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Polypropylene (PP) with black locust wood flour and maleic grafted 
polypropylene were used to prepare wood plastic composites (WPC) by 
injection molding. The effect of the addition of nano titanium oxide (nano 
TiO2) on the properties of the composites was investigated. The 
specimens were weathered in an accelerated weathering apparatus 
using a xenon arc lamp for 2000 h. The physical properties of the 
composites were evaluated by colorimetry, water absorption, and 
thickness swelling before and after weathering. Mechanical properties of 
WPC were also determined before and after weathering. The WPC 
containing 0.75 phr nano TiO2 showed an improvement in the flexural 
and tensile strength and flexural and tensile modulus while the WPCs 
containing 0.2 phr nano TiO2 showed an improvement in the impact 
strength. The UV resistance of the WPCs also improved with the 
incorporation of nano TiO2 powder into the composites. Both water 
absorption and thickness swelling were found to be reduced by the 
incorporation of nano TiO2 into WPC. 
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INTRODUCTION 

 

Wood-plastic composites (WPCs) have emerged as versatile and dynamic 

materials in the construction industry. They are produced by mixing wood particles into 

molten plastic, together with coupling agents or additives, to form composite materials 

through processes such as extrusion, compression, or injection molding. The origins of 

WPCs can be traced back to 1983, when the American company Woodstock pioneered 

their production for automotive interiors using extrusion technology, combining 

polypropylene with wood flour. Since then, global production and market demand for 

WPCs has grown exponentially. In North America, for example, the market share of 

WPC flooring components rose from 2% by weight in 1997 to around 18% in 2005, 

reaching a significant $3.9 billion in the residential, commercial and fencing sectors 

(Smith and Wolcott 2006). WPCs are mainly used in construction applications such as 

flooring, fencing, shelters, garden furniture, exterior windows, and doors (Smith and 

Wolcott 2006). They are also used in a wide range of sectors including the marine 

industry, railways, automotive components, and highway infrastructure such as signs, 

guard posts, and fence posts (Youngquist et al. 1994). Compared to pure polymers, 
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WPCs exhibit improved mechanical properties, thermal stability, and resistance to UV 

light and degradation (Optimat and Merl 2003). Despite advances in the production of 

WPCs, concerns remain about their performance in outdoor environments. 

Exposure of WPC to moisture, heat and UV light during use accelerates the 

physical degradation and biological decomposition of both its wood and polymer 

components. The extent of degradation depends on factors such as moisture content and 

temperature, which can significantly affect the physical and mechanical properties of 

WPCs (Marcovich et al. 1998; Lin et al. 2002). Exposure to UV light induces changes in 

the wood surface, altering its physical and mechanical properties through color changes 

and degradation of lignin (Pandey 2005). In addition, WPCs are susceptible to 

photodegradation when exposed to UV radiation (Gijsman et al. 1999; Gulmine et al. 

2003). Aydemir et al.  (2016a) investigated the preparation of a polymer composite from 

polypropylene and nano titanium dioxide (TiO2, from 0.5 to 4 wt%) using 

extrusion/injection molding method. The effect of the amount of the TiO2 on the water 

absorption, strength, and crystallization behavior of the polypropylene composites was 

investigated. The mechanical properties, except for the tensile modulus and impact 

strength, improved with the addition of the TiO2. When the TiO2 was added in the range 

of 0 to 4 wt%, the addition of nano-TiO2 slightly improved the thermal stability of the 

polypropylene. A similar result was also reported by Kaymakçı (2019). Kaymakçı stated 

that the thermal stability and mechanical properties (tensile and flexural properties) of 

WPCs improved as the amount of the TiO2 increased from 1 to 5%. 

TiO2 has many electrical, optical, and chemical properties. It is a high-

performance material. Ultraviolet radiation is the radiation from sunlight in the 

wavelength range of 100 to 400 nanometres (nm). TiO2 particles are used in composite 

materials because of their high ability to absorb UV radiation. The main advantages of 

the TiO2 pigments used in coating applications are excellent hiding power, high chemical 

stability, high refractive index, and high weather resistance (Li et al. 2024). 

In the field of materials science, the integration of nanotechnology has attracted 

considerable interest from both scientific and industrial sectors, particularly in the 

reinforcement of polymers with nanofillers (Kaffashi et al. 2007). The primary objective 

of this study was to investigate various physical, mechanical, and chemical properties of 

a hybrid composite of wood flour, polypropylene, and nanofillers after exposure to 

accelerated weathering. 
 
 
EXPERIMENTAL 
 

Materials 
To produce black locust flour (BWF), the branches of the black locust plant 

(Robinia pseudoacacia L.) were first cut into small pieces and then ground in a 

laboratory mill (Wieser, model: WGLS 200/200). The flour had a particle size that varied 

between 40 and 60 mesh. The BWF was then subjected to a drying process in an oven set 

at 103 ± 2 °C for 24 h to obtain a moisture content between 0% and 1%. Empty plastic 

bags were used to store the material until it was mixed with polypropylene (PP). 
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Table 1. Compositions of the WPC Formulations 

 
Specimen Code 

PP 
(wt%) 

Wood Flour 
(wt%) 

Nano TiO2 
(phr) 

MAPP 
(phr) 

Control 40 60 0 2 
0.20 nano TiO2 40 60 0.2 2 

0.50 nano TiO2 40 60 0.5 2 

0.75 nano TiO2 40 60 0.75 2 

1.00 nano TiO2 40 60 1 2 

 

The homopolymer polypropylene (PP, code: P10800) was supplied by Arak 

Petrochemical Company, Arak city, Iran, and had a melt flow rate between 7 and 10 g/10 

min when heated to 190 °C. Maleic anhydride grafted polypropylene (MAPP) was 

supplied by Alderich Company (code: 427845; Alderich, Germany) and was used as the 

coupling agent. Table 1 shows the premixed components of each WPC formulation. 

 

Preparation of Injection Molded Biocomposite Specimens 
The wood flour, the polypropylene, and the nano-TiO2 were mixed together by 

dispersion using a mixer. The pre-blended components were fed through a Dr Collin 

System counter-rotating twin screw extruder (Sportparkstr. 2, D-85560 Ebersberg, 

Germany) operating at a temperature of 180 °C and a screw speed of 60 rpm. After 

extrusion, the combined material was cooled in water and then pelletized. Before 

injection, these pellets were dried at 85 °C for 24 h. Finally, an injection moulding 

machine (Imen Machine Company, Tehran, Iran) was used at temperatures between 180 

and 190 °C and a pressure of 10 MPa. 

Test specimens were conditioned for a minimum of 40 hours at 23 °C and 50% 

relative humidity prior to testing in accordance with ASTM D618 (2021). Notched 

impact strength was tested in accordance with ASTM D256 (2023) and flexural 

properties were evaluated in accordance with ASTM D790 (2017). Three specimens were 

used for each type of test. 

 

Characterization Tests of Biocomposites 
Colorimetry measurement 

Color changes in the surfaces of the WPCs were measured during different 

periods of time (500, 1000, 1500, and 2000 h) using the method specified in ASTM 

D2244 (2016) standard. A BYK-Gardner Gloss 0.45 colorimeter (400 to 700 nm) (Itrak 

Company, Tabriz city, Iran) was used to measure color changes. The color coordinates 

for each composite were measured with five replicates before and after exposure in the 

accelerated weathering machine. Color changes were calculated using the following Eq. 

1, 

ΔΕ = 
2

12

2

12

2

12 )()()( bbaaLL −+−+−      (1) 

where index 1 corresponds to the value of the relevant factor before irradiation and index 

2 corresponds to the value of the relevant factor after irradiation. According to the above-

mentioned points, an increase in the L-factor means an increase in the brightness of the 

surface of the specimen, and an increase in the factor (a) means that the color of the 

surface of the specimen is red, and an increase in the factor (b) means that the color of the 

surface of the specimen changes to yellow. 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

HosseiniHashemi et al. (2025). “Nano TiO2 biocomposite,” BioResources 20(1), 1200-1213.  1203 

FTIR (Fourier-transform infrared spectroscopy)analysis 

FTIR spectroscopy (BRUKER Vertex-89 spectrometer, Massachusetts, USA) 

with Attenuated Total Reflectance (ATR-FTIR) was used to study the chemical changes 

in the functional groups of the WPC samples exposed to accelerated weathering. For each 

specimen, 16 scans were recorded in absorbance units from 4000 to 6000 cm-1. The 

spectra were obtained using attenuated total reflectance (ATR). 

 
 
Mechanical Properties 

To ensure uniform temperature and humidity conditions and the absence of any 

influence of these factors (temperature, humidity, etc.) on the mechanical properties, the 

test specimens were placed in the conditioning room at 23 °C and 50% relative humidity 

for 48 h to reach equilibrium with the ambient humidity and temperature. The mechanical 

properties of the composites were measured according to ASTM guidelines and with 3 

replicates. 

Tensile tests were performed on the specimens in accordance with ASTM D638 

(2022). The specimens were of the dumbbell type and the loading speed was 5 mm/min. 

An INSTRON model 4486 instrument (Frank Bacon Machinery Sales Co., MI, USA) 

was used to perform the test. The computer connected to the instrument provided 

information, such as resistance (MPa), modulus of elasticity (MPa), change in length at 

break (%), maximum load (kN), and similar information after the test for each treatment. 

To perform the tensile test, the appropriate jaws were mounted on the fixture and the 

strain gauge was attached to the specimen using special metal clamps. 

 

Water Resistance 
Physical properties, including water absorption and thickness expansion, and 

mechanical properties, including tensile strength of weathered specimens were measured 

after 2000 h of exposure to xenon lamps. The colorimetric test was carried out after 500, 

1000, 1500, and 2000 h of weathering. This means that the specimens were subjected to a 

colorimetric test at each of these time periods. In addition, to further examine the surface 

of the specimens, after reaching each time point, the specimens were removed from the 

machine and then subjected to Fourier Transform Infrared (FTIR) testing (Spectrum-

100D; PerkinElmer, Fremont, CA, USA). 

 

Weathering Test 
A similar approach to the arc-xenon irradiation method for plastics in outdoor 

applications, the accelerated xenon lamp weathering test followed the ASTM D2565 

(2016) standard procedure. To perform this test, a xenon arc lamp with a filter is often 

placed in the centre of the ventilation chamber. This cylinder is rotated at a speed of one 

minute. It is common practice to expose weathering materials to the sun for 102 minutes 

and then spray them with water for 18 minutes. The optimum irradiance is 41.5 W/m2 at 

wavelengths of 300 to 400 nm. A temperature of 63 °C and a humidity of 50% are 

maintained on the black panel during the exposure intervals. 

 

Statistical Analysis  
 An analysis of variance, ANOVA, was performed (p< 0.05) to evaluate the effect 

of the accelerated weathering on the properties of the WPCs containing different amounts 

of the TiO2. Duncan’s multiple range test was used to detect significant differences 
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between the means of the WPC types. Statistical analysis was performed using the IBM 

SPSS statistical program (version 19, IBM, Armonk, NY, USA). 

 

 

RESULTS AND DISCUSSION 
 

FTIR Analysis 
The FTIR spectra of all the groups of WPCs treated with and without nano-TiO2 

are shown in Fig. 1. The structural changes occurred in the weathered WPCs were 

compared with the untreated control group. Spectral analysis of the surface of the 

weathered WPCs revealed significant spectral changes. A sharp peak at 1725 cm-1 with a 

shoulder at 1742 cm-1, corresponding to hydrogen-bonded carboxylic acid and ester 

groups, was observed in the carbonyl region (1750 cm-1 to 1710 cm-1) (Stark and 

Matuana 2004). The increase in the amount of the TiO2 increased the intensity of the 

characteristic peaks of the wood and polypropylene. Common bands in the spectra of 

wood, polypropylene, and nano-TiO2 indicated that all the composites were chemically 

identical. A similar result was observed in the WPCs containing iron oxide nanoparticles 

by Durmaz et al. (2024). They reported that ATR-FTIR analysis revealed almost no 

change in the characteristic bands of polymer (2916 cm-1 and 2846 cm-1) and wood (1512 

cm-1). The Ti-O-Ti stretching of TiO2 is responsible for the high absorbance found in the 

region between 1028 and 418 cm-1, according to Deka and Maji (2011). The band 

intensities of the TiO2 bands increased with increasing nano-TiO2 concentration. The 

following bands are associated with different chemical bonds: -OH stretching (mostly 

found in cellulose) at around 3400 cm-1, -CH stretching at 2975 and 2721 cm-1, C=O 

stretching at 1731 cm-1 (mostly in lignin), -OH bending at 1638 cm-1, C-O stretching at 

1162 and 1046 cm-1 (mostly in cellulose and hemicellulose), and C-H bending vibrations 

(out of plane) at 1000 to 650 cm-1 (in wood flour). Possibly due to the nano-TiO2 coating 

on the wood flour, the intensity of the band around 3400 cm-1 decreased significantly as 

the amount of nano-TiO2 increased. 

 
 

Fig. 1. The FTIR spectra of the biocomposites 
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Color Change of the WPCs 
The values of the lightness (L), redness (a), and yellowness (b) factors were 

determined for each of the WPC specimens. Table 2 shows the average values of the 

color coordinates of all WPC specimens before weathering and after 500, 1000, 1500, 

and 2000 h of weathering. Table 2 also shows the average values of the changes in color 

coordinates and the total color change of the specimens after 500, 1000, 1500, and 2000 h 

of weathering.  

The results of the analysis of variance show that the independent effect of nano-

TiO2 on the brightness change of WPC after 500 h of weathering resulted in a significant 

difference at the 95% confidence level. As shown in Table 2, by increasing the amount of 

nano-TiO2 from 0 phr to 1 phr by weight increased the brightness change of the WPC 

increases after 500 h of weathering. The highest amount of the light changes related to 

the use of 1 phr by weight of nano-TiO2 was equal to 35.9 and the lowest amount of 

change related to the use of 0 phr by weight of nano-TiO2 was equal to 29.6.  

 

Table 2. Mean Values of Color Coordinates and Total Color of Nano Composites 
Before and After Accelerated Weathering Test (500, 1000, 1500, and 2000 h) 

Weathering 
Time  
(h) 

Color Coordinates  
And Total Color 

0 phr 
Nano 
TiO2 

0.2 phr 
Nano  
TiO2 

0.5 phr 
Nano  
TiO2 

0.75 phr 
Nano  
TiO2 

1 phr 
Nano 
TiO2 

 
0 

L 25.71 30.78 31.39 35.58 37.54 

a 6.63 5.72 8.80 8.33 7.37 

b 3.98 10.71 8.87 6.42 6.81 

 
 
 

500 

L 29.66 30.37 33.65 34.75 35.93 

a 6.15 6.15 6.24 6.22 5.95 

b 16.20 15.28 16.20 14.80 14.05 

∆L 3.95 -0.41 2.26 -0.83 -1.61 

∆a -0.48 0.43 -2.56 -2.11 -1.42 

∆b 12.22 4.57 7.33 8.38 7.24 

∆E 6.74 2.04 4.45 4.59 4.13 

 
 
 

1000 

L 30.15 31.55 34.22 35.80 36.90 

a 7.40 7.40 7.30 7.50 6.50 

b 17.30 16.80 17.20 15.60 15.33 

∆L 4.44 0.77 2.83 0.22 -0.64 

∆a 0.77 1.68 -1.5 -0.83 -0.87 

∆b 13.32 6.09 8.33 9.18 8.52 

∆E 7.86 3.45 5.60 5.88 5.23 

 
 
 

1500 

L 32.66 33.50 34.27 37.23 38.76 

a 9.39 9.41 11.35 9.66 8.01 

b 19.13 18.22 11.90 17.50 11.34 

∆L 6.95 2.72 2.88 1.65 1.22 

∆a 2.76 3.69 2.55 1.33 0.64 

∆b 15.15 7.51 3.03 11.08 4.53 

∆E 9.67 5.12 7.51 7.71 2.87 

 
 
 

2000 

L 33.52 34.55 37.65 37.60 39.44 

a 10.41 10.20 10.34 10.33 9.77 

b 20.33 19.25 20.66 18.99 18.62 

∆L 7.81 3.77 6.26 2.02 1.9 

∆a 3.78 4.48 1.54 2 2.4 

∆b 16.35 8.54 11.79 12.57 11.81 

∆E 10.76 6.11 8.56 8.85 8.25 
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The results of the analysis of variance show that the effect of nano-TiO2 on the 

brightness change of the WPC was not significant at the 95% confidence level. However, 

as shown in Table 2, the highest amount of brightness change (36) is related to composite 

specimens without nano-TiO2 and the lowest amount was related to the use of 0 phr by 

weight of nano-TiO2 equal to 30. 

Given the data from the growth of carbonyl and vinyl groups, it was predicted that 

crystallinity would increase as a result of the chain breaking that occurred throughout the 

irradiation process. Kaci et al. (2001) used FTIR to investigate the crystallinity of light 

polyethylene after exposure to natural weathering. They observed that the crystallinity 

increased with increasing exposure time until it became stable after 400 days. They 

attributed this to secondary crystallinity in the amorphous phase, which they found to be 

the cause of this phenomenon. Durmaz et al. (2023) investigated the effect of nano zinc 

oxide nanoparticles on the weathering performance of wood-plastic composites. They 

reported that the control specimens exposed for 840 hours showed the highest colour 

changes (ΔE*). The UV resistance was improved and colour changes were reduced by 

adding zinc oxide nanoparticles. 

 

Mechanical Properties 
When analysing the effect of the TiO2 on the flexural strength of composites, it 

was found that the flexural strength of composites improved as the amount of the TiO2 

increased (Fig. 2). In a previous study, Han et al. (2008) described this improvement in 

the filling of gaps between composite components by nanoparticles, resulting in an 

increase in the mechanical strength of the composite. In another study, Deka and Maji 

(2011) highlighted that the flexural and tensile properties of composites are improved 

when TiO2 nanoparticles are systematically dispersed throughout the material. 

Researchers from different institutions have reported similar results (Saeed et al. 2009; 

Aydemir et al. 2016b; Wang et al. 2020). In contrast, the increase in flexural strength and 

modulus was not statistically significant when the maximum amount of the TiO2 was 

used. The specimens with the highest concentration of the TiO2 (1 phr) showed a slight 

reduction in flexural strength compared to those with 0.75 phr TiO2.  

 

 
Fig. 2. The flexural strength of the biocomposites 
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This decrease is attributed to increased localized agglomeration, particularly at 

TiO2 levels above 0.75 phr. However, beyond this concentration, subsequent additions 

resulted in a decrease in the modulus of elasticity (MOE). Due to their high surface 

energy, nanoparticles have a tendency to aggregate in an uncontrolled manner, a 

phenomenon known as agglomeration. Similar trends were observed in previous studies 

(Ashori and Nourbakhsh 2011; Deka and Maji 2011; Ghalehno et al. 2020). 

The flexural modulus (MOE) of the composites showed an increase with TiO2 

loading up to 1 phr, but the increase was not statistically significant (Fig. 3).  

 

 
 

Fig. 3. The flexural modulus (MOE) of the biocomposites 

 

 
 

Fig. 4. The tensile strength of the biocomposites 

 

The increase in the MOE of the WPCs with higher amount of the nano-TiO2 can 

be explained by the improvement in the stress transfer from the polymer to the filler. 

Furthermore, in order to increase the adhesion between the wood flour and the polymer 

matrix, TiO2 was able to promote interactions between these components. Compared to 

the control WPC without nanofillers, nano-WPCs showed better mechanical properties 

(Deka and Maji 2011; Kaymakci 2019). 
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Fig. 5. The tensile modulus of the biocomposites 

 

The results show that with increasing the nano-TiO2, the tensile strength has 

improved almost constantly (Fig. 4). Aydemir et al. (2016a) reported that tensile strength, 

flexural strength, and the modulus of elasticity at bending improved with the addition of 

nano-TiO2. As shown in Figure 5, the tensile modulus of the WPCs decreased at higher 

amount of the nano-TiO2. Lee and Kim (2009) investigated the effect of the organoclay 

on the mechanical and thermal properties of WPCs. They reported that it was possible 

that clay migration towards the wood flour/polymer interface was responsible for the 

decrease in MOE values observed in nano-WPCs containing 4 wt% nanoclay. The izod 

impact strength of the WPCs decreased with increasing content of the nano-TiO2 (Fig. 6). 

 

 
 

Fig. 6. The impact strength of the biocomposites 
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Water Resistance 
In most cases, WPCs absorb more water when wood flour is used because of its 

hydrophilic properties. In the current study, the results of the water absortion and 

thickness swelling demonstrated that the TiO2 effectively blocked water penetration in 

the WPC specimens. Similar results were found in a previous study (Kord et al. 2011). 

Additionally, the improvement in the water resistance of the WPCs can be also explained 

by the increased TiO2 content that decreased the voids in the WPC, minimizing space 

available for water sorption (Abedini Najafabadi 2013). Both the tortuous path and 

reduced pore volume contribute to the lower water absorption capacity of the WPCs. 

Therefore, the nano-WPCs exhibited better water resistance as compared to the control 

WPCs. Devi and Maji (2012) investigated the effect of nano-ZnO addition on the water 

absorption of WPCs. According to their results, as the amount of nano-ZnO increased, 

the water absorption capacity decreased. The SEM analysis confirmed that the ZnO nano 

particles occupied the voids in the composites, and thus reduced the available space for 

water absorption. In other study, according to Samariha et al. (2015), there is a direct 

correlation between the amount of nanoclay present and the decrease in water absorption. 

According to Alexandre et al. (2006), nano filler (nano clay) reduced the water 

diffusivity by making the water transport pathway more complex. Aydemir et al. (2016b) 

reported that the water absorption of the composites with nano-TiO2 was lower than that 

of the pure polypropylene. They attributed the decrease in water uptake to the 

hydrophobic properties of TiO2.  There was an increase in the water absorption of all the 

specimens as a result of the ageing process (Fig. 7). The WPCs increased by 26.1% and 

the nano-WPCs with 2% and 4% TiO2 by weight increased 24.1% and 19.9%, 

respectively, when comparing the water absorption values before and after ageing. The 

thickness swelling results followed the same pattern as the water absorption results and 

are shown in Fig. 8.  

 

 
 

Fig. 7. The water absorption of the biocomposites 
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Fig. 8. The thickness swelling of the biocomposites 

 
These results indicate that nano-WPCs were less affected by environmental 

factors than WPCs in terms of water absorption. Previous research showed that 

composites became more wettable under weathering conditions (Colom et al. 2003; 

Grigoriadou et al. 2011) and that the metal ions in the nanoparticles could accelerate the 

photodegradation of high-density polyethylene (HDPE). Therefore, it was expected that 

the WPCs with TiO2 would degrade more rapidly when exposed to UV light, followed by 

an even greater increase in water absorption than the WPCs alone. However, the 0.2 phr 

nano-WPCs showed a small increase in water absorption compared to the WPCs. This 

could be due to agglomeration. These results were confirmed by other studies on the 

WPCs containing nano-TiO2 (Kaymakci 2019; Aydemir et al. 2016b). Moreover, 

Eshraghi et al. (2013) found that nanoclays were more effective in reducing water 

absorption than in increasing degradation. 

 
CONCLUSIONS 
 

1. This study focused on investigating the water resistance, strength, and chemical 

properties of the wood flour, polypropylene, and nanofiller hybrid composites after 

exposure to accelerated weathering. 

2. Based on the results, the wood-polymer composite (WPC) containing 0.75 phr nano-

TiO2 had better strength and modulus properties, but the WPC containing 0.2 phr 

nano-TiO2 showed an improvement in the impact strength.  

3. The UV resistance of the WPCs was improved by the addition of the nano-TiO2 

powder.  

4. Inaddition, both water absorption and thickness swelling of the specimens decreased 

with the addition of the nano-TiO2 to the WPC. 

5. The decrease in the modulus of elasticity (MOE) after degradation was significantly 

less for nano-WPCs than for the WPCs. When all the test results were evaluated, it 

can be said that the optimum content for the nano-TiO2 in the WPC was 0.75 phr.  
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