E. bosistoana.

Ash content (Table  1) was different between the two 
species tested. In charred P. taeda, ash content was not sta-
tistically different between in the inner and outer sections 
of the specimens. There also does not appear to be much 
difference between inner and outer samples for E. bosis-
toana; however, there was significantly lower ash content 
in the outer section compared to the E. bosistoana control. 
According to Vassilev et al. (2010), chemical composi-
tions of biomass (especially ash) are highly variable due to 
moisture variations and genetic material. Additionally, ash 
content of firewood residues range between 0.1 and 16.5% 
(Smolka-Danielowska and Jablonska 2022).

Carbohydrate contents of the test specimens are given in 
Table 2. Control specimens of P. taeda had higher amounts 
of arabinan, galactan, mannan, and ash (Table 1) compared 
to E. bosistoana controls which had higher amounts of rham-
nan, glucan, and xylan. Charring in both species resulted in 
a significant reduction in all carbohydrates with the excep-
tion of the inner section of E. bosistoana which showed a 
significant increase in mannan. In general, the inner section 
of charred P. taeda had significantly higher carbohydrates 

2.4  Characterization

To determine surface wettability, contact angle (CA) was 
measured with an optical tensiometer (Attension, Theta 
Lite). The CA was measured by placing a droplet (5 µL) 
of de-ionized water on the surface of the specimens. The 
surface morphology of the wood specimens was then char-
acterized using a scanning electron microscope (SEM) 
instrument (Zeiss EVO LS10) at 25 kV. Before SEM char-
acterization, the wood samples from charred and control 
specimens were sputter coated with a thin layer of gold. The 
chemical composition of wood samples was characterized 
via FTIR using the ATR (Attenuated Total Reflection) mode 
(LUMOS II, Bruker). The Raman spectra were obtained by 
a Raman microscope (Alpha 300  M+, WITec, Germany) 
using an excitation laser at a wavelength of 532 nm and a 
power of 22.8 mW. Raman spectra were measured using a 
100X objective for an integration time of 0.5 s. The measure-
ments of Raman on each wood specimen were repeated on 
ten different locations, and the average value was reported.

2.5  Microstructure

Changes in the microstructure of the specimens before and 
after charring were examined from 5 to 10 mm cubes pre-
pared from specimens with 3 sectional surfaces (transverse, 
radial, tangential). To remove the emerging linseed oil that 
came to the surface during vacuum in the electron micro-
scope, the specimens were kept in turpentine for 24 h, then 
washed with distilled water and air-dried for 24 h. Prior to 
imaging with SEM (Zeiss EVO LS10) at 25 kV, the surfaces 
of the samples were smoothed with a sliding microtome 
(Leica SM2010R) and then sputter coated with a thin layer 
of gold.

2.6  Data analysis

For chemical analyses, statistical significance was deter-
mined by Duncan’s multiple range test (p ≤ 0.05) using the 
InerSTAT-a V1.3 program (Vargas 1999).

Table 1  Acid insoluble and soluble lignin content, total lignin content and ash content of charred specimens in comparison to controls
Specimens Acid insoluble lignin content (%) Acid soluble lignin content (%) Total lignin content (%) Ash content (%)
P. taeda Control 32.56 (0.47)B 3.01 (0.25)BC 35.57 (0.25)B 0.23 (0.03)A

Charred-Inner 48.19 (0.21)A 3.91 (0.09)B 52.09 (0.19)A 0.16 (0.01)B
Charred-Outer 49.04 (0.69)A 4.21 (0.09)A 53.26 (0.75)A 0.10 (0.01)B

E. bosistoana Control 28.61 (0.90)C 7.52 (0.15)A 36.13 (0.80)C 0.07 (0.03)A
Charred-Inner 43.97 (1.59)B 7.21 (0.61)A 51.18 (1.08)B 0.05 (0.05)AB
Charred-Outer 48.19 (1.32)A 7.06 (0.05)AB 55.25 (1.36)A 0.03 (0.06)B

The same letters indicate that there was no statistical difference between the specimens according to Duncan’s multiple range test (p ≤ 0.05) (N=3)
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by more than 60% in P. taeda (Fig. 1b) and decreased by 
more than 40% in E. bosistoana (Fig.  1d). Galactan con-
tent decreased by 30% in both P. taeda (Fig.  1b) and E. 
bosistoana (Fig. 1d) inner sections while the outer sections 
of both species showed decreases of approximately 50%. 
Rhamnan content decreased by at least 25% in both species 
while glucan content decreased by around 20%. Xylan con-
tent decreased upwards of 50% in P. taeda while E. bosisto-
ana showed decreases above 35% (inner section) and 50% 
(outer section). In P. taeda, mannan content decreased more 
than 45%; however, E. bosistoana showed almost a 10% 
increase in the inner section and a 20% decrease in the outer 
section.

While lignin is considered the most thermally stable com-
ponent of wood, it can be subjected to degradation below 
200  °C (Fengel and Wegener 1984). Condensation and 

in comparison with the outer sections with the exceptions 
of rhamnan (no change) and glucan (significantly higher). 
Carbohydrate production was significantly higher in the 
inner section of charred E. bosistoana when compared to 
the outer sections for all carbohydrates with the exception of 
glucan (no significance between inner and outer sections).

The percent change in the chemical properties of charred 
specimens compared to control specimens is given in Fig. 1. 
In P. taeda, AIL and total lignin content in charred wood 
increased upwards of 40% while ASL in charred wood 
increased by at least 30% (Fig. 1a). In E. bosistoana, AIL 
and total lignin content in charred wood increased at least 
40% while AIL in charred wood decreased by approxi-
mately 10% (Fig. 1c). Ash content from both charred spe-
cies decreased by at least 30% when compared to control 
specimens (Fig.  1a and c). Arabinan content decreased 

Table 2  Carbohydrate content (%) and total yield of charred specimens compared to controls
Specimens Arabinan Galactan Rhamnan Glucan Xylan Mannan Yield (%)
P. taeda Control 1.30 (0.02)A 2.00 (0.39)A 0.34 (0.04)A 37.76 (0.38)A 5.60 (0.25)A 9.31 (0.08)A 92.12 (0.41)A

Charred-Inner 0.47 (0.03)B 1.43 (0.24)B 0.24 (0.01)B 25.22 (0.40)C 2.81 (0.14)B 4.90 (0.13)B 87.32 (0.78)B
Charred-Outer 0.40 (0.04)C 1.05 (0.19)C 0.24 (0.01)B 29.63 (1.70)B 2.44 (0.22)B 4.89 (0.42)B 92.00 (1.56)A

E. bosistoana Control 0.35 (0.05)A 0.93 (0.19)A 0.41 (0.02)A 43.33 (2.43)A 10.56 (0.88)A 0.92 (0.05)B 92.70 (2.99)A
Charred-Inner 0.20 (0.05)B 0.61 (0.12)B 0.31 (0.05)B 34.24 (0.60)B 6.70 (1.21)B 1.00 (0.21)A 94.29 (0.73)A
Charred-Outer 0.12 (0.03)C 0.44 (0.09)C 0.25 (0.02)C 33.04 (0.65)B 4.89 (0.89)C 0.71 (0.02)C 94.75 (0.38)A

The same letters indicate that there was no statistical difference between the specimens according to Duncan’s multiple range test (p≤ 0.05) (N=3)

Fig. 1  Percent changes in lignin, ash, and carbohydrate content in charred wood (inner and outer sections) compared to control specimens in a-b) 
P. taeda and c-d) E. bosistoana
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wood to be higher than that of the control wood and attrib-
uted increases in lignin content (7, 15 and 23% in pine, 
spruce, and beech wood, respectively) to the loss of hemi-
celluloses or fragile pentoses and hexoses during thermal 
modifications. Piernik et al. (2022) showed that heat-treated 
pine sapwood (220 °C) had reduced amounts of extractives, 
holocellulose and hemicelluloses, and higher amounts of 
cellulose and lignin in comparison to unmodified wood. 
Additionally, increases in the duration of thermal treatment 
resulted in increases in the amount of cellulose and lignin, 
as well as decreases in hemicellulose and holocellulose con-
tent (Piernik et al. 2022). Boonstra and Tjeerdsma (2006) 
provide a thorough explanation of the chemical changes in 
heat treated softwoods (165–185 °C), under aqueous envi-
ronment at super-atmospheric pressure depolymerization of 
hemicelluloses and the cleavage of acetyl groups of carbo-
hydrates occurred. However dry and atmospheric conditions 
were limited to the depolymerization of hemicelluloses and 
the cleavage of the acetyl groups. Eventually the increases 
in lignin content of heat-treated wood were linked to the 
depolymerization of the carbohydrates; however, poly-
condensation reactions creating cross-linking of the lignin 
network and/or the formation of other aromatic structures 
were also demonstrated to be important factors. Chemical 
changes during the production of heat-treated beech wood 
were also studied by Windeisen et al. (2007) and their find-
ings indicated that the decomposition of polysaccharides 
can be almost completely attributed to polyoses. The deg-
radation of sugar units was also linked to the decrease of 
acetyl groups and aliphatic hydroxyl groups (Windeisen et 
al. 2007). The hemicelluloses are the least thermally stable 
wood components regarding their branched structure with 
acetyl side chains. Depolymerization of hemicelluloses is 
caused by cleavage of acetic acid from acetyl side chains 
and leads to reduction in the acetyl content of wood. Thus, 
these reactions act as an autocatalysis in the mechanism of 
thermolysis reactions (Hill 2006; Boonstra 2008; Dubey 
2010) and the degradation of the hemicelluloses reduces 
hydroxyl groups resulting in less hygroscopic wood (Dubey 
et al. 2012).

3.2  Characterization

The IR spectra of the charred and control wood samples are 
shown in Fig. 2 (a-b). Vibrations associated with aliphatic 
C–O–C and alcohol–OH in the range of 1060–1030 cm− 1 
are present in the uncharred P. taeda and E. bosistoana wood 
(Guo et al. 1998). These oxygenated functional groups were 
mostly eliminated after charring in wood species. The reduc-
tions in these bands which correspond to C-O stretching in 
celluloses and hemicelluloses, are indicative of polysac-
charide depolymerization (Dubey et al. 2012). The band at 

repolymerization reactions are also readily occurring during 
thermal degradation. These reactions generally result in new 
lignin-based polymers or increased cross-linking of the lig-
nin network (Boonstra 2008). In this study, increases in lig-
nin content are likely due, at least in part, to the loss of the 
hemicelluloses as well as the condensation and repolymer-
ization of lignin. Boonstra and Tjeerdsma (2006) evaluated 
the effects of heat treatment on Scots pine wood and their 
results indicated that acid insoluble lignin content increased 
from 27.7% in control specimens to 36% in heat-treated 
specimens while acid soluble lignin content increased from 
0.37% (control) to 0.56% (heat-treated). Esteves et al. (2021) 
found similar results in acid insoluble content in thermally 
modified Paulownia wood; however, thermally modified 
wood contained less soluble lignin compared to controls. 
The overall reduction in carbohydrates associated with char-
ring indicates decomposition of the hemicelluloses which is 
expected after thermal treatment. Kymäläinen et al. (2022d) 
evaluated the properties of one-sided charred spruce and 
birch by contact and flame methods. They found the con-
tact charred surfaces of the test specimens were nearly com-
pletely depleted of hemicelluloses while the flame charred 
specimens were almost entirely devoid of all carbohydrates 
(mainly contained Klason lignin). The total lignin content 
in birch wood increased from 21 to 50% and 96% associ-
ated with contact and flame-charring, respectively. In con-
tact and flame charred spruce wood specimens, total lignin 
content increased from 27 to 61% and 93%, respectively. 
They showed that as the relative amount of carbohydrates 
is reduced following the thermal degradation process, lignin 
content rises (Kymäläinen et al. 2022d), which agrees with 
the results of the present study. Raveendran et al. (1996) and 
Antal and Gronli (2003) state that in pyrolysis reactions, lig-
nin preferentially forms a char layer; however, other lignin-
like aromatic compounds are also formed and those are also 
responsible for the increases in relative total lignin content 
(also correlated to the present study). In one-sided charred 
beech wood, total carbohydrates were found to be signifi-
cantly changed at various wood depths after surface carbon-
ization (Machova et al. 2021).

Aside from surface charring, other thermal treatments 
help to improve wood durability, and have been well studied 
across several wood species and treatment parameters (Can-
delier et al. 2016; Presley et al. 2022). The increased dura-
bility of wood exposed to thermal modifications is generally 
attributed to increased hydrophobicity, formation of toxic 
compounds, chemical modifications of wood cell compo-
nents (i.e., degradation of carbohydrates) and / or the loss of 
hydroxyl groups (Kamdem et al. 2000, 2002; Weiland and 
Guyonnet 2003; Hakkou et al. 2006; Hill 2006; Kartal 2006; 
Kartal et al. 2007, 2008; Del Menezzi et al. 2008). Kamdem 
et al. (2002) found Klason lignin content in heat-treated 
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respectively (Pandey 1999; Dubey 2010; Boonstra 2008; 
Calvo-Correas et al. 2015; Kose Demirel et al. 2018). The 
FTIR spectrum shows an increase in the C–O stretching 
band after charring in both P. taeda and E. bosistoana. A 
decrease in this peak is expected with the decomposition of 
carbonyl groups in the structure of hemicelluloses at high 
temperatures (Dubey 2010). According to Tjeerdsma and 
Militz (2005), an increase in this peak is associated with for-
mation of new carbonyl groups by esterification reactions 
which can be linked to the lignin complex. Boonstra (2008) 
also related this increase to the formation of ester, ketone 
and carbonyl groups in the lignin network.

The molecule size of linseed oil is too large to penetrate 
in the cell wall, thus any absorbed oil remained in the cell 
lumens (Hill 2006; Dubey et al. 2012) which is thought to 
result in the increase at 1740 cm− 1 due to the presence of 
carbonyl groups. This increase has also been attributed to 

3350 cm− 1 represents the OH stretching vibration of water. 
The intensity of this band decreased significantly after char-
ring in both P. taeda and E. bosistoana. The reduction at this 
hydroxyl peak is suggestive of a decrease in wood hygro-
scopicity (Boonstra 2008).

The band at 2850–2920 cm− 1 represents aliphatic C-H 
stretching vibrations. In both P. taeda and E. bosistoana, 
the FTIR spectrum shows an increase in the C–H stretching 
band due to the formation of alkylated furans and alkylated 
aromatic compounds after charring (Oudemans et al. 2007). 
The bands at 2855 to 2928 cm− 1 are also characteristic for 
C-H stretching vibration with linseed oil (Kose Demirel 
et al. 2018). Therefore, the increase in these bands can be 
attributed to alterations in the wood structure by charring 
and from the presence of the linseed oil. Peaks at 1740 cm− 1 
are associated with C–O stretching of carbonyl groups in 
hemicelluloses and ester groups present in linseed oil, 

Fig. 2  Spectroscopic characterization: FTIR spectra of control and charred P. taeda (a) and E. bosistoana (b), Raman spectra of control and charred 
P. taeda (c) and E. bosistoana (d)
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(Bokobza et al. 2015; Bengtsson et al. 2020), which can be 
seen in Fig. 2 for P. taeda (c) and E. bosistoana (d). Band 
G arose from plane vibration of C-C bond associated with 
amorphous carbon materials indicating graphitic structure 
(Roslan et al. 2017, Kymalainen et al. 2022b). The inten-
sity ratio of these bands (ID/IG) is a measure of the defects 
present on carbon materials and related to graphitization 
and pyrolysis state (Ferrari and Robertson 2000). Intensity 
of D/G ratio was 0.37 and 0.68 for charred P. taeda and E. 
bosistoana, respectively. Occurrences and shifts of D-bands 
and intensity of D/G ratios indicate the defects on charred 
wood related to crystallite size of amorphous carbon.

As shown in the SEM and contact angle images (Fig. 3), 
P. taeda exhibited contact angles of 56° and 23° in control 
specimens, which then increased to 76° and 74° after char-
ring on radial and tangential surfaces, respectively. This 
increase in the water contact angle can be attributed to char-
ring on the specimen surface. Previous literature has dem-
onstrated the creation of a hydrophobic / superhydrophobic 
coating after flame burning of hydrocarbon-based materials 

lignin condensation reactions at the C = C double bonds in 
conjugated carbonyl groups with a vibration band positioned 
at 1654 cm− 1 (Esteves et al. 2013). The band at 1510 cm− 1 
represents the aromatic ring structure and C = C stretching 
vibration of lignin. After charring, both species showed a 
slight increase in this band which indicates alterations in 
lignin content apart from the degradation of hemicellulose 
(Pandey 1999; Dubey 2010; Boonstra 2008).

Raman spectroscopy is a well-known effective technique 
for characterizing the bonding structure of carbon materials 
and was used to examine the effect of surface charring on 
wood structure in P. taeda and E. bosistoana (Fig.  2c-d). 
Bands D (∼1350 cm− 1) and G (~ 1580 cm− 1) are the most 
prominent signals in carbon materials using this technique 
(Bengtsson et al. 2020). D-band arose from out of plane 
vibrations of sp2 bonded carbon atoms and is assigned to 
the disordered or distorted graphitic structure at the edge 
of microcrystalline carbon (Yamauchi and Kurimoto 2003, 
Roslan et al. 2017, Kymalainen et al. 2022b). The presence 
of D-band indicates defect occurrence in carbon material 

Fig. 3  Contact angle values and SEM images of control and charred P. taeda specimens on radial and tangential surfaces
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angle for one-sided charred beech at 200 °C, and that con-
tact angle measurements decreased at elevated tempera-
tures up to 400 °C. In a more recent study by Kymäläinen 
et al. (2018), one-sided charred spruce specimens showed 
decreased water sorption capacity as a result of increased 
surface hydrophobicity. Cross-linking mechanism during 
thermal degradation (Tjeerdsma et al. 1998; Wannapeera 
et al. 2011), migration of extractives on the wood surface 
(Rautkari et al. 2010), and softening of lignin (Nuopponen 
et al. 2003; Kymäläinen et al. 2018) have all been identified 
as potential factors associated with decreased water absorp-
tion in charred wood. Čermák et al. (2019) suggested that 
increases in soluble carbohydrates and phenolic compounds 
significantly diminish the water absorption properties of 
charred wood specimens. Results from the present study 
agree with published literature in that specimens of both 
tree species examined showed increased surface hydropho-
bicity with increasing contact angles in conjunction with 
changes in the chemical structure of wood after surface 

(Celik et al. 2021; Seo and Kim 2014); thought to arise from 
unburned long chain carbon compounds (Yang et al. 2019).

SEM and contact angle images of charred and control 
E. bosistoana specimens are shown in Fig. 4. Uncharred E. 
bosistoana wood was more hydrophilic with higher contact 
angles of 70° and 52° compared to uncharred P. taeda wood 
(56° and 23°) for radial and tangential surfaces, respectively. 
This observation is likely due to different surface roughness 
of these tree species. After E. bosistoana specimens were 
charred, the contact angle increased to 80° on radial sur-
face, and 72° on tangential surface (Fig. 4). Kymäläinen et 
al. (2017) evaluated contact angle properties of one-sided 
charred spruce and pine wood using a hot plate method. 
Their results showed the contact angles of both wood spe-
cies were increased compared to uncharred wood. However, 
elevated temperatures of up to 400  °C that were used for 
charring resulted in diminished contact angles in both spe-
cies as a result of surface cracking and increased porosity. 
Similarly, Seda et al. (2021) measured the highest contact 

Fig. 4  Contact angle and SEM images of control and charred E. bosistoana specimens on radial and tangential surfaces
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the bordered pits on the radial walls became more porous 
(Fig.  7). The bordered pits at ray tracheid and cross-field 
pits at the contact points of tracheid and ray parenchyma 
cell walls damaged but retained their shapes (Fig. 6).

Similar to our results, it was stated that as a result of 
hydrothermal processes (200 °C) the wood structure became 
more open, different stress areas induced crack formations, 
and also pits were intact (Boonstra et al. 2006; Tuncer and 
Dogu 2018). However, Dubey (2010) found that hot oil 
treatment did not induce crack formation in the microstruc-
ture of the wood because of uniform heat transfer in the oil 
medium. In wood samples impregnated with oil heated at 
60–70  °C, it was observed that latewood tracheids were 
clogged with oil, while the majority of earlywood tracheid 
lumens were empty (Jebrane et al. 2015; Köse Demirel et al. 
2018). Dubey (2010) also observed linseed oil deposition in 
the lumen in specimens treated in oil heated to 160 °C, but 

charring. Overall, these changes have the potential to result 
in enhanced dimensional stability in multi-sided charred 
wood specimens.

3.3  Microstructure

In charred specimens of both species, the linseed oil covered 
the wood cells, serving as a protective layer against crack-
ing. In the charred cross-sections, the wood cell lumens were 
saturated with oil, especially in charred P. taeda (Fig.  5). 
Charred P. taeda samples showed increased homogeneity 
and sensitivity in the tracheid cell walls while maintaining 
their cellular structure. Tracheid cells became fragile after 
charring which leads to microcracks along the cell walls 
(Fig.  6). Ray cells also maintained their shape, although 
thin-walled ray parenchyma cell walls were ruptured and 

Fig. 7  SEM showing rays remain intact (1), but cell walls are ruptured 
(2) in charred P. taeda

 

Fig. 6  Radial section of charred P. taeda showing fragile tracheid cell 
walls, microcracks (1), open bordered pits (2), and open cross-field 
pits (3)

 

Fig. 5  Cross section of charred specimens saturated with linseed oil in (a) P. taeda and (b) E. bosistoana
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to tracheid cell walls without the formation of cracks; 
however, cellular structure became brittle above 600  °C 
(Osterkamp et al. 2018). They observed that as temperature 
increased, tracheid cell wall thickness and lumen dimen-
sions decreased (Meincken et al. 2010; Osterkamp et al. 
2018; Li et al. 2022), while crack formation and ray width 
increased (Osterkamp et al. 2018). Eventually these types 
of alterations are likely to cause wood shrinkage which can 
lead to defects such as cupping.

In charred E. bosistoana specimens, cells (vessels, 
fibers and rays) and pits retained their structural integrity 
and shape, even thin-walled ray parenchyma cells (Fig. 8). 
However, it was observed that cell walls became sensitive 
and brittle, which resulted in the formation of cracks and 
separation along cell walls in some fibers (Fig. 9). In addi-
tion, the cell wall layers could not be detected due to the 
absence of the compound middle lamella (Fig. 9). Instead, 
a more homogeneous structure was observed, similar to 
observations in previous studies on different hardwood 

not in those treated at 180 or 210 °C. This suggests that the 
oil moves away from the cell lumen at temperatures above 
180  °C. In this study, oil treatment was applied without 
heating which caused the linseed oil to remain within the 
cell lumen.

After 300  °C, the tracheid cell walls became increas-
ingly homogeneous, the cell walls coalesced into one, and 
the middle lamella was no longer distinguishable, indicat-
ing that the charcoalification of softwoods begins at around 
300 °C (Li et al. 2022). Similarly, it was reported that cell 
wall layers and middle lamella were filled with polymer-
ized oil and homogenized in pine samples impregnated with 
epoxy linseed oil at 70 °C (Jebrane et al. 2015). This sug-
gests that the homogenization and filling of cells are related.

Studies have shown there to be minimal effect on cel-
lular structure at temperatures of 250–400  °C, but some 
fibers can become plasticized and flattened around 400 °C 
(Kymäläinen et al. 2018). At high temperatures, Kymäläinen 
et al. (2017) and Kymäläinen et al. (2018) showed damage 

Fig. 8  Radial (a, b) and tangential (c, d) section of charred E. bosistoana. Cells and pits retain their structural integrity, ruptures in fiber cells 
(white arrows)
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time, environment) (Fengel and Wegener 1984). Changes 
in wood cell structure were observed in this study even 
though treatment temperatures did not exceed 200  °C. 
Specifically, P. taeda tracheid walls and E. bosistoana 
fiber walls showed formation of a homogeneous structure 
after charring due to thermal decomposition, clogging of 
cells with oil, or the combination. However, most charred 
cells remained intact and preserved their structural integ-
rity. When comparing our results with that from pub-
lished literature there appears to be a consensus that the 
qualitative features of wood are preserved but that certain 
quantitative properties change (Gonçalves et al. 2012; 
Stange et al. 2018; Osterkamp et al. 2018; Perdigão et al. 
2020; Barauna et al. 2021).

4  Conclusion

Surface carbonization of P. taeda and E. bosistoana wood 
was achieved using a temperature controlled hot plate and 
resulted in changes to the chemical and microstructural 
properties of the wood. In both wood species, total lig-
nin content increased, and total carbohydrates decreased, 
associated with charring. The degradation of wood car-
bohydrates in the charred wood specimens is an impor-
tant contributor towards increased surface wettability and 
increased contact angles due to decreased hydrophilic OH 
groups. In this study, the immersion of wood in linseed 
oil after charring served to prevent formation of large 
and/or extended cracks on the wood surface. Although 
the cells and pits remained mostly intact after charring, 
minor cracks in the cell walls of some tracheid and fiber 
cells were observed. Further studies are in progress to 
evaluate the effect of accelerated and natural weathering 
exposure on the microstructure of charred wood surfaces.

species (Leme et al. 2010; Gasson et al. 2017; Perdigão et 
al. 2020; Neto et al. 2021). However, it is not clear whether 
this change is due to thermal degradation, the utilization of 
linseed oil, or a combination.

Results from published literature provide support for 
the hypothesis that high temperature treatments can alter 
the physical, microstructural, and chemical composition 
of wood. Several studies on hardwoods have shown that 
the overall qualitative characteristics of the wood micro-
structure do not change substantially at temperatures 
below 400 °C (Leme et al. 2010; Gonçalves et al. 2012; 
Stange et al. 2018; Perdigão et al. 2020; Barauna et al. 
2021). Although, some studies have demonstrated that 
between 350 and 400 °C fiber cells are homogenized in 
a way that the middle lamella becomes indistinguishable 
and fiber wall thicknesses and widths decrease (Leme et 
al. 2010; Gasson et al. 2017; Arantes et al. 2020; Per-
digão et al. 2020; Tamburini et al. 2020; Neto et al. 
2021). Above 400 °C, cracks begin forming and vessels 
lose their circular shape, instead becoming more angular 
which results in collapse and rupture (Leme et al. 2010; 
Gasson et al. 2017; Perdigão et al. 2020; Tamburini et al. 
2020). In general, ray cells remain intact under increasing 
temperature conditions, but localized cracks and intercel-
lular separations do occur due to minor degrees of shrink-
age (Leme et al. 2010; Gasson et al. 2017; Stange et al. 
2018; Perdigão et al. 2020). Areas of different densities 
in wood (such as axial parenchyma and fibers) have been 
suggested as initiation points for crack formation.

Pyrolysis and gasification of wood begins after 270 
and 500  °C, respectively, and damages in wood struc-
ture and wood chemical composition have been noted at 
or above 200  °C. However, thermal decomposition can 
be observed after exposure to temperatures as low as 
100 °C, depending on additional factors (e.g., processing 

Fig. 9  Homogenous structure (1) and ruptures (2) along the cell wall of charred E. bosistoana fibers; (a) cross section, (b) radial section
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