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Gaseous Ozone Treatment of Wood: Effect of Treatment
Conditions on the Wood Wettability and Phenol-
formaldehyde Adhesive Bonding Strength
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Findings of an earlier study, “Improving Wood Surface Wettability through
Gas-phase Ozone Treatment of Air-dry Wood,” demonstrated that the
wood gas-phase ozone treatment enhances the wettability of wood by
water, and thus potentially also the spread, absorption, and adhesion of
water-based adhesives and coatings to the wood surfaces. This study
extends that work by examining the effect of ozone treatment temperature
and the wood moisture content on the wettability of ozone treated wood
and bonding strength of phenol-formaldehyde (PF) adhesive. In the
present study, both air-dry and wetted birch plywood and veneer were
ozone-treated at 23 °C, 35 °C, and 55 °C for 10 and 30 minutes. The
amount of reacted ozone increased with higher treatment temperature and
with an increase in the wood moisture content. However, the reduction in
the water contact angle was more pronounced for air-dry wood. Bonding
tests showed that the ozone treatments substantially increased the PF
adhesive bonding strength, and the bonding strength correlated negatively
with the ozone-treated birch veneer water contact angle. The results
suggest that both the treatment temperature and moisture content of the
wood during the treatment influenced the ozone reactions with wood, and
thus on wood wettability and PF adhesive bonding strength (192 / max.
200).
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INTRODUCTION

Ozone (Os) has strong oxidative properties (£°=2.07 V, 25 °C), and it reacts readily
with organic materials, particularly those containing carbon-carbon double bonds and
aromatic compounds resulting in the formation of carbonyl and carboxyl groups (Greene
etal.2012; Travaini et al. 2015; Epelle et al. 2023). In previous work (Korpela et al. 2025),
air-dry samples of spruce, thermo-modified pine, and birch wood were treated with gaseous
ozone using a flow-through ozone reactor, followed by measurements of the water contact
angle and the water absorption (Cobb-value) of the wood samples, and by determining their
surface free energies using the Owens, Wendt, Rabel, and Kaelble (OWRK) calculation
method. Furthermore, water absorption and evaporation rates were measured through water
immersion and subsequent drying of the wood samples. The results indicated that ozone
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treatment increased the woods” surface energy, and especially its polar component, thus
accelerating water spreading and absorption on the wood.. The cause of the observed
effects, confirmed by FTIR measurements, was the formation of new carbonyl and
carboxyl groups on the wood surface. These findings are consistent with the studies by
Safiullina et al. (2020) and Mukhametzyanov ef al. (2021), which demonstrated that ozone
treatment can enhance the spreading, absorption, and adhesion of water-based adhesives
and coatings on wood surfaces.

The present study extends the previous research by examining how temperature and
wood moisture during the ozone treatment affect the wood surface energy and wettability
by water, and further, on water-based PF adhesive bonding strength. In general, increasing
the ozone treatment temperature may accelerate reactions between ozone and the substrate,
but it can also lead to faster ozone decomposition to oxygen, potentially reducing the
effectiveness of the treatment (Batakliev ef al. 2014, Epelle et al. 2023).

In dry wood, ozone reactions are believed to occur primarily at the gas—wood
interface, resulting in modification of the outer surface of the wood and wood fibers. In
contrast, during the treatment of wet wood, water may transport dissolved ozone deeper
into the swollen wood and fibers, where it can further react (Mamleeva et al. 2020).
According to the cited work, ozone reactions in wood with a moisture content above 30 to
40% lead to lignin degradation and the formation of low-molecular-weight, water-soluble
acids. Therefore, wood moisture content can influence the chemical composition and
surface energy of the treated wood, as well as the depth of the wood surface modification.
In principle, ozone treatment could be applied to moist wood, for example in plywood and
laminated veneer lumber production, after peeling of the green veneer (moisture content
40 to 60%). As wood planing and sanding are usually done for dry wood, treatment of dry
planed or sanded wood would probably be more feasible.

In the present study, both air-dry and wet birch plywood and veneer were treated at
23, 35, and 55 °C using two different treatment times. The ozone treatments and test
methods followed those reported in the authors’ previous study (Korpela et al. 2025). In
addition, the effect of ozone treatments on phenol formaldehyde (PF) adhesive bonding
strength was examined. The measurements were carried out using the Automated Bonding
Evaluation System (ABES) instrument. The findings obtained in this study can help in the
evaluation of the practical applicability of ozone treatment for various wood products and
can guide the conceptual design of ozone treatments for different applications. To the best
of the authors’ knowledge, no such results have been published before.

EXPERIMENTAL

The experiments and measurements were performed following the methods
described by Korpela et al. (2025).

Materials

Sanded 7-ply birch plywood samples (100 mm x 50 mm x 9 mm) were sourced
from a Finnish wood product manufacturer. The long axis of the top plies was oriented
parallel to the grain. The samples were stored in dry indoor conditions, protected from
light, for at least one year. Before the ozone treatment and subsequent measurements, the
plywood samples were conditioned for at least two weeks at a relative humidity (RH) of
50 % and a temperature of 23 °C.
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Additionally, rotary cut birch veneer samples (140 mm x 140 mm x 10 mm) were
prepared for treatment and bonding performance assessments. The samples were stored in
dry indoor conditions, protected from light, for at least two years. Before the ozone
treatments, the veneer samples were conditioned for 24 hours at a relative humidity (RH)
of 50% and a temperature of 23 °C.

The bonding performance was assessed using a commercial phenol-formaldehyde
(PF) adhesive, which is used industrially for plywood bonding.

Water absorption tests were carried out using Milli-Q water. Surface energy was
determined using Milli-Q water, analytical-grade formamide (Merck KGaA, Germany),
and 99.8% ethylene glycol (Sigma-Aldrich Co., USA).

Ozonation

The ozonation treatments of the air-dry and water-soaked birch plywood and veneer
samples were carried out using VTT’s (Espoo, Bioruukki) laboratory ozonation equipment,
consisting of an ozone generator (Emery-Trailigaz Model Sorbios, USA) and a flow-
through ozonation reactor (@ 235 mm, height 395 mm). Water soaking of the samples was
done by immersing the sample in Milli-Q water (23 °C) for 20 min. In the ozone treatments,
five wood samples were placed in the bottom of the reactor followed by directing an ozone-
oxygen mixture (10% ozone and 90 % oxygen) in the chamber. The flow rate of the gas
mixture through the reactor was two liters per minute. Temperature of the gas flow was
adjusted to 22, 35, and 55 + 2 °C by using a water bath. After each treatment, the amount
of reacted ozone was determined from potassium iodide solution by titration with sodium
thiosulfate. After treatment, the samples were stored at RH 50% and 23 °C for two weeks
before measurements.

Contact Angle Measurement and Determination of Surface Free Energy

Water contact angle measurements were conducted on tangential wood surfaces of
five parallel birch plywood and veneer samples using an Attention Theta Optical
Tensiometer (Biolin Scientific, Sweden) at 23 °C and 50% relative humidity (RH), with
Milli-Q water (droplet volume: 4.0 uL) as the probe liquid. The measurements were
conducted parallel to the wood grain, i.e., the camera observed the droplet from a direction
perpendicular to the grain. The measurement points on the wood surfaces were selected to
evenly represent both earlywood and latewood. The reported results for birch plywood and
veneer were the averages of the water contact angle 0.7 seconds and 1.4 seconds after the
droplet application, respectively. The shorter measuring time for the veneers contact angle
was due to almost instant spreading of the water droplets on the ozone-treated veneers.

The surface energy measurements for birch plywood samples were conducted with
three test liquids: water, ethylene glycol, and formamide. Surface free energy values and
dispersive (non-polar) and polar components were calculated using the Owens, Wendt,
Rabel, and Kaelble (OWRK) method. The reported surface energies are averages of five
parallel determinations with each test liquid. In contrast to the previous study, surface
energy determinations were performed without diiodomethane, because its rapid spreading
on the wood surface caused uncertainty in the contact angle measurements.

Cobb Test

Water absorption of plywood samples was measured using a modified Cobb test.
In the performed tests, a rubber sealing ring and a metal cylinder were placed on the
surfaces of pre-weighed wood samples (RH 50%, 23 °C), with the base area of the cylinder
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and the sealing ring being 10 cm?. Then, a 2 kg weight was placed on top of the cylinder
to improve sealing between the wood and the cylinder. Finally, 10 ml of Milli-Q water was
added to the cylinder. After 120 seconds, the wood sample and the cylinder were turned
upside down, and the extra water was wiped off the wood surface with blotting paper. The
sample was then weighed, and the amount of absorbed water in g/m* was calculated. The
reported results are the averages of three parallel measurements.

Bond Strength Measurement

Birch veneer and phenol-formaldehyde (PF) adhesive interaction was evaluated
using an Automated Bonding Evaluation System (ABES) apparatus (Adhesive Evaluation
Systems, Inc., Corvallis, OR, USA) in accordance with ASTM D7998-19 (2019). The PF
adhesive, applied at a spread rate of approximately 100 g/m?, was spread on a 5 x 20 mm?
area at one end of the birch veneer specimens (20 X 117 mm?). The assembly time for the
specimens was approximately 50 s. Adhesive bonds were cured by pressing for 160 s at
130 °C under a pressure of 2.0 MPa. Before testing, the bonded specimens were cooled for
10 s to reach a temperature of approximately 25 °C. Lap-shear strength tests were then
conducted, and the reported results represent the average of 9 to 12 replicates.

RESULTS AND DISCUSSION

Figure 1 shows the effect of temperature on the amount of consumed ozone (wt%)
during the treatment of air-dried and water-soaked birch plywood. Ozone consumption was
calculated based on the weight of air-dry sample weight (23 °C, RH 50%), and it is defined
as the total amount of ozone that has either reacted with the wood or undergone
decomposition. During the treatment, the flow rate of the ozone—oxygen mixture (10%
ozone, 90% oxygen) through the reactor was maintained at 2 L/min. According to the
results, increased ozone treatment temperature enhanced ozone reactions in the treatments
of both air-dry and water-soaked birch plywood. This is possibly not only due to the
accelerated reactions between wood and ozone, but possibly also due to intensified
decomposition of ozone molecules at an elevated temperature. Unfortunately, in the present
study, only the total ozone consumption could be determined. The higher ozone
consumption observed for the water-soaked plywood can be explained by partial
dissolution of ozone in water and its transport deeper into the water swollen wood, where
it can further react.

Figure 2 shows how the temperature of ozone treatments of air-dry and water-
soaked birch plywood samples affected the water contact angle of the plywood surfaces.
Before the measurements, the samples were conditioned for two weeks at 23 °C and RH
50%. According to the results, ozone treatment had a more pronounced effect on reducing
the water contact angle in air-dry birch plywood compared to water-soaked plywood. It is
possible that, in air-dried birch plywood, the effects of ozone took place in the outermost
surface layer, resulting in a strong decrease of the water contact angle; whereas, in water-
soaked plywood, reactions may occur partly deeper within the water-swollen fibers and
wood (Mamleeva et al. 2020).
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Fig. 1. Effect of temperature on ozone consumption (wt.%) in birch plywood (air-dried and water-
soaked) ozone treatments. Ozone consumption was calculated based on the weight of air-dry
sample weight (23 °C, RH 50%), and it is defined as the total amount of ozone that has either
reacted with the wood or undergone decomposition.
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Fig. 2. Effect of ozone treatment temperature on the water contact angle of birch plywood. Samples
for which the water contact angle could not be measured at 0.7 s, due to rapid droplet spreading
and absorption, are indicated by *.

Figure 3 shows the effect of ozone treatment temperature and time on the surface
birch plywood water absorbency measured using the modified Cobb method. In the case
of the ozone treated samples, the Cobb values exhibited considerable variation. This was
partly attributed to uncontrolled water spreading beneath the rubber gasket pressed on the
plywood surface. Nevertheless, the measured Cobb values indicating increased water
absorption are in line with the decreased water contact angle. (Note: The used modified
Cobb method does obviously work better with such smooth wood surfaces, in which the
water contact angle is relatively high).
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Fig. 3. Effect of ozone treatment on the water absorption (Cobb test) of birch plywood
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Fig. 4. Surface free energy (yt) and its dispersive (yd) and polar (yp) components of (a) air-dry or
(b) wet birch plywood after ozone treatments at different temperatures and exposure times,
determined using the OWRK method

Ozone treatments of both air-dry and water-soaked birch plywood decreased the
dispersive component and correspondingly increased the polar component of the surface
free energy of the plywood (Fig. 4). The results of air-dry wood ozone treatments are in
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line with those of the previous study (Korpela et al. 2025). The magnitude of the changes
in ozone treatments of air-dry and water-soaked plywood was approximately same. The
effect of the ozone treatments on the surface energy disperse and polar components
intensified with increased treatment time (10 min to 30 min), while the influence of
increased treatment temperature was not entirely consistent.

The ozone treatments” influence on the birch veneer water contact angle, as well as
PF adhesive bonding strength (MPa), are shown in Table 1. The contact angle results are
in line with those of birch plywood presented in Fig. 2. Also, in the case of veneer ozone
treatment, water soaking of the wood samples prior to ozone treatment resulted in a
substantial increase in ozone consumption during the treatment. The effects of ozone
treatments on water-soaked veneer were unfortunately somewhat counterintuitive, for
reasons that could not be clarified.

The PF adhesive bonding strength results show that ozone treatments resulted in a
clear and consistent increase in the bonding strength, indicating improved spread and
absorption of the PF adhesive on the ozone-treated veneer surfaces (Table 1). As shown in
Fig. 5, a clear negative correlation existed between the observed decrease of water contact
angle and the increase in the PF adhesive bonding strength. Overall, the water contact angle
and PF adhesive bonding strength results support the hypothesis of the previous (Korpela
et al. 2025) and the present studies, according to which ozone treatments can potentially
be used to improve water-based adhesives and coatings spread, absorption and adhesion
on wood surfaces. The presented findings are also in agreement with those reported earlier
by Safiullina et al. (2020) and Mukhametzyanov et al. (2021).

Table 1. Effect of Air-dry and Water-soaked Birch Veneer Ozone Treatments on
the Veneers’ Water Contact Angle and PF Adhesive Bonding Strength

Amount of Water contact angle, | PF adhesive bonding
consumed O3 1.4 sec strength (MPa)
(Wt%)

Birch veneer REF - 120 (£3) 6.0 (£0.8)
Air-dry 23 °C, 10 min 0.38 31 (#4) 7.8 (£0.8)
Air-dry 35 °C, 10 min 0.63 11 (x4) 8.2 (£0.6)
Air-dry 35 °C, 30 min 0.95 6 (x2) 8.3 (x0.7)

Wet 23 °C, 10 min 0.93 54 (+8) 7.5 (x0.6)

Wet 35 °C, 10 min 1.19 72 (£5) 7.3 (£0.6)

Wet 35 °C, 35 min 3.33 34 (+8) 7.9 (x0.3)

The findings of a previous study (Korpela et al. 2025), together with the present
results, suggest that ozone treatment provides a means to improve the adhesion of water-
based coatings and adhesives to wood. Such improvements could facilitate the broader use
of water-based systems in the wood products industry. Nevertheless, the general
applicability of the method requires further validation. It is well established that porous,
low-density woods can absorb adhesives even excessively, creating “starved” of “dry”
bond lines, which in turn increases the required application amounts (g/m?) to achieve
sufficient bonding strength (Chandler et al. 2005; Frihart 2005; Kamke and Lee 2007).
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Fig. 5. Relationship between PF adhesive bonding strength and water contact angle for untreated
and ozone-treated birch veneers

The risk of excessive penetration of adhesives and coatings in ozone treated wood
is likely lower when the treatment is applied to dry wood, as under such conditions the
effects of the treatment are confined to the wood outermost surface layer. An additional
potential advantage of air-dry wood treatment is that it preserves the original composition
and strength of the wood under the outermost wood surface layer, thereby contributing to
the strength of the glue-bonded joint. The ozone treatment of air-dry wood also reduces
ozone consumption, improving both process efficiency and environmental performance

In both this and the preceding study (Korpela et al. 2025), ozone treatments were
performed using a flow-through laboratory reactor, which was originally designed for
papermaking pulp ozone treatments. During the trials, a mixture of ozone and oxygen was
passed through the reactor at a constant flow rate. Under these conditions, only a fraction
of the ozone reacted with the wood samples. In practice, ozone treatments of wood could
potentially be carried out in a closed reactor with recovery and circulation of unreacted
ozone, thereby reducing ozone consumption and improving process efficiency. Further
research and development is needed to evaluate the technical and economic feasibility of
different ozone treatment process options.

CONCLUSIONS

1. Ozone treatment of both air-dry and water-soaked birch wood enhances bonding
strength with water-based PF adhesive. This improvement is primarily attributable to
the formation of new lignolytic and cellulosic functional groups, including carboxyl,
carbonyl, and hydroxyl groups, on the wood fibers, which promote better wetting and
interaction of both water and PF adhesive with the wood surface

2. Ozone treatment of air-dry birch veneer is more effective than that of water-soaked
veneer in improving birch plywood wetting by water and increasing PF adhesive bond
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strength. Increase of the treatment time from 10 min to 30 min, temperature from room
temperature to 35 °C, boosted the effects.

3. Ozone treatments could support the adoption of environmentally friendly water-based
adhesives and coating materials in the wood products industry. Further studies are still
required to assess the feasibility of different industrial ozone treatment process options
and the potential advantages of ozone treatment in the gluing and coating of various
wood products.

ACKNOWLEDGMENTS

This study was carried out as part of the PerfectWood project (PerfectWood -
Durable wood materials in future products, Diary numbers: 6909/31/2023 (VTT),
6910/31/2023 (Aalto), funded by Business Finland and a group of Finnish industrial limited
companies (Metsd Wood Oy, Raute Oy, Versowood Oy, Lappset Group Oy, Palonot Oy,
Elomatic Solutions Oy, Novenberg Oy). The contributions of Business Finland and the
companies involved in the study are gratefully acknowledged. The authors would like to
thank Petri Mannella (VTT) for conducting the ozone treatment, Maritta Rasdnen (VTT)
for performing the wettability tests, and Hanna Christophliemk for conducting the SEM
examinations.

REFERENCES CITED

Batakliev, T., Georgiev, V., Anachkov, M., Rakovsky, S., and Zaikov, G. E. (2014),
“Ozone decomposition,” Interdisciplinary Toxicology 7(2), 47-59.
https://doi.org/10.2478/intox-2014-0008

Chandler, J. G., Brandon, R. L., and Frihart, C. R. (2005), “Examination of adhesive
penetration in modified wood using fluorescence microscopy,” in: ASC Spring,
Convention and Exposition, Columbus, OH, USA, pp. 1-10.

Epelle, E.I., Macfarlane, A., Cusack, M., Burns, A., Okolie, J.A., Mackay, W., Rateb, M.,
and Yaseen, M. (2023). “Ozone application in different industries: A review of recent
developments,” Chemical Engineering Journal 454, article 140188.
https://doi.org/10.1016/j.cej.2022.140188

Frihart, C. R. (2005). "Chapter 9, Wood adhesion and adhesives," in: Handbook of Wood
Chemistry and Wood Composites, R. M. Rowel (Ed.), CRC Press, Boca Raton, USA,
pp. 215-278. https://doi.org/10.1201/9780203492437

Greene, A. K., Giizel-Seydim, Z. B., and Seydim, A. C. (2012). “Chapter 3, Chemical
and physical properties of ozone,” in: Ozone in Food Processing, C. O’Donnell, B. K.
Tiwari, P. J. Cullen, and R. G. Rice (eds.), Blackwell Publishing Ltd, Chichester, UK,
pp. 19-31. https://doi.org/10.1002/9781118307472.ch3

Kamke, F. A., and Lee, J. N. (2007). “Adhesive penetration in wood—A review,” Wood
and Fiber Science 39(2), 205-220.

Korpela, A., Koso, T., Lillgvist, K., Rautkari, L., and Orelma, H. (2025). “Improving
wood surface wettability through gas-phase ozone treatment of air-dry wood,”
BioResources 20(1), 1161-1172. https://doi.org/10.15376/biores.20.1.1161-1172

Mamleeva, N. A., Kharlanov, A. N., and Lunin, V. V. (2020). “Features of lignin

Korpela et al. (2026). “Wood Os treat. & PF bonding,” BioResources 21(1), 851-860. 859


https://doi.org/10.2478/intox-2014-0008
https://doi.org/10.1016/j.cej.2022.140188
https://doi.org/10.1201/9780203492437
https://doi.org/10.1002/9781118307472.ch3
https://doi.org/10.15376/biores.20.1.1161-1172

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

destruction in wood under the action of ozone,” Russian Journal of Physical
Chemistry A 94(9), 1780-1785. https://doi.org/10.1134/S0036024420090186

Mukhametzyanov, S., Khasanshin, R., Safin, R., Shaikhutdinova, A., and Safiullina, A.
(2021). “Modification of the surface of thermally modified wood with ozone when
creating glued structures,” in: E3S Web of Conferences, ™ International Scientific
Conference on Socio-Technical Construction and Civil Engineering (STCCE — 2021),
Vol. 274, article 04014. https://doi.org/10.1051/e3sconf/202127404014

Safiullina, A.K., Mukhametzyanov, S. R., Shaikhutdinova, A. R., and Zhmaylo, M. A.,
(2020). “The effect of ozonation on the wettability of wood,” in: IOP Conference
Series: Materials Science and Engineering, IlI Quality Management and Reliability
of Technical Systems, IOP Publishing, St Petersburg, Russian Federation 986(1),
012028. https://doi.org/10.1088/1757-899X/986/1/012028

Travaini, R., Marangon-Jardim, C., Colodette, J. L., Morales-Otero, M., and Bolado-
Rodriguez, S. (2015). “Chapter 7 - Ozonolysis” in: “Pretreatment of Biomass,” A.
Pandey, S. Negi, P. Binod, and C. Larroche (eds.), Elsevier, Amsterdam, pp. 105-135.
https://doi.org/10.1016/B978-0-12-800080-9.00007-4

Article submitted: October 21, 2025; Peer review completed: November 22, 2025;
Revised version received: November 27, 2025; Accepted: November 30, 2025;
Published: December 10, 2025.

DOI: 10.15376/biores.21.1.851-860

Korpela et al. (2026). “Wood Os treat. & PF bonding,” BioResources 21(1), 851-860. 860


https://doi.org/10.1134/S0036024420090186
https://doi.org/10.1051/e3sconf/202127404014
https://doi.org/10.1088/1757-899X/986/1/012028
https://doi.org/10.1016/B978-0-12-800080-9.00007-4

