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Abstract: Hydrothermal treatment of wood, particularly steaming with saturated water steam, is
often used to achieve a more intensive and homogenous wood color or to vary its hue. However,
information on pear wood (Pyrus communis L.) steaming is limited in the available literature. This
paper investigates the influence of steaming on the color of pear wood. Green, water-saturated
samples of pear wood heartwood and sapwood were steamed with saturated water steam for 24 h
at 98 ◦C. The color of the heartwood and sapwood was assessed both visually and with a standard
three-stimulus colorimeter using the CIEL*a*b* system, and compared to the natural color of pear-
wood. Additionally, FT-IR spectrometry was employed to analyze chemical changes in the wood
samples. The results showed that both heartwood and sapwood experienced a decrease in lightening
(L*), an increase in redness (a*), and a decrease in yellowness (b*) during steaming. Furthermore, a
trend toward the equalization of L*, a*, and b* parameters between heartwood and sapwood over
time was observed. FT-IR spectroscopy revealed that the chemical changes during steaming were
primarily related to extractives and hemicelluloses, with no significant changes in cellulose and lignin.
The obtained results suggest that pear wood color can be equalized to some extent by steaming and
that the extent of the color change to darker tones is dependent on steaming time.

Keywords: pear wood; color modification; hydrothermal treatment; CIEL*a*b*; FT-IR

1. Introduction

The steaming of wood is a procedure that is usually conducted in the wood processing
industry for wood softening, sterilization of wood, improvement of the dimensional stabil-
ity of wood, and intensification and homogenization of wood color [1,2]. As regards color,
it is one of the most important qualities that influences customers of wooden products [3],
especially when products are used for decorative purposes. It has been shown that, in
addition to the species name, wood color notably influences customer preferences when
they choose products made of wood [4]. Therefore, wood surface color, i.e., its aesthetic
appearance, can remarkably affect its final market value.

The natural color of wood can vary largely within one species and especially between
the heartwood and sapwood zones. The steaming of wood species that have distinctive
color differences between the heartwood and sapwood, (e.g., walnut, cherrywood, etc.) is
often conducted to darken the sapwood [5], thus minimizing the color difference between
the heartwood and sapwood, and to additionally improve heartwood color. In the past,
there were attempts to improve sapwood color through a staining action by covering wood
during steaming with a layer of sawdust or bark from the same wood species, but it was
of little value [1]. Furthermore, beech wood and ash wood are often steamed to minimize
the color difference between false heartwood and the surrounding wood [6,7]. In the
wood processing industry, steaming processes are conducted in a wide variety of steaming
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chambers, and often the steam parameters (temperature, pressure, etc.) cannot be regulated.
Thus, steaming is often empirically conducted based on the experience of the steaming
operator and based on inherited knowledge within a company.

Wood is a complex biopolymer composite material, and changes that take place within
it during hydrothermal processing are very complex and numerous. There are many
factors that have an influence on color formation during the hydrothermal processing of
wood i.e., from processing equipment and various process parameters to the chemical
composition of certain wood species. The significant influence of time, temperature, and
pressure, as well as their interaction during steaming was reported [8,9], while the possible
strong impact of some inherent wood properties, especially wood moisture content, on
the direction and intensity of the coloring process is indicated [10]. The heat treatment of
wood also depends on the presence and the amount of oxygen and water, which facilitate
different types of chemical reactions [9,11]. It was suggested that color formation during
hydrothermal wood processing (kiln-drying and steaming) is caused by chemical reac-
tions of the accessory compounds, frequently described as oxidation and condensation of
phenolic extractives [10,12,13]. Likewise, above certain temperatures, color formation can
be caused by the hydrolysis of hemicelluloses and induced chemical reactions of lignin
molecules [8,14]. According to Sundqvist and Morén [15], both, wood polymers degrada-
tion products and extractives contribute to color formation of hydrothermally treated wood.
Generally, darker color hues in most wood species are achieved after steaming, which
most probably is a result of the hydrolysis of accessory compounds and raised condensed
polyphenolic products [10].

Pear wood (Pyrus communis L.), also known as wild pearwood or pearwood, belongs to
the genus Pyrus Torunf. of the family Rosaceae and the subfamily Pomoideae. It is found in Eu-
rope, North and East Africa, and Central Asia. The tree grows up to 10–15 m in height, with
a trunk diameter of 0.6 to 0.7 m. The wood is light reddish-brown with small, dense pores
and visible growth rings [16]. It has a homogeneous structure with a high density of fibers.
The density of dry wood is 650–760 kg/m3, while that of green wood is 960–1070 kg/m3.
Radial, tangential, and volumetric shrinkage rates are 4.6%, 9.1%, and 14.1%, respectively.
The compressive strength is 41–60 MPa, bending strength is 77–112 MPa, and shear strength
is 8–9.5 MPa. Pear wood is highly valued for its workability and versatility. It works well
with tools, glues easily, and is excellent for turning and carving due to its hardness and
fine texture. Drying must be slow to minimize warping; when properly dried, it retains
its shape well. Although it is not naturally durable outdoors without chemical protection,
pear wood is extremely suitable for various demanding applications. It is used for making
tool handles, screen printing frames, woodcuts, and musical instruments (when dyed
black, it can substitute for ebony) [16]. It is also used for making billiard cue handles,
drawing instruments, and other precision items. However, due to its limited availability in
large quantities, pear wood remains a valuable but sparsely researched wood species. In
this paper, pear wood (Pyrus communis L.) heartwood, and sapwood color change during
steaming with saturated water steam at isothermal conditions through a course of 24 h was
studied. This research aims to provide a deeper understanding of the color changes in pear
wood (Pyrus communis L.) during saturated steam treatment, focusing on both the heart-
wood and sapwood. The significance of this research lies in addressing the limited existing
knowledge on pear wood steaming, despite its value and aesthetic appeal in decorative
applications. By employing both CIEL*a*b* color measurement and FT-IR spectroscopy (the
thin-slice method), the research not only investigates the visual changes but also explores
the underlying chemical alterations primarily related to extractives and hemicelluloses.
The innovative aspect of this research is its systematic approach to quantifying color modi-
fication through controlled steaming processes, which could lead to optimized methods
for achieving desired wood aesthetics while minimizing resource use. This work lays the
groundwork for future studies aimed at refining hydrothermal treatment processes for pear
wood, enhancing its marketability and application in high-value products.
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2. Materials and Methods
2.1. Wood Samples Preparation

A pear wood (Pyrus communis L.) tree was harvested at the end of March 2012, in
central Croatia (Petrinja city), and the diameter of the trunk at breast height (1.3 m) was
approximately 30 cm. The end bole with a final length of 1.1 m was sawn out, and the
55-mm quarter-sawn central plank that included the pith was sawn. After sawing the log,
the sapwood was clearly visible and the sapwood samples were sawn within 2 cm from the
bark in a radial direction. The heartwood samples were sawn at a minimum distance of 3 cm
from the sapwood in a radial direction. Sixteen heartwood and sixteen sapwood samples
for steaming were additionally sawn out from the same central plank with a circular saw
for a fine cut. The surface was not additionally processed mechanically because there were
no traces of the cutting. The sapwood samples’ dimensions were 7(L) × 2(R) × 5(T) cm,
and the heartwood samples’ dimensions were 5(L) × 5(R) × 5(T) cm, without significant
wood defects. Before steaming, the green wood samples were submerged in deionized
water (Type II, according to ASTM DS1193-06 (2011)) [17] for 25 days to achieve maximal
water saturation.

2.2. Steaming of Wood Samples

Steaming was carried out within the same year (2012), immediately after the felling
of the tree, on green samples. Pear wood (Pyrus communis L.) heartwood and sapwood
saturated (with deionized water) samples were subjected to 98 ◦C saturated water steam, at
atmospheric pressure (~100,000 Pa) in a laboratory scale steaming chamber (usable volume
~7560 cm3). The steaming chamber interior and samples shelve were made of stainless steel
and the chamber was additionally insulated from the outside. The laboratory steaming
chamber was equipped with two electrical heaters (2 × 3.4 kW), which were immersed in
the water tank, for water steam generation. During the steaming process, condensate was
drained into the water tank and exposed to the influence of heat. Steam temperature was
continuously monitored using a mercury thermometer and a thermocouple thermometer.
The process was conducted for 24 h. Every 2 h, samples of the heartwood and sapwood
were collected and taken out to be analyzed. During the first 8 h, two heartwood and two
sapwood samples were collected, and afterward, only one sample of heartwood and one
sample of sapwood were collected after every 2 h of steaming.

2.3. Colour Measurement

The color evaluation was performed on the heartwood and sapwood referent samples
before the steaming procedure, and on the equilibrated heartwood and sapwood samples
after steaming (after 24 h of drying at room conditions). On each sample, the maximal
possible number of measurements was conducted on the radial surface (but not less than
12). A spectral photometer DATACOLOR Microflash 100d (standard illuminant D65, xenon
light source, d/8◦ measuring geometry, 10◦ standard observer) was used for the color
coordinates measurements. The color parameters were monitored, recorded, and evaluated
in the CIEL*a*b* color system. Component L* represents lightness (0 → black, 100 → white),
component a* represents chromatic coordinates on the green–red axis (negative → green,
positive → red), and component b* represents chromatic coordinates on the blue–yellow
axis (negative → blue, positive → yellow). Additionally, total color differences (∆E*) were
calculated according to Equation (1), where ∆L*, ∆a*, and ∆b* are the differences between
the initial values and the values after the steaming procedure. After the color measurement,
the samples were left to dry at room conditions.

∆E∗ =
√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (1)

2.4. FT-IR Analysis

FT-IR analysis was performed in order to determine whether steaming caused any
chemical changes in the pear-wood structure and to determine the extent of those changes.
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The analysis was performed by the thin-slice method using a Perkin Elmer Spectrum One
FT-IR spectrometer. The FT-IR spectra between 4000 and 400 cm−1 were recorded on thin
wood slices (40 µm, cut using microtome). The areas of absorption bands were integrated,
and the ratios of characteristic absorption peaks were calculated and used to assist in
data interpretation. The integration of areas was based on the “tangent skim method”
as described by Timar et al. [18]. The obtained data was processed using Spectrum One
Version 5.0.1.

3. Results and Discussion
3.1. Color Analysis

The trend of lightness (L*) and the chromaticity components (a*, b*) during the steam-
ing process were monitored for the heartwood and sapwood samples. The arithmetic
means of the obtained results are shown in Figures 1–3. Change of lightness (∆L*), chro-
maticity components (∆a* and ∆b*), and total color change (∆E*) are calculated with
arithmetic means.
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Figure 1. Heartwood and sapwood lightness (L*) trend during the steaming process.

Forests 2024, 15, x FOR PEER REVIEW 4 of 14 
 

 

2.4. FT-IR Analysis 
FT-IR analysis was performed in order to determine whether steaming caused any 

chemical changes in the pear-wood structure and to determine the extent of those changes. 
The analysis was performed by the thin-slice method using a Perkin Elmer Spectrum One 
FT-IR spectrometer. The FT-IR spectra between 4000 and 400 cm−1 were recorded on thin 
wood slices (40 µm, cut using microtome). The areas of absorption bands were integrated, 
and the ratios of characteristic absorption peaks were calculated and used to assist in data 
interpretation. The integration of areas was based on the “tangent skim method” as de-
scribed by Timar et al. [18]. The obtained data was processed using Spectrum One Version 
5.0.1. 

3. Results and Discussion 
3.1. Color Analysis 

The trend of lightness (L*) and the chromaticity components (a*, b*) during the steam-
ing process were monitored for the heartwood and sapwood samples. The arithmetic 
means of the obtained results are shown in Figures 1–3. Change of lightness (ΔL*), chro-
maticity components (Δa* and Δb*), and total color change (ΔE*) are calculated with arith-
metic means. 

 
Figure 1. Heartwood and sapwood lightness (L*) trend during the steaming process. 

 

ySW = 0.013x2 − 0.7031x + 58.781
yHW = 0.0243x2 − 0.8579x + 56.945

45
47
49
51
53
55
57
59
61
63

0 2 4 6 8 10 12 14 16 18 20 22 24 26

Li
gh

tn
es

s (
L*

)

Steaming time (hours)

Sapwood Heartwood

Poly. (Sapwood) Poly. (Heartwood)

ySW = 0.0027x2 + 0.0152x + 10.555

yHW = −0.0013x2 + 0.0622x + 12.127

4
6
8

10
12
14
16
18
20

0 2 4 6 8 10 12 14 16 18 20 22 24 26

Ch
ro

m
at

ic
ity

 (a
*)

Steaming time (hours)

Sapwood Heartwood

Poly. (Sapwood) Poly. (Heartwood)

Figure 2. Heartwood and sapwood chromaticity component (a*) trend during the steaming process.

It can be seen (Figure 1) that the initial lightness of the sapwood is somewhat higher
than the lightness of the heartwood. Both, heartwood and sapwood lightness are de-
creasing over steaming time, while the heartwood is generally darker than the sapwood.
After approximately 20 h of steaming, the lightness of the heartwood and sapwood begin
to equalize.
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Figure 3. Heartwood and sapwood chromaticity component (b*) trend during the steaming process.

As regards chromaticity component a* (Figure 2), the coordinates are located on the
red part of the green–red axis. Initially and during steaming, the heartwood is more red
than the sapwood, while the color starts to equalize at around 16 h of steaming. The red
color has a slight ascending trend over the whole steaming period.

Regarding chromaticity component b* (Figure 3), the presence of a yellow color is
more intense in the heartwood than in the sapwood during the first 14 h of steaming.
However, after around 16 h of steaming, the sapwood’s yellowness starts to increase, and
the heartwood’s yellowness continues to decrease. After 22 h of steaming, the recorded
values of the heartwood and sapwood b* component are almost equalized.

The change of lightness in the negative direction (Figure 4) of the heartwood is greater
than the sapwood during the first 20 h of steaming, and afterward, the difference is less
pronounced. In general, the change in lightness increases with the steaming duration in
both the sapwood and heartwood.
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Figure 4. Heartwood and sapwood lightness (∆L*) change during the steaming process.

On the chromaticity axis a* (Figure 5), color change in a positive direction is almost
the same for the heartwood and sapwood till the 14th hour of steaming. Afterward, the
sapwood’s change is still going in a positive direction, while the heartwood’s color change
is in a negative direction, i.e., redness is decreasing.
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Figure 5. Heartwood and sapwood chromaticity components (∆a*) change during the steaming process.

On the chromaticity axis b* (Figure 6), the change is in the negative direction, while at
the beginning of the steaming process, the heartwood change is slightly more pronounced.
Around the 18th hour, the heartwood color starts to change more than the sapwood.
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Total color change ∆E* (Figure 7) is greater for the heartwood than for the sapwood.
In the middle of the steaming time, the difference between the sapwood and heartwood is
somewhat decreasing, but towards the end, this difference slightly increases.

The changes in these color parameters are further analyzed and quantified using
regression analysis and an ANOVA, as shown in Tables 1 and 2. The key statistical indicators
for assessing the validity of the six regression models and the ANOVA used to predict the
different components of the CIEL*a*b* color space in pear wood during a 24-h steaming
period are presented in Table 1. The overall significance of each regression model is
confirmed by the ANOVA results, as indicated by the F-statistics and corresponding
p-values (Pr > F). The sapwood lightness model is identified as the most statistically
significant (F = 27.881, Pr > F = 0.000), while the model for the green–red axis component
of the heartwood is found to be the only one not significant at the 5% level (F = 2.286,
Pr > F = 0.159). It is indicated that the model predicting the lightness component (L*) of the
sapwood has the highest R2 (0.717), suggesting the best fit to the data, while the model
predicting the green–red axis component (a*) of the heartwood has the lowest R2 (0.172),
indicating a poor fit. The coefficients for the variable “Time” are found to be significant
for all models except the one predicting the green–red axis of the heartwood, confirming



Forests 2024, 15, 1685 7 of 13

that statistically significant relationships between the predictor and the dependent variable
are established for all other models. In general, the models predicting the lightness and
green–red axis components of the sapwood, as well as those predicting the blue–yellow
axis of both the sapwood and heartwood, are considered valid for explaining the variability
of the CIEL*a*b* components, while the model for the green–red axis of the heartwood is
not statistically significant.
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Figure 7. Heartwood and sapwood total color change (∆E*) during the steaming process.

Table 1. Regression analysis and ANOVA results of CIEL*a*b* color components in the heartwood
and sapwood of pear wood during a 24-h steaming.

Variable † Mean Std.
Deviation R2 Adjusted

R2 F-Statistic Pr > F Coefficient
(Time)

Std.
Error

(Time)
t (Time) Pr > |t|

(Time)

SW L 53.386 3.516 0.717 0.691 27.881 0.000 −0.391 0.074 −5.280 0.000

SW a 11.053 1.139 0.399 0.344 7.306 0.021 0.079 0.029 2.703 0.021

SW b 22.098 2.359 0.442 0.391 8.707 0.013 −0.207 0.070 −2.951 0.013

HW L 51.947 3.328 0.497 0.452 10.879 0.007 −0.275 0.083 −3.298 0.007

HW a 12.487 0.746 0.172 0.097 2.286 0.159 0.031 0.020 1.512 0.159

HW b 23.840 3.266 0.608 0.572 17.058 0.002 −0.308 0.075 −4.130 0.002
† The abbreviations are defined as follows: SW = sapwood, HW = heartwood, L = lightness (L*) component,
a = green–red axis (a*) component, b = blue–yellow axis (b*) component.

In Table 2, the results of both regression and ANOVA analyses are presented to evaluate
the changes (∆) in various components of the CIEL*a*b* color space for the heartwood and
sapwood of pear wood over a 24-h steaming period. The model predicting the total color
change of the sapwood (∆E*) is found to have the highest R2 value (0.842), indicating the
best explanation for the variation in the data, while the model predicting changes in the
green–red axis component (∆a*) of the heartwood is shown to have the lowest R2 (0.377),
suggesting a relatively weaker fit. The ANOVA results confirm that the sapwood total
color change model (SW ∆E*) is the most statistically significant, with an F-statistic of
53.138 and Pr > F < 0.0001. In contrast, the heartwood green–red axis model (HW ∆a)
is identified as the least significant, although still statistically significant at the 5% level
(F = 6.057, Pr > F = 0.034). It is observed that the coefficients for “Time” are statistically
significant across all models, indicating strong relationships between the predictor and
dependent variables. The different effects of the “Time” variable on each component are
reflected in the direction and magnitude of the coefficients: positive impacts are observed
in models such as SW ∆a* and SW ∆E, while negative impacts are noted in models like SW
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∆L* and HW ∆b*. Overall, it can be seen that most models demonstrate a strong fit to the
data, as evidenced by high R2 values and statistically significant p-values.

Table 2. Regression analysis and ANOVA results of changes (∆) in CIEL*a*b* color components in the
heartwood and sapwood of pear wood during a 24-h steaming period.

Variable † R2 Adjusted R2 F-Statistic Pr > F Coefficient
(Time)

Std. Error
(Time) t (Time) Pr > |t|

(Time)

SW ∆L 0.669 0.636 20.221 0.001 −0.313 0.070 −4.497 0.001

SW ∆a 0.554 0.510 12.428 0.005 0.105 0.030 3.525 0.005

SW ∆b 0.451 0.396 8.218 0.017 −0.096 0.033 −2.867 0.017

SW ∆E 0.842 0.826 53.138 <0.0001 0.297 0.041 7.290 <0.0001

HW ∆L 0.515 0.467 10.619 0.009 −0.146 0.045 −3.259 0.009

HW ∆a 0.377 0.315 6.057 0.034 0.050 0.020 2.461 0.034

HW ∆b 0.716 0.688 25.234 0.001 −0.191 0.038 −5.023 0.001

HW ∆E 0.739 0.713 28.36 <0.0001 0.237 0.044 5.325 <0.0001
† The abbreviations are defined as follows: SW = sapwood, HW = heartwood, ∆L = change in lightness (L*)
component, ∆a = change in green–red axis (a*) component, ∆b = change in blue–yellow axis (b*) component,
∆E = total color change (∆E*).

Regression analysis and ANOVA results (Tables 1 and 2) further support the visual
observations in Figures 1–7, revealing significant relationships between steaming time
and color changes in both the heartwood and sapwood. The color change during the
steaming process mostly occurred and behaved as expected. A decrease in the lightness
of both the sapwood and heartwood was expected. Similar results were obtained in the
research of other researchers on other species, like poplar [19], spruce and Scots pine [20],
and larch [21]. The red component increased, but red coloring compounds are leachable
from wood during steaming, and they were found during steaming in condensate, with
condensate becoming redder as steaming progressed (Figure 8). The above certainly had
an effect on the reduction of the red color in the wood.
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The yellow component decreases as steaming time progresses, as is expected because
the wood is becoming darker and the participation of the blue color increases. The total color
change increases as steaming continues. The color would probably additionally change in
a few more hours of steaming, but this needs to be confirmed with additional experiments.

3.2. FT-IR Analysis Results

The FT-IR spectra of untreated and steam-treated sapwood (Figure 9) and heartwood
(Figure 10) showed strong bands at around 3345 to 3350 cm−1 (1) related to O-H stretching
(cellulose) and 2900 to 2903 cm−1 (2) related to C-H stretching in methyl and methylene
groups. Other peaks in the fingerprint region (1800 to 800 cm−1) are assigned [22–28]: 1732
to 1737 cm−1 (3) for C=O stretching of unconjugated ketone, carbonyl, and ester groups
(xylan); 1650 cm−1 (4) for absorbed O-H and conjugated C-O; 1591 cm−1 (5) and 1501 to
1503 cm−1 (6) for aromatic skeletal vibrations (lignin); 1455 cm−1 (7) for in plane bending
of OH groups in cellulose or aromatic CH deformation and asymmetric bending of CH3 in
lignin; 1422 cm−1 (8) for C-H in plane deformation combined with vibration of aromatic
structures in lignin; 1369 to 1371 cm−1 (9) for symmetric C-H bending in cellulose and non-
cellulosic carbohydrates (hemicelluloses); 1323 cm−1 (10) for vibration in C-H (cellulose)
and stretching in C-O related to syringyl ring (lignin); 1231 cm−1 (11) for syringyl ring
and C-O stretch in lignin and xylan; 1158–1160 cm−1 (12) for C-O-C asymmetric valence
vibrations (cellulose and hemicelluloses); 1107 to 1109 cm−1 (13) for aromatic skeletal and
asymmetric stretch of glycosidic ring; 1051 to 1056 cm−1 (14) for C-O valence vibrations in
cellulose; 1035 cm−1 (15) for C-O stretching in cellulose and hemicelluloses; and 897 cm−1

(16) for C-H deformation in cellulose.
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As FT-IR spectra in Figures 9 and 10 reveal, spectral differences between untreated
and steamed sapwood and heartwood are barely visible, or there is no obvious difference.
Therefore, area integration of some of the absorption bands was conducted in order to
assist in the determination of chemical changes. Data used for semiquantitative evaluation
of chemical changes is given in Tables 3–5.
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Figure 10. FT-IR spectra of un-steamed (A) and heartwood samples steamed for 12 (B) and 24 (C)
hours. (Numbers 1 to 16 denote characteristic carbohydrates and lignin bands).

Table 3. Average values of integrated areas of selected absorption bands of the FT-IR spectra
of sapwood.

Peak Position, cm−1 Borders of Integrated Area, cm−1
Integrated Areas (A)

Un-Steamed Steamed for 12 h Steamed for 24 h

3345 3706–3030 397.90 407.59 404.03

1732 1785–1693 23.15 31.00 20.85

1650 1685–1622 16.05 22.32 14.26

1501 1527–1480 7.85 11.03 8.06

1369 1393–1345 19.32 27.87 19.52

Table 4. Average values of integrated areas of selected absorption bands of the FT-IR spectra
of heartwood.

Peak Position, cm−1 Borders of Integrated Area, cm−1
Integrated Areas (A)

Un-Steamed Steamed for 12 h Steamed for 24 h

3345 3706–3030 527.27 402.98 383.86

1732 1785–1693 35.06 21.78 22.10

1650 1685–1622 25.57 15.13 16.00

1501 1527–1480 14.45 7.92 8.92

1369 1393–1345 33.20 19.72 20.60

Table 5. FT-IR ratios of selected absorption bands.

FT-IR Ratio Assignment
Treatment

Un-Steamed Steamed for 12 h Steamed for 24 h

A1732/A1369 Non-conjugated carbonyl/Carbohydrates 1.20 1.06 1 1.11 1.10 1.07 1.07

A1501/A1369 Lignin/Carbohydrates 0.41 0.44 0.40 0.40 0.41 0.43

A1732/A1650 Non-conjugated carbonyl/Conjugated carbonyl 1.44 1.37 1.39 1.44 1.46 1.38

A3340/A1501 Hydroxyl/Lignin 50.66 36.47 36.92 50.83 50.07 42.99
1 The first number in each column/row denotes the values obtained for sapwood and the second one for heartwood.
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The data given in Table 3 reveal that the steaming process, in terms of cellulose and
lignin, did not alter the surface chemistry significantly. This is supported by the fact that
there are almost no differences in the ratio A1501/A1369 (lignin/carbohydrates) for both
the sapwood and heartwood. However, the results suggest that the steaming process
affected the sapwood and heartwood differently. Steaming caused an increase of free
hydroxyl groups (decrease of the ratio A3340/A1501) and non-conjugated carbonyl groups
(decrease of the ratio A1732/A1369) in the case of sapwood. These changes, which are of the
opposite tendency for the heartwood, are mostly related to the hydrolysis of hemicelluloses.
The opposite influence that steaming has on the sapwood and heartwood is additionally
confirmed by the changes related to the non-conjugated carbonyl/conjugated carbonyl
groups (A1732/A1650 ratio). Such tendencies could be explained by the fact that as the
biological functions of sapwood and heartwood are different, so are the quantities and
accessibility of carbohydrates and phenolic compounds in them. Generally, heartwood
contains more lignin and less cellulose and holocellulose than sapwood [14,29]. As calcu-
lated values of examined ratios are somewhat similar, the influence of the method used for
obtaining FT-IR spectra (thin slices) must also be taken into consideration. Nonetheless,
the obtained results clearly show that the majority of chemical changes occurred in the
extractives (degradation or dissolution) and hemicelluloses, and those changes are not
easily/usually detectable by FT-IR [18].

Wood’s natural color can vary greatly with genetic factors and environmental condi-
tions [30], and additionally, can be significantly altered during industrial processes. During
the hydrothermal treatment of wood, color changes occur mostly due to extractives, es-
pecially polyphenols [5,6], while the products of polymer degradation can participate in
the formation of the color [15]. During this research, before steaming, wood samples were
submerged in deionized water for 25 days to achieve their saturation with water. During
submersion, a maceration extraction process took place, where some of the more polar
extractives were leached out from the wood. This unintentionally caused extraction cer-
tainly had some influence on color change during steaming, where probably color change
would be to some extent greater if the extraction had not occurred. However, it is well
known that the initial moisture content is very important for the achievement of greater
color change during steaming. Furthermore, when wood is light irradiated before heat
treatment, the lightness and color component changes are intensified in comparison with
non-irradiated wood, while the change was greater in the presence of water [31]. Dzurenda
and Dudiak found that steamed beech wood is more resistant to photochemical reactions
by UV radiation (Xenotest Q-SUN Xe-3-HS during 298 h irradiation) causing color changes
in the process of natural aging [32]. Bandics et al. established that UV irradiation of
steamed (100 ◦C, 110 ◦C and 120 ◦C) plantation poplar wood (Populus x euramericana cv.
Pannonia) enhanced the redness stability and slightly reduced sensitivity of the yellow color
to photodegradation, while the lightness value of the steamed samples decreased only
during the first 7 h of UV irradiation and remained constant afterward [33]. It has been
found that black locust, beech, and poplar after 48 h of steaming and then UV irradiation
presented a greater absorption increase at 1705 cm−1 than the un-steamed ones, which
refers to photodegradation of hemicelluloses, while only black locust had considerably
reduced photodegradation sensitivity of lignin [34]. Regarding the time and temperature of
steaming, higher temperatures and longer steaming times in general result in greater color
changes, i.e., darkening [11,35,36]. At maple wood increases in temperature and duration
of the steaming, treatment primarily affects holocellulose and extractives content, and less
the content of cellulose and lignin [37]. Bandics et al. steamed poplar wood together with
black locust and beech specimens (as initiators with higher extractive content compared
to poplar) and showed that the presence of initiators intensified the color of poplar wood
above 100 ◦C, especially the heartwood [38].

This research makes a significant contribution to the study of pear wood (Pyrus
communis L.) color during saturated steam treatment. Detailed insights into the color
changes of the heartwood and sapwood of pear wood throughout the 24-h steaming
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process are provided. The presented results contribute to a better understanding of the
effects of steaming on pear wood and can serve as a basis for further research in the field of
hydrothermal wood treatment. Furthermore, the research lays the groundwork for future
studies focused on optimizing the steaming process to achieve the desired aesthetic and
functional properties of the wood. Additionally, the exploration of the long-term effects of
steaming on the other properties of pear wood is suggested, which could further expand
its applications in various industrial sectors.

4. Conclusions

It was established, that with pear-wood steaming, its heartwood and sapwood color
can be to some extent equalized, while prolongation of the steaming process causes the
darkening of the pear wood. The results showed that the pear wood’s heartwood and
sapwood lightness decreases, redness slightly increases, and yellowness decreases. The
longer the steaming process lasted, the greater the overall color change. The results of
FT-IR analysis showed that the chemical changes that have occurred during the steaming
of the pear wood are almost solely related to the extractives and hemicelluloses, without
noticeable changes in the cellulose and lignin. Therefore, it can be concluded that pear
wood is suitable for color modification by steaming, but to establish the optimal duration
of the process, additional laboratory and industrial investigations should be carried out.
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