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Abstract. This article describes the process of synthesizing hydrophobic organosilicon 

compounds based on tetraethoxysilane using the sol-gel method and their addition as a 

modifier to urea-formaldehyde adhesive. The modified adhesive was tested in the production 

of reed-stem panels. As a result, the water resistance of the panels increased by 20-30%, 

mechanical strength by 15-25%, and formaldehyde emission decreased to a level below 0.1 

ppm. 

1. Introduction. In modern industry, particularly in construction and furniture 

manufacturing, the demand for environmentally safe and sustainable materials is rapidly 

increasing. Traditional synthetic adhesives, such as urea-formaldehyde (UF) resins, face 

significant challenges due to formaldehyde emissions and limited resource availability [1, 2]. 

To address these issues, bio-based modifiers and natural raw materials, such as reed and 

wheat straw, are being considered as alternatives, as they are sustainable and renewable 

resources [3, 4]. While reed-based panels are cost-effective and environmentally friendly, 

their limited water resistance and mechanical strength restrict their widespread use [5]. 

UF adhesives are widely used due to their low cost and high bonding strength, but their 

hydrophilic nature and formaldehyde emissions are significant drawbacks [6, 7]. To overcome 

these challenges, silane compounds, particularly hydrophobic modifiers based on 

tetraethoxysilane (TEOS), are employed. These form siloxane networks through the sol-gel 
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process, enhancing the adhesive’s water resistance [8, 9]. TEOS-based sol-gel technology is 

effective in creating hydrophobic coatings, protecting the surface of wood and bio-based 

materials while reducing emissions [10, 11]. 

This study investigates the synthesis of hydrophobic organosilicon modifiers based on 

TEOS, their incorporation into UF adhesives, and their application in reed-based panels. The 

research aims to improve the hydrophobicity, mechanical properties, and environmental 

performance of these panels, with results validated through FTIR, TGA, and SEM analyses. 

Organosilicon compounds, such as alkoxysilanes (e.g., TEOS), are widely used in 

various materials due to their hydrophobicity and chemical stability [12]. In the sol-gel 

process, TEOS undergoes hydrolysis and condensation to form Si-O-Si bonds, creating 

hydrophobic siloxane layers [13, 14]. Catalysts, such as amines, control reaction rates and, in 

UF synthesis, bind with formaldehyde to reduce emissions [15]. 

To address the hydrophilic nature and emission issues of UF adhesives, silane 

modifiers are effective, integrating into the adhesive’s molecular structure and increasing the 

contact angle [16, 17]. While reed materials are a sustainable resource, their high water 

absorption limits their use [18]. Modified UF adhesives improve water resistance and 

mechanical properties in reed panels, with hot-pressing processes enhancing bonding [19]. 

Formaldehyde emissions can be reduced using additives like ammonium phosphate 

(ammophos) [20]. Modern analytical techniques (FTIR, TGA/DTA, SEM) evaluate the 

properties of modified materials [21, 22]. Organosilicon modification improves physical-

mechanical and environmental performance, expanding the industrial applicability of reed-

based panels [23, 24, 25, 26, 27]. 

The research objective is to enhance the water resistance of UF adhesives by 20-30%, 

improve mechanical strength by 15-25%, and reduce formaldehyde emissions to meet the E1 

standard using hydrophobic organosilicon compounds synthesized via the sol-gel method 

based on TEOS. 

2. Materials and methods. 

2.1. Reagents and materials 

Tetraethoxysilane (TEOS) serves as the primary raw material for synthesizing 

hydrophobic organosilicon compounds, monoethanolamine acts as a catalyst and pH 

regulator, a water-ethanol mixture (1:1 ratio, 100 ml, 96% ethanol) is used as the solvent, 

glycerol provides additional functionality, urea and formalin (37% formaldehyde solution) 

are the main components for urea-formaldehyde adhesive synthesis, ammonium phosphate 

(ammophos) is an additive to reduce formaldehyde emissions, and reed particles (5-15 mm 

coarse fraction and 1-5 mm fine fraction, moisture content ≤5%) are prepared from local 

reeds. The adhesive’s flowability was measured using a Ford viscometer (No. 4, 25°C), density 

by the pycnometric method, gelation time by testing (60°C), and viscosity by a Brookfield 

viscometer (DV-II+, 60 rpm, 25°C). The properties of the final products and panels were 

analyzed using FTIR spectroscopy, TGA/DTA, SEM, contact angle measurement, density, 

bending strength, screw withdrawal resistance, water absorption, and formaldehyde emission 

determination methods. 

2.2. Synthesis of hydrophobic organosilicon compounds 

The hydrophobic organosilicon compound was synthesized via the sol-gel process [8]. 

The procedure was carried out as follows: 
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In 100 ml of a water-ethanol mixture (1:1 mass ratio), 20.8 g (0.1 mol) of TEOS was 

dissolved and stirred on a magnetic stirrer at 40°C for 10 minutes. As a catalyst, 0.5 g of 

monoethanolamine was added, and the pH was adjusted to 8.0–8.5. Then, 4.6 g (0.05 mol) of 

glycerol was added, and the mixture was stirred at 60°C for 4 hours, forming the 

organosilicon compound through the sol-gel process. The resulting product was separated 

using vacuum filtration and dried at 80°C for 8 hours. 

TEOS undergoes hydrolysis in the water-ethanol mixture, forming silanol groups: 

Si(OC2H5)4+4H2O→Si(OH)4+4C2H5OH 

Silanol groups form siloxane bonds through condensation:  

Si(OH)4+Si(OH)4→(HO)3Si−O−Si(OH)3+H2O 

Or in general form:  

n Si(OH)4→[SiO2]n+2nH2O 

Glycerol condenses with silanol groups, forming a functional group that enhances 

hydrophobic properties:  

Si(OH)4+C3H8O3→Si(OH)4−x(OC3H7O2)x+xH2O 

2.3. Synthesis and modification of urea-formaldehyde glue 

Initially, 100 g of urea and 150 ml of formalin (37%) were mixed at 70°C for 1 hour, 

with the pH adjusted to 8.5 using monoethanolamine (MEA). The reaction mixture was then 

adjusted to a pH of 6.5–7.0 in an acidic environment and condensed at 90°C for 2 hours. The 

pH was readjusted to 7.5–8.0 using MEA, the temperature was lowered to 30°C, and the 

synthesized hydrophobic organosilicon compound (5–10% by mass) was added. The mixture 

was stirred at 600 rpm for 20 minutes [9]. To reduce formaldehyde emissions, ammonium 

phosphate (ammophos, 1% by mass) was tested as an additive in the third stage of synthesis 

[15]. 

In this process, urea reacts with formaldehyde to form methylol urea: 

CH4N2O+CH2O→H2NCONHCH2OH (pH 8.5, 70°C, first stage) 

Methylol ureas condense in an acidic environment (pH 6.5-7.0) to form a polymer 

network:  

H2NCONHCH2OH+H2NCONHCH2OH→H2NCONHCH2NHCONH2+CH2O+H2O 

(90°C, second stage) 

In the third stage of synthesis (pH 7.5–8.0, 30°C), the hydrophobic organosilicon 

compound integrates into the urea-formaldehyde adhesive network. The hydrophobic 

organosilicon compound reacts with the OH groups of the urea-formaldehyde resin: 

Si(OH)4+HO−CH2NHCONH2→Si(OH)3−O−CH2NHCONH2+H2O 

This reaction incorporates siloxane bonds into the structure of the urea-formaldehyde 

adhesive, enhancing its hydrophobicity. 

Ammonium phosphate (ammophos, (NH4)2HPO4) reduces emissions by binding 

formaldehyde molecules [15]. The reaction for this process is as follows: 

  

CH2O+(NH4)2HPO4→(NH4)2HPO4 ⋅ CH2O (complex) 

2.4. Sampling of reed-shaving slabs 

Reed particles were divided into two fractions: a coarse fraction (5–15 mm) for the 

core layer and a fine fraction (1–5 mm) for the surface layers [4]. To prepare the panels, 155 g 

of modified urea-formaldehyde adhesive was added to 1200 g of coarse fraction reed 

particles, and 65 g of adhesive was added to 300 g of fine fraction particles. The mixture was 
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hot-pressed in a hydraulic press at 155–165°C under 14–15 MPa pressure for 6 minutes [18]. 

The finished panels were stored for 24 hours at 20°C and 65% relative humidity. 

The modified urea-formaldehyde adhesive interacts with the cellulose OH groups on 

the surface of the reed particles through hydrogen bonds and chemical bonding: 

Si−O−CH2NHCONH2+HO−Selluloza→Si−O−CH2NHCONH2 ⋯HO−Selluloza 

This process is strengthened during hot pressing (155-165°C, 14-15 MPa), increasing 

the mechanical properties of the plates [18]. 

3. Results 

To enhance the efficiency of the hydrophobic organosilicon compound synthesis 

process, additional experiments were conducted. The concentration of the monoethanolamine 

catalyst (0.3%, 0.7%, 1.2% by mass) and the amount of glycerol (0.03–0.07 mol) were varied 

to study their effects on product yield and hydrophobic properties. Key sol-gel process 

parameters, such as temperature (50°C, 70°C) and reaction time (3–5 hours), were optimized. 

The results showed that the highest formation of Si-O-Si bonds was achieved at 60°C with a 4-

hour reaction time and 0.5% monoethanolamine, as confirmed by strong absorption peaks in 

the 1000–1050 cm-1 range in FTIR analysis. 

 

Table 1 

Physical and mechanical properties of reed-shavings boards 

Feature Unmodified glue Modified glue (5% 

modifier) 

Modified glue (10% 

modifier) 

Density (kg/m3) 650 700 750 

Flexural strength 

(MPa) 
10.5 12.0 14.5 

Resistance to 

syrup hardening 

(N/mm) 

30 35 42 

Water absorption 

(%, 24 hours) 
20 15 12 

Formaldehyde 

emission (ppm) 
0.12 0.09 0.07 

The results indicate that at modifier concentrations of 5% and 10%, the density 

increased by 7–15%, bending strength by 14–38%, and screw withdrawal resistance by 17–

40%, while water absorption decreased by 25–40%. 

4. Discussion. In this study, hydrophobic organosilicon compounds based on 

tetraethoxysilane (TEOS) were synthesized, and their use in modifying urea-formaldehyde 

(UF) adhesive for the production of reed-based particleboards was investigated. The results 

demonstrated significant improvements in the water resistance, mechanical strength, and 

formaldehyde emission reduction of the modified UF adhesive, thereby expanding the 

industrial applicability of reed-based materials. 

The hydrophobic organosilicon compound was successfully synthesized via the sol-gel 

process, with monoethanolamine used as a medium or catalyst. FTIR analysis confirmed the 

presence of Si-O-Si bonds (1000–1050 cm-1), which ensure the hydrophobic properties of the 
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organosilicon compound [20]. Contact angle measurements (90–110°) indicated a high level 

of hydrophobicity in the modified UF adhesive. 

The mechanical properties of the reed-based particleboards, specifically bending 

strength (12–15 MPa) and screw withdrawal resistance (35–45 N/mm), increased by 2–3 

MPa and 5–10 N/mm, respectively, due to the organosilicon compound modification. SEM 

analysis revealed strong bonding between the adhesive and reed particles, confirming the 

excellent adhesion of the organosilicon compound to the reed surface. Optimized hot-pressing 

conditions (155–165°C, 14–15 MPa) contributed to achieving a panel density of 650–720 

kg/m3 [18]. 

Compliance with the E1 standard for formaldehyde emissions (<0.1 ppm) highlights 

the effectiveness of the ammonium phosphate (ammophos) additive, which binds 

formaldehyde molecules [15, 19]. 

This study demonstrates the high potential of TEOS-based organosilicon compound 

modification as a sustainable, environmentally safe, and cost-effective solution for producing 

reed-based particleboards. The results pave the way for broader applications of reed-based 

materials in the furniture and construction industries [3, 23]. 

5. Conclusion. The hydrophobic organosilicon compound synthesized based on 

tetraethoxysilane (TEOS) significantly improved the properties of urea-formaldehyde 

adhesive. High performance was recorded in terms of hydrophobicity (contact angle with 

water of 90–110°), mechanical strength (bending strength of 12–15 MPa, screw withdrawal 

resistance of 35–45 N/mm), and environmental safety (formaldehyde emissions <0.1 ppm, 

meeting the E1 standard). Additional analyses and tests confirmed the high efficiency of the 

organosilicon compound. 
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