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In this study, the usability of kombucha pellicles as a source of bacterial 
cellulose (BC) in the production of laminated wood was investigated to 
improve its physical properties. Within this scope, the kombucha culture 
was produced at room temperature through a fermentation process of 
approximately 25 days and then dried to obtain BC sheets with a 
thickness of approximately 1 mm. These sheets were used in the 
production of laminated wood material, along with wood species of Scots 
pine (Pinus sylvestris L.), Oriental beech (Fagus orientalis L.), and 
Anatolian chestnut (Castanea sativa Mill.), using urea-formaldehyde, 
polyurethane, and polyvinyl acetate adhesives. To evaluate the physical 
properties of the manufactured samples, density, thickness swelling, and 
water absorption tests were performed. Furthermore, the structural and 
thermal properties of the BC were analyzed using scanning electron 
microscopy and thermogravimetric analysis techniques. The findings 
indicated that BC is a high-performance biomaterial for lamination. The 
results unveiled BC's remarkable potential for developing eco-friendly 
materials, though certain technical challenges remain to be addressed 
before its full capabilities can be realized. 
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INTRODUCTION 
 

Wood material, because of its numerous advantages, such as unique aesthetic 

qualities, workability, a high strength-to-weight ratio, and its nature as a renewable resource, 

has maintained its place as a fundamental material throughout human history across a wide 

range of applications, from architecture to everyday objects (Budakci et al. 2016; Asdrubali et 

al. 2017; Guenther et al. 2024). However, the hygroscopic nature of wood, i.e., its tendency to 

absorb and release moisture from its surroundings, is one of its most significant 

disadvantages. Due to the presence of hydrophilic groups in polymers, such as cellulose, 

hemicellulose, and lignin, that constitute the cell wall, wood is highly sensitive to changes in 

atmospheric humidity (Báder and Németh 2019; Grottesi and Coelho 2023; Kılınç et al. 

2023). This characteristic causes the material to swell as a result of water absorption, shrink as 

a result of water loss, and consequently undergo undesirable deformations, such as cracking 

and warping, following these repeated dimensional changes (Brischke and Alfredsen 2020; 

Zhan et al. 2021). Furthermore, a high moisture content can shorten its service life by 

increasing the risk of degradation by biological agents such as fungi and insects. Therefore, 

enhancing the dimensional stability of wood, reducing its water absorption, and improving its 

https://orcid.org/0000-0002-7583-8532
https://orcid.org/0000-0001-7071-7216
https://orcid.org/0000-0001-5595-2154
https://orcid.org/0000-0002-4145-1225


PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 
Budakçı et al. (2025). “Kombucha & laminated wood,” BioResources 20(4), 8976-8992.  8977 

 

overall durability are fundamental and ongoing research topics in the fields of material 

science and forest products engineering.  

To overcome these limitations arising from the natural hygroscopic behavior of wood 

material, and particularly to enhance its resistance to water, various modification techniques 

and composite production methods have been developed. These methods include thermal 

modification, chemical modification, and the production of wood-based composites (Mantanis 

2017). The production of laminated wood is an effective composite manufacturing technique 

that enables the creation of more homogeneous and predictable materials with enhanced 

properties by assembling selected thin wood layers (veneers or lamellas) with suitable 

adhesives (Ayrilmis and Winandy 2009; Keskin and Togay 2019). The lamination process can 

provide improvements in dimensional stability and resistance to water compared to solid 

wood by distributing the effects of natural defects (knots, grain deviation, etc.) and through 

the adhesive line acting as a barrier (Liang et al. 2022; Zhu et al. 2022). Nevertheless, to 

further advance the performance of traditional laminated wood and to reduce the 

environmental footprint of its production processes, there is a growing interest in the use of 

natural, sustainable, and innovative reinforcement materials. 

In this context, biopolymers, particularly nanocellulosic materials, have shown great 

potential in recent years for improving the physical properties of wood-based composites. 

Bacterial cellulose (BC) is a natural polymer with a unique three-dimensional nanofibrillar 

network structure. It is produced extracellularly as pure cellulose by various bacterial species, 

such as Gluconacetobacter (Ladero et al. 2017; Tabarsa et al. 2017; Hervy et al. 2018). 

Characterized by properties, such as a high degree of crystallinity, large surface area, 

remarkable water-holding capacity (in its native state), and biocompatibility, BC can be 

readily obtained, particularly through the fermentation of kombucha culture (Hervy et al. 

2018). When dried and densified or integrated into a composite structure, this unique structure 

of BC holds the potential to limit the water absorption and enhance the dimensional stability 

of wood laminates by creating a tortuous path for water molecules or by providing a platform 

for hydrophobic modifications (Fillat et al. 2018; Cazón et al. 2020). 

Environmental and health-related concerns, such as formaldehyde emissions and the 

petroleum-based nature of synthetic adhesives such as phenol-formaldehyde and urea-

formaldehyde used in traditional laminated wood production, render the use of natural and 

biodegradable materials like BC even more appealing (Mbituyimana et al. 2021). However, 

the interaction mechanisms of BC on the physical properties of wood laminates have not yet 

been fully elucidated, particularly concerning topics, such as how the BC layer affects water 

vapor diffusion and liquid water penetration, the structure of the wood-BC interface, and the 

contribution of this integration to overall dimensional stability. 

In light of this background, this study investigated the potential use of BC sheets 

obtained from kombucha culture in the production of laminated wood material. In the 

research, to evaluate the physical properties of the manufactured laminated samples, density, 

thickness swelling, and water absorption tests were performed. Furthermore, advanced 

characterization methods, such as Scanning Electron Microscopy (SEM) and 

Thermogravimetric Analysis (TGA), were utilized to analyze the structural and thermal 

properties of the BC sheets. This manuscript represents the first part of a comprehensive 

study. Accordingly, the scope of this paper is limited to the investigation of some physical 

properties of the developed composites. The mechanical properties of these materials, which 

constitute the second part of the research, will be presented and discussed in a subsequent 

article. 
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EXPERIMENTAL 
 
Materials 

Preparation of wooden materials 

In this study, the woods of Scots pine (Pinus sylvestris L.), Oriental beech (Fagus 

orientalis L.), and Anatolian chestnut (Castanea sativa Mill.), which are commonly used in 

the Turkish furniture industry, were utilized. In accordance with TS ISO 3129 (2021), first-

grade, defect-free blanks with dimensions of 400 mm x 100 mm x 10 mm were prepared from 

the sapwood sections in the radial direction. These blanks were conditioned at a temperature 

of 20 ± 2 °C and a relative humidity of 65 ± 3% until they reached a constant weight in 

accordance with TS ISO 13061-1 (2021). After conditioning, the specimens were brought to 

the net dimensions of 400 x 100 x 6 mm for the control group and 400 x 100 x 6.6 mm for the 

BC sheet-reinforced group and were then re-conditioned under the same conditions before 

lamination. 

 

Adhesive  

In the production of laminated wood, polyvinyl acetate (PVAc), polyurethane (PU), 

and urea-formaldehyde (UF) adhesives were used. The adhesives were applied to the surfaces 

at a spread mass per unit area of 170 g/m2 (controlled with a precision of 0.01g), in 

accordance with the ASTM D3023-98 (2017) standard and the manufacturer's 

recommendations. The basic properties of the adhesives used, and the pressing parameters are 

summarized in Table 1. 

 

Table 1. Basic Properties of the Adhesives Used in Laminated Wood Production and 
the Corresponding Pressing Parameters 

Adhesive 
Type 

Solid 
Content (%) 

Density 
(g/cm³) 

pH  
(at 20 °C) 

Viscosity 
(cP) 

Press 
Type 

Time 
(min) 

Temperature 
(°C) 

 UF 65 1.28 7.3 3500 Hot Press 10 90 

PVAc 54 1.10 6.7 13500 Cold Press 120 20 

PU 96.8 1.10 7.0 4500 Cold Press 120 20 

 

Kombucha Pellicle Production  
Bacterial cellulose (BC) intended for use as a reinforcement layer in lamination was 

produced via static fermentation of kombucha tea. The fermentation medium was prepared 

using 90 g sucrose and 5 g tea bags per liter of water, followed by the addition of 0.2 L of 

previously fermented kombucha tea (from the prior batch) and 24 g of kombucha starter 

culture (SCOBY) as inoculum (Hermann 1928; Reiss 1994). Prior to the process, all 

equipment was washed with water at 90 °C to ensure hygienic conditions. The mixture was 

fermented for approximately 25 days at 22 ± 4 °C and 80 ± 5% relative humidity. The pH of 

the medium was monitored throughout the process and maintained within a range of 3.0 to 

4.0. This process yielded wet BC pellicles with an average thickness of ~10 mm.  

Following fermentation, the harvested pellicles were thoroughly washed with water to 

remove soluble surface contaminants.  The aim was to utilize the pellicle in a state with 

minimal processing. The drying was conducted in still room air by laying the pellicles on 

baking paper on a flat laboratory bench. This process took an average of 30 days, during 

which the sheets were inverted every two days to promote uniform drying. The thickness of 

the final dried sheets, measured at eight points on each sheet (the four corners and the 

midpoint of the four edges) using a digital caliper, was found to have an average value of 1.0 

mm with a standard deviation of 0.15 mm. Finally, the sheets were conditioned at 20 ± 2 °C 

and 65% ± 3 relative humidity before use in the lamination process.  
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Fig. 1. Kombucha-derived BC pellicles: (a) conditioning/drying process; (b) stacked dried pellicles 

 
 
Preparation of Test Specimens  

The conditioned test specimens were manufactured into 3-layer laminated wood 

materials with dimensions of 400 × 100 × 20 mm in a hydraulic press. The layers are arranged 

as shown in Fig. 2. 

 

 
 

Fig. 2. Exploded view of a multi-layered laminated wood structure 
 

The PVAc and UF adhesives were applied to the surface with a glue roller, whereas 

the PU adhesive was applied with a notched trowel. In the BC sheet-reinforced laminated 

materials (Fig. 3), the BC sheets were placed between the wood layers. 

 

a b 
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Fig. 3. Production process of laminated wood materials reinforced with BC sheets: (a) gluing,  
(b) layering, (c) pressing, and (d) conditioning 
 

The laminated specimens, initially prepared with dimensions of 400 × 100 × 20 mm, 

were re-sized for the physical tests according to relevant standards. For both water absorption 

and thickness swelling (TS) tests, and density measurements, the samples were re-sized to 30 

mm in length, 20 mm in width, and 20 mm in thickness. To eliminate moisture content 

differences originating from the gluing and sizing processes, all specimens were conditioned 

at a temperature of 20 ± 2 °C and a relative humidity of 65 ± 3% until they reached a constant 

weight according to TS 13061-1 (2021).  

 
Methods 

Density test 

Oven-dry density (δ0) was determined according to the TS ISO 13061-2 (2021) 

standard. The specimens were dried at 103 ± 2 °C until they reached a constant weight (M0). 

Their masses were measured on an analytical balance with a precision of ± 0.01 g, and their 

volumes (V0) were determined by measuring their dimensions with a digital caliper with a 

precision of ± 0.01 mm. The oven-dry density was calculated using the following Eq. 1,  

           (1) 

where δ₀ represents the oven-dry density in grams per cubic centimeter (g/cm³), M₀ is the 

oven-dry mass in grams (g), and V₀ is the oven-dry volume in cubic centimeters (cm³). In the 

BC sheet-reinforced laminated specimens, the oven-dry densities could not be determined 

because the BC sheets deformed at 103 ± 2 °C. Therefore, the air-dry densities (δ12) of these 

specimens were calculated using the following Eq. 2, 

           (2) 

where δ₁₂ denotes the air-dry density in grams per cubic centimeter (g/cm³), M₁₂ is the air-dry 

mass in grams (g), and V₁₂ is the air-dry volume in cubic centimeters (cm³). 

a
a 

b
a 

c
a 

d
a 
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Determination of Swelling and Water Absorption 
The swelling ratio  (%) in the pressing direction (αmax) was determined based on the 

TS 13061-15 (2021) standard. However, in the reinforced laminated specimens, the oven-

drying step specified in the standard could not be applied because the BC sheets deformed at 

103 ± 2 °C; instead, the initial measurements were performed on specimens conditioned at a 

temperature of 20 ± 2 °C and a relative humidity of 65 ± 3%.   

The initial dimensions of the conditioned specimens in the pressing direction (Lmin) 

were measured with a digital caliper with a precision of ± 0.01 mm. Subsequently, the 

samples were fully immersed in distilled water (with a wire mesh placed on them, Fig. 4) and 

kept until their dimensional changes ceased. After being removed from the water, their final 

dimensions in the pressing direction (Lmax) were measured. The swelling ratio in the pressing 

direction was calculated using the following Eq. 3, 

         (3) 

where αₘₐₓ is the total swelling ratio in the pressing direction expressed as a percentage (%), 

Lₘₐₓ is the dimension in the pressing direction after water immersion (mm), and Lₘᵢₙ is the 

dimension in the pressing direction after conditioning (mm).  

The water absorption ratio (%) was determined using the same test specimens. The 

initial mass of each specimen (a1) before water immersion and its final mass (a2) weighed 

after its dimensional changes ceased. It was removed from the water, and its surface was 

wiped dry and it was measured on a balance with a precision of ± 0.01 g. The water 

absorption was calculated using the following Eq. 4,  

         (4) 

where WA is the water absorption expressed as a percentage (%), a₁ is the initial mass of the 

test piece before water immersion in grams (g), and a₂ is the final mass of the test piece after 

water immersion in grams (g). 

 

  
 

Fig. 4. Swelling test setup: (a) samples in mesh bags, (b) immersion under weights 
 

Thermogravimetric Analysis 
The TGA tests of the BC sheets obtained from kombucha pellicles were performed at 

the Düzce University Scientific and Technological Research Application and Research Center 

(DUBIT), using a Shimadzu DTG 60H - DSC 60 instrument. In the analysis, the mass 

changes of the sample under a controlled temperature increase were examined.  

a
a 

b
a 
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Scanning Electron Microscopy Analysis 
The morphological examination of the BC sheets obtained from kombucha pellicles by 

SEM was carried out at DUBIT, using an FEI Quanta FEG 250 instrument. For this purpose, 

a cross-section of the BC sheet was taken and coated with gold in a Denton Vacuum Desk V 

device for clearer imaging. The coated specimens, with dimensions of 3 × 3 × 1 mm, were 

imaged on their cross-sectional surfaces under high vacuum.  

 

Statistical Analysis 
For the statistical evaluations, the MSTAT-C software package (University of 

Michigan, MI, USA) was used. The effects of the factors were determined through analysis of 

variance (ANOVA) tests. Duncan's multiple range test (DMRT), using the least significant 

difference (LSD) critical value, was used to determine the significant differences between the 

variables.  
 

 

RESULTS AND DISCUSSION  
 
Density 

The mean oven-dry and air-dry densities of the BC sheet-reinforced laminated wood 

are given in Tables 2 and 3. 
 

Table 2. Arithmetic Means of Oven-dry Density for the Control Group (g/cm³) 

 

According to Table 2, the highest oven-dry density was determined in the control 

group beech specimens laminated with UF adhesive, while the lowest density was found in 

the control group chestnut specimens laminated with PVAc and UF adhesives. For the BC 

sheet-reinforced laminated specimens, the oven-dry density values could not be determined 

because the BC sheets deformed because of the 103 ± 2 °C temperature.  

 

Table 3. Arithmetic Means of Air-dry Density (g/cm³) 

 

According to Table 3, the highest air-dry density was observed in the BC sheet-

reinforced beech specimens laminated with PVAc adhesive, whereas the lowest density was 

found in the control group chestnut specimens also laminated with PVAc adhesive.  
 

Swelling in the Pressing Direction 
The arithmetic mean values for the swelling ratio in the pressing direction (%), which 

were obtained to determine the effect of BC sheets in laminated wood production, differed 

Factors Polyvinyl Acetate Polyurethane Urea Formaldehyde 

Beech 0.58 0.60 0.65 

Chestnut 0.50 0.54 0.50 

Pine 0.57 0.56 0.62 

Factors Polyvinyl Acetate Polyurethane Urea Formaldehyde 

Control BC Sheet 
Reinforced 

Control BC Sheet 
Reinforced 

Control BC Sheet 
Reinforced 

Beech 0.62 0.69 0.63 0.67 0.68 0.68 

Chestnut 0.54 0.61 0.58 0.60 0.55 0.63 

Pine 0.61 0.65 0.59 0.66 0.66 0.68 
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according to wood species, adhesive type, and lamination factors. To determine the factors 

causing this variation, an ANOVA was performed, and the results are presented in Table 4.  

 

Table 4. ANOVA Results for Swelling Values in the Pressing Direction (%) 

Factors 
Degrees of 
Freedom 

Sum of 
Squares 

Mean 
Square 

F Value 
Level of 

Significance 
(p ≤ 0.05) 

Wood type (A) 2 318.543 159.271 1317.6771 0.0000* 

Adhesive Type (B) 2 34.748 17.374 143.7360 0.0000 

Lamination (C) 1 63.824 63.824 528.0229 0.0000 

Interaction (AB) 4 35.438 8.860 73.2964 0.0000 

Interaction (AC) 2 48.925 24.463 202.3830 0.0000 

Interaction (BC) 2 1.255 0.627 5.1910 0.0078 

Interaction (ABC) 4 29.469 7.367 60.9513 0.0000 

Error 72 8.703 0.121   

Total 89 540.904    

*Significant at 95% confidence level 

 

According to the ANOVA results, the swelling values in the pressing direction showed 

a significant difference (p ≤ 0.05) depending on the wood species, adhesive type, lamination 

factor, and the interactions between these factors. To determine the source of this variation, 

DMRT was applied using the LSD critical value. The results of this comparison at the levels 

of wood species, adhesive type, and lamination factors are presented in Table 5.  

 

Table 5. Duncan Test Comparison Results for Swelling in the Pressing Direction 
According to Wood Species, Adhesive Type, and Lamination Factor 

Wood Type x̄ HG 

Pine 6.295 B 

Beech 9.225 A* 

Chestnut 4.680 C 

LSD ± 0.1790 

Adhesive Type x̄ HG 

Polyvinyl Acetate  7.599 A* 

Polyurethane  6.432 B 

Urea Formaldehyde  6.169 C 

LSD ± 0.1790 

Lamination x̄ HG 

Control 5.891 B 

BC Sheet Reinforced 7.575 A* 

LSD ± 0.1462 

Note: x̄ = Arithmetic mean; HG = homogeneity group; and * = The highest swelling in the pressing 
direction 

 

According to Table 5, at the wood species level, the highest swelling value in the 

pressing direction was obtained in the laminated specimens produced from beech wood 

(9.22%), while the lowest was obtained in those produced from chestnut wood (4.68%). At 

the adhesive type of level, the highest value was determined in the laminated specimens 

adhered with PVAc adhesive (7.59%), whereas the lowest value was found in those adhered 

with UF adhesive (6.16%). At the lamination factor level, the highest swelling was 
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determined in the BC sheet-reinforced laminated specimens (7.57%), and the lowest in the 

control group laminated specimens (5.89%).  

In the evaluation based on wood species, the swelling in the pressing direction of the 

laminated specimens made from beech wood was found to be approximately 46.5% higher 

than that of the pine wood specimens. In contrast, the swelling ratio of the specimens made 

from chestnut wood was 25.7% lower than that of pine wood. These differences are thought to 

originate from the anatomical and chemical properties of the wood species, such as their fiber 

structure, porosity level, and responses to water. The literature indicates that wood species 

with higher density have thicker cell walls, and therefore exhibit greater dimensional changes; 

however, they have less void volume, which leads to lower water absorption (Bal and Bektaş 

2012). The fact that beech wood is denser than the other wood species used in this study, and 

therefore exhibits a higher swelling, is consistent with the literature.  

When evaluated by adhesive type, the swelling of specimens using PVAc adhesive 

was found to be 18.1% higher than that of the polyurethane-adhered specimens. In contrast, 

specimens adhered with urea-formaldehyde exhibited a swelling 18.8% lower than those with 

PVAc and 4.1% lower than those with PU. These differences are considered to be related to 

the adhesive’s capacity to form a barrier against water and its interaction with the wood. 

Furthermore, this is thought to be because adhesion with PVAc occurs only physically, 

through the evaporation of water from the solution, and lacks the chemical reaction present in 

the other adhesives used in the study. As stated in the literature, PVAc adhesive is a product 

of polymerization, and its curing is a physical process (Gadhave 2023; Lee et al. 2025). 

Additionally, it is reported that chemically based adhesives are more water-resistant than 

physically-based adhesives (Kurt 2008). This, in turn, may have caused the PVAc adhesive to 

absorb more water.  

In terms of the lamination factor, the swelling in the pressing direction in the BC 

sheet-reinforced specimens was 28.6% higher than that of the control group. This result 

suggests that the BC sheet reinforcement application may have increased water permeability 

and therefore negatively affected the swelling ratios. In the literature, it is stated that there are 

two types of thickness increase in plywood. The first is the apparent thickness increase due to 

the springback of the wood material that was compressed by the press pressure; the second is 

the true thickness increase that occurs as the wood absorbs water up to the fiber saturation 

point (Bal and Bektaş 2012). In this study, the BC sheet-reinforced laminated specimens 

exhibited a higher swelling while having a lower water absorption. This seemingly 

paradoxical behavior can be interpreted through a multi-faceted mechanism. Firstly, the BC 

sheet itself, being highly hydrophilic, likely swells significantly upon water uptake, 

contributing directly to the total thickness increase even if its contribution to the overall mass 

of absorbed water is low. Secondly, the interface between the BC sheet, the adhesive, and the 

wood surface plays a critical role. Any imperfect adhesion could create micro-voids that, 

while not retaining significant water mass, contribute to dimensional expansion. Furthermore, 

this distinct interlayer may have exacerbated the ‘springback’ phenomenon; the compressed 

wood lamellas could recover more of their pre-compression thickness upon wetting, using the 

less-integrated BC layer as a point of release, leading to a higher overall swelling 

measurement. 

The DMRT comparison results for the interaction level of wood species, adhesive 

type, and lamination factors, along with the results of the collective comparisons, are 

presented in Fig. 5.  
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Fig. 5. DMRT comparison results for swelling values in the pressing direction based on the interaction 
of wood species, adhesive type, and lamination factor 
 

According to the data in Fig. 5, the highest value for the swelling in the pressing 

direction (11.8%) was observed in the beech wood specimens treated with BC sheet and 

bonded with polyurethane adhesive. In contrast, the lowest swelling (2.5%) was determined in 

the chestnut specimens that were not treated with BC sheet and were bonded with urea-

formaldehyde adhesive. 
 

Water Absorption in the Pressing Direction 
The arithmetic mean values for the water absorption (%), obtained to determine the 

effect of BC sheets in laminated wood production, differed according to wood species, 

adhesive type, and lamination factors. To determine the factors causing this variation, an 

Analysis of Variance (ANOVA) was performed, and the results are presented in Table 6.  

 

Table 6. ANOVA Results for Water Absorption Values in the Pressing Direction (%) 

Factors 
Degrees of  
Freedom 

Sum of  
Squares 

Mean  
Square 

F Value 
Level of  

Significance  
(p ≤ 0.05) 

Wood type (A) 2 4188.864 2094.432 831.5631 0.0000* 

Adhesive Type 
(B) 

2 17.770 8.885 3.5276 0.0346 

Lamination (C) 1 372.873 372.873     148.0438 0.0000 

Interaction (AB) 4 433.560 108.390 43.0347 0.0000 

Interaction (AC) 2 762.666 381.333 151.4025 0.0000 

Interaction (BC) 2 577.699 288.850 114.6835 0.0000 

Interaction (ABC) 4 1148.438 287.110 113.9926 0.0000 

Error 72 181.344 2.519   

Total 89 7683.215    

*Significant at 95% confidence level 

 

According to the ANOVA results, the effects of wood species, adhesive type, 

lamination factor, and the interactions between these factors on the water absorption were 

found to be significant (p ≤ 0.05). To determine the source of this variance, the DMRT test 



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 
Budakçı et al. (2025). “Kombucha & laminated wood,” BioResources 20(4), 8976-8992.  8986 

 

was applied at the levels of wood species, adhesive type, and lamination factors using the 

LSD critical value, and the comparison results are presented in Table 7.  
 

Table 7. Duncan Test Comparison Results for Water Absorption in the Pressing 
Direction According to Wood Species, Adhesive Type, and Lamination Factor 

Wood Type x̄ HG 

Pine 29.52 C 

Beech 42.65 B 

Chestnut 45.04 A* 

LSD ± 0.8169 

Adhesive Type x̄ HG 

Polyvinyl Acetate  39.64 A* 

Polyurethane  38.56 B 

Urea Formaldehyde  39.00 AB 

LSD ± 0.8169 

Lamination x̄ HG 

Control 41.11 A* 

BC Sheet Reinforced 37.03 B 

LSD ± 0.6670 

Note: x̄ = Arithmetic mean; HG = homogeneity group; and * = The highest water absorption in the 
pressing direction 

 

According to Table 7, at the wood species level, the highest water absorption was 

obtained in the laminated specimens produced from chestnut wood (45.04%), while the 

lowest water absorption was obtained in the specimens produced from pine wood (29.52%). 

When evaluated at the adhesive type level, the highest water absorption was determined in the 

PVAc-adhered specimens (39.64%), while the lowest water absorption was observed in the 

PU-adhered specimens (38.56%). The UF-adhered specimens were found to have an 

intermediate value (39%). At the lamination factor level, the water absorption was measured 

to be higher in the control group (41.11%), while this ratio was found to be lower in the 

reinforced-laminated specimens (37.03%).  

In the evaluation based on wood species, the water absorption of laminated specimens 

produced from chestnut wood was approximately 52.5% higher than that of the pine wood 

specimens. In contrast, it was determined that the specimens produced from beech wood had a 

44.5% higher water absorption compared to pine. These differences are thought to originate 

from the natural properties of the woods, such as their porosity structure, fiber density, and 

sap content. In literature studies, it is stated that the water absorption of pine wood is higher 

than that of beech wood (Pelit et al. 2017). The discrepancy between the findings of this study 

and the data in the literature may be attributed to the variation in the physical and mechanical 

properties of trees depending on factors such as their growing region and environmental 

conditions. Additionally, the resinous structure of pine wood may have reduced its water 

permeability, thereby lowering the water absorption. The literature states that woods 

containing natural resins or extractive substances provide a certain degree of water repellency 

in panels (Gündüz et al. 2005). 

When examined by adhesive type, the PVAc-adhered specimens absorbed 

approximately 2.8% more water than the PU-adhered specimens. The water absorption of the 

UF-adhered specimens was 1.6% lower than that of the PVAc-adhered specimens and 1.1% 

higher than that of the PU-adhered ones. These small differences indicate that the barrier 

effect of the adhesive against water and the quality of the bond it forms with the wood played 

a role.  
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At the lamination factor level, the water absorption of the specimens in the control 

group was approximately 11% higher than that of the reinforced specimens. Although BC 

sheets are hydrophilic, it is hypothesized that the penetration of the adhesive into the porous 

BC network, followed by consolidation during the pressing stage, created a densified and less 

permeable physical barrier. This barrier would physically restrict water ingress into the 

composite's core, thus leading to a decrease in the overall water absorption. This phenomenon 

is likely influenced by the specific BC-adhesive interactions under pressure. During hot 

pressing with UF adhesive, the thermosetting resin could have penetrated and cured within the 

BC's nanofibrillar network, creating a rigid, cross-linked, and less permeable interphase. In 

contrast, thermoplastic adhesives such as PVAc may have formed a less integrated film. 

Furthermore, the high pressure applied during lamination likely densified the porous BC 

network. This densified, adhesive-infiltrated BC layer would create a highly tortuous path for 

water molecules, significantly slowing their diffusion rate and reducing the total mass of 

absorbed water, even as other mechanisms contributed to thickness swelling. Furthermore, in 

the study, different layer thicknesses were used for the control group and the BC sheet-

reinforced laminations to achieve the same final lamination thickness. Because the use of 

thicker layers in the control group laminations compared to the reinforced ones would 

increase the amount of wood material, this may have caused the control group to absorb more 

water. This result may suggest that the BC sheet reinforcement created a more compact 

structure by somewhat limiting the wood’s water absorption capacity.  

The DMRT comparison results for the interaction level of wood species, adhesive 

type, and lamination factors, along with the results of the collective comparisons, are 

presented in Fig. 6.  
 

 
 

Fig. 6. DMRT comparison results for water absorption in the pressing direction based on the 
interaction of wood species, adhesive type, and lamination factor 
 

According to the data in Fig. 6, the lowest water absorption (18.0%) was obtained in 

the pine wood specimens treated with BC sheet and laminated with polyvinyl acetate (PVAc) 

adhesive. In contrast, the highest water absorption was recorded for the chestnut specimens 

not reinforced with BC sheets and bonded with PVAc (52.4%). 
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TGA 
In this study, TGA was performed to determine the thermal behavior of the BC sheet 

used in the production of reinforced laminated wood material (Fig. 7).  

 

 
 
Fig. 7. TGA analysis 
 

As a result of the TGA analysis, the BC sheet was observed to exhibit a multi-stage 

degradation profile. The initial weight loss of 1.8% occurred during the temperature increase 

up to approximately 110 °C, and this loss is attributed to the removal of moisture. The main 

degradation phase started at approximately 150 °C and continued up to 285 °C, during which 

the sample lost 49.39% of its mass. At this stage, it is understood that the organic structure 

was largely and thermally decomposed. When the temperature reached 500 °C, the total 

weight loss exceeded 95%, indicating that the sample had almost completely degraded.  
 

SEM Analysis 
To investigate the microstructure and the nature of the interface in the reinforced 

composite, SEM analysis was performed on the cross-section of the reinforced laminated 

wood material. For this analysis, small sections were cut from the final laminated composites 

using a microtome.  

  
 

Fig. 8. SEM images: (a) cross-sectional SEM image showing the BC sheet–wood interface; (b) overall 
surface morphology of BC sheet 
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Figure 8 clearly reveals that the BC sheet formed a distinct, dense, and continuous 

layer integrated between the wood layers. The initially porous and fibrillar network of the raw 

BC sheet appears to have been significantly consolidated during the hot-press lamination 

process, forming a solid matrix fully embedded within the adhesive. This observation of a 

densified, adhesive-saturated BC layer supports the hypothesis that a less permeable barrier 

was created. Such a structure, featuring a highly tortuous path for water molecules, would 

explain the lower water absorption observed in the BC-reinforced samples. Additionally, a 

very sharp and well-defined interface between the BC layer and the wood fibers was 

observed. The formation of such a distinct and consolidated interlayer could be a contributing 

factor to the increased thickness swelling. It is also possible that this rigid layer amplifies the 

springback of the pressed wood, causing it to swell more in thickness when it gets wet. It 

should also be noted that although the BC sheet acts as a dense barrier limiting water 

diffusion through the composite, its intrinsic hydrophilic nature remains. Upon immersion, 

water can still be absorbed within the nanofiber network of the BC layer itself, causing 

localized swelling. Upon immersion, water molecules can penetrate the consolidated 

nanofiber network, causing the BC layer itself to swell significantly. While the mass of water 

absorbed by the thin BC layer is minor compared to the total mass of the composite, its 

percentage increase in thickness could be substantial. This disproportionate swelling of the 

interlayer, combined with the swelling of the wood lamellas, would result in a greater total 

thickness swelling for the composite, helping to explain the observed phenomenon of high 

swelling coupled with low water absorption. Thus, the SEM analysis provides crucial 

microstructural evidence that helps explain the seemingly paradoxical physical properties 

observed in this study. 

 

 
CONCLUSIONS 
  

This study investigated the effect of bacterial cellulose (BC) sheets derived from 

kombucha pellicles on the physical properties of laminated wood made from Scots pine, 

beech, and chestnut, using polyvinyl acetate (PVAc), polyurethane (PU), and urea 

formaldehyde (UF) adhesives. As a result of the experimental analyses and statistical 

evaluations performed, the following conclusions were reached: 

1. The main contribution of this study is the initial demonstration that kombucha-derived 

bacterial cellulose sheets can be used to reinforce laminated wood, revealing a 

paradoxical physical effect where the reinforcement layer significantly decreases 

water absorption while simultaneously increasing thickness swelling. 

 

2. The air-dry density values in the reinforced specimens were generally higher than in 

the control group. This suggests that the structural density of the BC has an effect on 

the laminated system. 

3. The swelling ratio in the pressing direction was found to be significantly higher in the 

reinforced specimens compared to the control group. This increase is thought to be 

due to the BC layers not integrating sufficiently with the wood and adhesive systems 

and failing to form an effective barrier against water passage. 

4. In terms of water absorption, lower values were obtained in the reinforced specimens 

compared to the control group. This can be interpreted as the penetration of the 

adhesive into the structure of the cellulose layer creating a hydrophobic effect, thus 

limiting water absorption. 
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5. As a result of the thermogravimetric analysis (TGA) and scanning electron microscope 

(SEM) analyses, it was observed that the BC exhibited a multi-stage thermal 

degradation profile and had structural irregularities on its surface. These observations 

indicate that the purity degree of the BC and the post-production processing can 

directly affect the material’s performance. 

6. This study examined the potential of reinforcing wood laminates with BC panels, 

without addressing scalability concerns. Notably, the direct production of ready-to-use 

mats presents a major advantage over conventional fiber sources. Future research may 

focus on scalability, enhancing panel homogeneity through controlled drying and 

reducing production time via optimized fermentation.  
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