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The objective of this study was to quantify the influence of zinc oxide 
nanoparticles (nano-ZnO) on the water repellency and dimensional 
stability of beech wood. Beech wood blocks were treated with a nano-
ZnO solution at four treatment levels (0, 10,000, 20,000, and 40,000 
ppm) using a modified dip method. Also, a thermal treatment was 
performed at 60 and 120 °C. After conditioning the samples, water 
absorption, volumetric swelling, water repellency effectiveness, and anti-
shrink/anti-swell efficiency were determined within 24 h of soaking time. 
The results indicated that the nano-ZnO used for wood modification 
greatly improved dimensional stability and reduced the hygroscopicity of 
the wood. In addition, the Fourier-transform infrared spectroscopy (FTIR) 
analysis suggested a strong interaction between the nano-ZnO and the 
chemical components of wood. The heat treatment effectively improved 
the effects of nano-ZnO. 
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INTRODUCTION 
 

Some characteristics of wood, such as its poor dimensional stability, durability, 

and flammability resistance, limit its utilization as a construction material (Fengel and 

Wegener 1989). Most of these drawbacks can be attributed to the hygroscopic 

characteristics of wood. In recent years, many methods have been used to improve wood 

and wood-based materials for various applications. Inorganic modification of wood and 

other lignocellulosic materials is one of the most widely used methods for improvement 

of wood properties (Mahltig et al. 2008; Mai and Militz 2004).  

Positive attributes of these modified materials, including broadband UV absorb-

ability, bio-degradability resistance, eco-friendly properties, and high temperature resis-

tance, provide an opportunity for wood and lignocellulosic materials to improve their 

performance and function (Wegner et al. 2005). By incorporating inorganic components 

into the wood matrix, wood can be functionalized with enhanced properties in terms of 

water repellency and biodegradation resistance (Wang et al. 2012). On the other hand, 

nano-metal particles are available having sizes smaller than the wood pore diameters. 

This has led to better penetration and stabilization (Freeman and McIntyre 2008).  

As a nano-metal, nano zinc oxide (nano ZnO) has some unique properties, such as 

non-adherent character, microcrystalline structure, as well as bacterial, fungal, and 

termite inhibition properties (Bak et al. 2012; Clousen et al. 2009; Kartal et al. 2009), 
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UV radiation resistance (Blanchard and Blanchet 2011), and leaching resistance (Clausen 

et al. 2010).  

Recent studies have revealed the effect of nano-ZnO on the reduction of water 

absorption of treated samples (Traistaru et al. 2012; Traistaru et al. 2013). In accordance 

with these studies, the most hydrophobic surfaces were observed for a system with nano-

ZnO additive.  

Very little is known about wood impregnation with nano-metals such as nano-

ZnO. The objective of this study was to describe the effects of different concentrations of 

nano-ZnO on the water repellency and dimensional stability of beech wood. Effects of 

temperature on the performance and effectiveness of nano-ZnO were also investigated. 

 
 
EXPERIMENTAL 
 

Materials and Methods 
 The study was performed on wood materials from beech trees (Fagus orientalis) 

collected from the north of Iran. After oven-drying the specimens at 103±2 °C for 20 h, 

they were submerged in aqueous solutions of nano-ZnO (LNP-ZC brand, Lotus 

Nanochemistry Pars Co., Iran, at concentrations of 10,000, 20,000, and 40,000 ppm), for 

1 h without dispersant and at a vacuum of 600 mm Hg to increase penetration of the 

solution. The nano-ZnO had a primary particle size of 20 nm. To determine the role of 

temperature in the treatment process, different temperatures were applied in two steps. At 

first, the temperature of the reactor was increased to 60 °C for 1 h.  In the second step, the 

specimens were wrapped with aluminum foil and placed in the reactor at 120 °C for 3 h. 

Finally, the samples were thoroughly washed with distilled water to remove excess 

chemicals and then oven-dried. Untreated wood served as a control. There were seven 

treatment groups, as listed in Table 1. 

Table 1.  Treatment Groups 

Testing 

Groups 

Nano-treatment  
(ppm) 

Temperature 
(ºC) 

10000 20000 40000 60  120  

Control ----- ----- ----- ----- ----- 

Group 1 × ----- ----- × ----- 

Group 2 × ----- ----- × × 

Group 3 ----- × ----- × ----- 

Group 4 ----- × ----- × × 

Group 5 ----- ----- × × ----- 

Group 6 ----- ----- ----- × × 

                                           ×: designated treatment was conducted on samples. 

 

The statistical analysis of the mean differences in all treatments was conducted 

using the Statistical Package for Social Science (PASW
®
 statistics processor, version 15) 

for Windows. The data were subjected to an analysis of variance procedure to examine 

variability in the various properties. The Duncan multiple range test (DMRT) was used to 

separate the means of the various parameters at 5% probability. 
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Water repellency and anti-swelling efficiency 

 The dimensional stability of treated wood was determined by estimation of the 

volumetric swelling coefficient (S), anti-shrink/anti-swell efficiency (ASE), and water 

repellency effectiveness (WRE) using the water-soaking method (Rowell and Ellis 1978). 

The dimensions and weight of the oven-dried specimens were measured with a 

Vernier caliper with a precision of ± 0.02 mm. The specimens were submerged in 

distilled water for 24 h at room temperature, and the dimensions were again measured. 

The volumetric swelling coefficient (S), ASE, water absorption, and WRE were 

determined using Equations 1 through 4, respectively, 

 

    S (%) = 100 x (V2-V1) /V1         (1) 

                                                          

where S is the swelling coefficient, V2 is the volume of the saturated sample, and V1 is the 

volume of the oven-dried sample. 

 

     ASE (%) = 100 x (Su-Sm) /Su           (2) 

                                                                             

In Eq. 2, ASE is the anti-swelling efficiency, whereas Su and Sm are the swelling 

coefficients of unmodified and modified wood, respectively. 

 

     T (%) = 100 x (Ww-WO.D.)/WO.D.         (3) 

                                                          

In Eq. 3, T is the water absorption, and Ww and WO.D are the weights of wet and oven-

dried samples, respectively. 

 

     WRE (%) = 100 x (T1-T2) /T1           (4) 

                                                                             

In Eq. 4, WRE is the water repellent effectiveness, and T1 and T2 are the rates of the water 

absorption of control and test specimens, respectively.     

 

FTIR characterization 

Fourier-transform infra-red spectroscopy (FTIR) has been previously used to 

analyze chemical changes in wood due to weathering, decay, and chemical treatments 

(Moor and Owen 2001). The FTIR spectra of samples were measured directly by 

transmission (KBr pellet technique) using a Bruker device (Vectra 22 spectrometer) in 

the range of 4000 to 400 cm
-1

 at 24 scan/min. 

 
 
RESULTS AND DISCUSSION 
 
FTIR 
 The infra-red spectra of treated and untreated wood are presented in Fig. 1. 

Significant changes in the FTIR spectra were obtained after modification in the region 

comprised of bands assigned to the main components of wood: cellulose, hemicelluloses, 

and lignin. 

As shown, peak No.1 at wave number 3450 cm
-1

 (Fig. 1a), the intensities 

decreased due to the nano-treatment and temperature. This peak has been assigned to the 

http://en.wikipedia.org/wiki/Caliper
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stretching of O-H (hydroxyl) groups. The hydroxyl stretching region is particularly useful 

for elucidating hydrogen-bonding patterns (Poletto et al. 2013).  

At wave numbers between 2800 and 3000 cm
-1

 (peak No. 2), the intensities 

decreased due to the nano-treatment. This peak has been assigned to the asymmetrical 

stretching of C-H methyl and methylene groups (Ding et al. 2012; Pandey and Pitman 

2003, Papadopoulos and Mantanis 2011). Figure (1b) indicates a decreasing trend in 

peaks 1 and 2 due to the treatments (the arrows from top to bottom indicates the control 

peak at the top toward the treated peaks at the bottom). 

The magnitude of the peak decreased with increasing nano-ZnO amount and with 

increasing temperature. In the fingerprint region (750 to 1850 cm
-1

), many distinct peaks 

were observed, and these were attributed to various functional groups from wood 

polysaccharides (Fig. 1). The magnitudes of prominent peaks in the fingerprint region 

(wave number 1735 cm
-1

) decreased in the untreated and thermal treatment groups (peak 

No. 3). 

 

 

 
Fig. 1. FTIR spectra of non-treated and nano-ZnO-treated samples 

 

Peak No. 3 was related to unconjugated carbonyl (C=O) stretching in xylan (Ding 

et al. 2012; Pandey and Pitman 2003). This peak indicated a partial washout of 

hemicellulose (Pandey et al. 2012). Also, at wave number 1504 cm
-1

 (peak No. 4), the 

intensities decreased as a result of the treatments. This peak has been assigned to an 

aromatic skeletal vibration in lignin (C=C stretch) (Bak et al. 2012; Pandey and Pitman 

2003; Papadopoulos and Mantanis 2011). There was also a significant decrease in the 

peak at 1457 cm
-1

 (peak No. 5) with increasing treatment intensity that was seemingly 

related to C-H deformation in lignin (as CH2 and CH3, the aliphatic part of lignin) and 

carbohydrates (Pandey et al. 2012). Another peak at wave number 1373 cm
-1

 (peak No. 

6), which has been assigned to C-H (CH3 bonding), indicating deformation in cellulose 

and hemicellulose (Ding et al. 2012; Pandey and Pitman 2003), decreased due to the 

treatments (Fig. 1). A prominent peak (No. 7) between 1230 and 1249 cm
-1

 decreased in 

the treated samples compared to the control group. This peak has been assigned to C-O 

stretching and C=O deformation in lignin and xylan for the syringyl ring (the major type 

of hardwood lignin) (Ding et al. 2012; Pandey and Pitman 2003).  

In addition to other reported characteristics, such as good penetration, effective 

size, and uniform distribution, from the effects of nano-ZnO (Clausen et al. 2010; 
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Clousen et al. 2009; Freeman and McIntyre 2008), the results suggested a strong 

interaction between the nano-ZnO and the chemical components of wood. FTIR 

spectroscopy showed that the lignin and hemicellulose components of wood were 

affected due to the treatments. Nano treatment and temperature clearly decreased the 

amounts of hydroxyl groups (at 3450 cm
-1

) and influenced on lignin, as confirmed by the 

reduction in the peaks at 1249, 1457, and 1504 cm
-1

 assigned to aromatic skeletal 

vibrations. Also, the reduction in the peaks at 1735 and 1373 cm
-1

 indicated a partial 

washout of hemicellulose. 

Some authors have assigned other peaks to ZnO, such as 2865-2971 cm
-1

 

(Traistaru et al. 2012), 3419 cm
-1

 (AbdElhady 2012), and 3409 cm
-1

 (Salehi et al. 2010). 

However, these peaks are not really characteristic of ZnO, and a registration of FTIR 

spectra between 400 and 500 cm
-1

 could have demonstrated the presence of ZnO 

(Kloprogge et al. 2004; Traistaru et al. 2012).  

  

Water Absorption – Volumetric Swelling  
The average water absorption and volumetric swelling in the control and nano-

ZnO-treated specimens at different temperatures are illustrated in Fig. 2. The average 

water absorption percentage significantly decreased with increasing nano-intensity. The 

nano-concentration of 40,000 ppm showed the lowest water absorption, and there was a 

decreasing trend as the temperature increased from 60 °C to 120 °C for each nano-

intensity. 
 

 
 

Fig. 2. Effect of nano-ZnO and temperature on volumetric swelling and water absorption  

 

The nano treatment significantly decreased the swelling of the impregnated wood 

compared to the control sample (Fig. 2). However, the effect of temperature on volu-

metric swelling was not significant (p < 0.05). The lowest values were obtained at a 

nano-concentration of 40,000 ppm and a temperature of 120 °C. The reduction in water 

absorption and volumetric swelling with increasing nano-intensity suggested that higher 

concentrations of nano-ZnO provided substantial water resistance (Clausen et al. 2010). 

 
Anti-Swelling Efficiency (ASE) – Water Repellency Effectiveness (WRE) 

The variations in ASE with different nano-treatment intensities and temperatures 

are presented in Fig. 3. The results showed that the uppermost ASE was obtained at a 

concentration of 40,000 ppm and 120 °C. 
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Fig. 3. Effect of nano-ZnO intensity on anti-swelling efficiency 
 

Variation in the WRE of the samples soaked for 24 h in water was observed as a 

result of the different nano-ZnO intensity and temperature treatments (Fig. 4). The 

moisture behavior of beech wood was significantly affected by the nano-ZnO and 

temperature treatments in the impregnating process. The results showed that the nano and 

thermal treatment intensities increased the WRE percentage. However, a temperature of 

120 °C had a more prominent effect on WRE than did a temperature of 60 °C. 

 A temperature treatment of 60 °C achieved a minimum WRE (20%) at a nano-

intensity of 10,000 ppm, while about 77% WRE was achieved at a temperature of 120 °C 

with a nano-intensity of 40,000 ppm. 

 

 
 

Fig. 4. Effect of nano-ZnO intensity on water repellency effectiveness 
 

The moisture behavior of wood is controlled by a complex mechanism (Rautkari 

et al. 2013). Based on the literature, the good penetration, effective size, and uniform 

distribution of nano-ZnO may reduce the hygroscopicity and improve the dimensional 

stability (Clausen et al. 2009, 2010; Freeman and McIntyre 2008). On the other hand, It 

has to be noted that the increasing of ASE and WRE may result in reducing the hydroxyl 

group contents and accessibility in treated samples (Hill et al. 2010; Rowell 1980). 

Moreover, the hemicelluloses are the most labile and hydrophilic wood polymer. Hence, 

reduced hygroscopicity could resulted in degradation and washout of hemicelluloses due 

to the nano-ZnO treatment (Rautkari et al. 2013).  
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CONCLUSIONS 
 

1. Based on the current study, a reduction in the hygroscopicity of the wood could be 

attributed to the nano-treatment with ZnO. The anti-swelling efficiency (ASE) was 

found to depend upon the extent of the treatments, and its value increased with 

increasing nano-intensity and temperature.  
 

2. The dimensional stability of the wood was greatly improved by modification with the 

nano-ZnO. In addition, the nano-ZnO had strong interaction with the chemical 

constituents of wood. These responses were proven by FTIR spectroscopy and can be 

used to explain the moisture behavior of the chemical components of wood such as 

hemicellulose and lignin. 
 

3. The temperature of the process was the most influential parameter for improving the 

functionality of the ZnO-nano particles. It therefore appears that nano-ZnO treatment 

can be a useful option to reduce the hygroscopicity and improve the dimensional 

stability of wood. 
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