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Abstract

:

The penetration properties of three different liquids on the surface of medium-density fiberboard (MDF) and particleboard panels were studied. Water, as a polar liquid, was compared to two other less polar liquids (namely, ethanol and kerosene) with significantly larger molecules. Measurement of penetration time and wetted area demonstrated significantly higher values for water in comparison with the other two liquids, in both composite types. Calculation of adsorption energies, as well as adsorption distances, of the three liquid molecules on hemicellulose showed higher potentiality of water molecules in forming bonds on hemicellulose. However, comparison of the adsorption energies of cellulose with hemicellulose indicated a higher impact of the formation of bonds between hydroxyl groups in water and cellulose in hindering the penetration of water molecules into the composite textures. It was concluded that the formation of strong and stable bonds between the hydroxyl groups in water and cellulose resulted in a significant increase in penetration time and wetted area.






Keywords:


adsorption properties; hydroxyl groups; medium-density fiberboard (MDF); particleboard panels; polar molecules












1. Introduction


Wood-based composite panels with desirable length and width can satisfy the growing needs in the home and office furniture market; therefore, these panels have become an essential part of household and office lives in many countries [1,2,3,4,5,6,7,8,9]. However, usually, the wood-based composite panels are susceptible to water and moist conditions, particularly those panels produced with urea-formaldehyde (UF) resin [10,11,12].



Concerning the description of wetting processes, and the prediction of the wettability of a solid by different liquids, the surface tensions of both the liquid and solid are of importance. All thermodynamic theories concerning the wetting behavior are based on a flat and isotropic (ideal) surface of the solid, which, however, does not exist in practice. For measuring contact angles on real surfaces, it is important to know the various parameters influencing the contact angles of liquid droplets applied onto the surfaces. These parameters depend on the nature and properties of the wetting liquid as well as of the wetted solid surface. This especially is an unalterable presupposition for measuring contact angles on wood, which differs from many other materials in terms of its cellular structure. One point to consider is the effect of the roughness of the wood surface, including the influence of the wood moisture content of the samples on the dynamic contact angles and on the surface tensions of solid wood, calculated from these contact angles. Zorll [13] infers that liquids still are able to wet such a rough surface, whereas on an ideal flat surface with no roughness, no proper wetting occurs. Wettability measurements performed by Hse [14] using phenol-formaldehyde resins and pine veneers showed lower static contact angles on the rougher early-wood surfaces than on the smoother latewood surfaces.



As wood is a hygroscopic material, it must be assumed that the moisture content of wood influences the wettability of wood surfaces by liquids. When a droplet of water comes into contact with dry wood, swelling processes of wood take place underneath the droplet and the wood surface structure might change. A low wood moisture content impedes the wettability. A possible reason for this can be the lower number of hydrophilic hydroxy groups of the wood, which act as a sorption place for water molecules [15]. This consideration, however, is only valid for wetting wood with aqueous liquids or alcohols. Severe conditions, e.g., high temperatures during hot pressing in the production of wood-based panels, might cause a decrease of the number of cellulose-based OH-groups with a lower wood moisture content, which causes a thermic deactivation of the wood surface. Upon applying heat energy to the surface, an activation of wood components might occur, causing cleavage of chemical bonds [16].



In this connection, having a better outlook on the penetration patterns of different liquids that may either affect wood or the resin used in the composite would provide both researchers and the industry sector with an in-depth understanding of how the panels may be affected by different liquids. Therefore, the present study was designed to find out how water, as a polar liquid, and two other less polar liquids (namely, ethanol and kerosene) penetrate into and expand throughout the surface of composite panels. Two popular wood-based composites were chosen for this purpose: medium-density fiberboard (MDF) and particleboard panels. Urea-formaldehyde resin was used as a binder in both panels, however, further studies on panels with other binders (like phenol-formaldehyde and melamine-formaldehyde resins) would provide additional useful information for comparison purposes. Moreover, the adsorption energy and adsorption distance of the above mentioned liquids on hemicellulose were also calculated by density functional theory (DFT) to further investigate to what extent theoretical studies comply with experimental tests.




2. Materials and Methods


2.1. Specimen Preparation


Three MDF panels and three particleboard panels from industrial production were selected. MDF panels were produced by Khazar Company, Amol, Iran, with a density of 750 kg.m−3. Urea-formaldehyde resin content was 12% based on the dry weight of wood fibers, with an addition of 0.5% liquid paraffin. Fibers were comprised of poplar (Populus nigra) (50–60%), a mixture of industrial wood species (30–40%, including beech Fagus orientalis, alder Alnus glutinosa, and hornbeam Carpinus betulus, with rather similar proportions), and less than 5% pruned branches from fruit trees. All trees were cut from the neighboring forests located in Amol (Iran). These species were chosen by Khazar Co. to be used in their production program based on the availability in the region. The pH of the resin was 7. Continuous hot-press was used with a temperature range of 150–260 °C at different sections of the press. The duration of hot-press was 2 min. Sanding was carried out on both sides of all panels, using sanding papers with 80, 100, and 150 grades. About 0.35–0.40 mm was sanded from each side of the panels. Particleboard panels were produced by Iran-Choob Company located in Ghazvin Industrial Complex, Ghazvin, Iran, the density of which was 730 kg.m−3. Wood chips consisted poplar (Populus nigra) (80–85%) grown in the region and pruned branches from the neighboring fruit gardens (10–15%). These species and raw materials were chosen by the producing factory based on the fact that poplar is considered a low density species, which makes it favorable for particleboard production. Moreover, the availability of poplar and pruned branches was of importance. Urea-formaldehyde resin contents were 17.5% and 10% based on the dry weight of wood chips for the surface and core layers, respectively. An addition of 1% ammonium chloride was used as a hardener. The pH of the resin was 7–8. A fixed hot-press was used with a temperature of 200 °C. The specific pressure of the plates was 24 kg/cm2 (with 200 kgf as the total nominal pressure). The duration of the hot-press was 3 min. Sanding was carried out on both sides of all panels, using sanding papers with 50, 100, and 120 grades. About 0.40–0.50 mm was sanded from each side of the panels. Based on the information provided by the seller, both composite panel types used urea-formaldehyde resin as a binder. The thickness of all panels was 16 mm. From the center and two corners of each panel, two boards were cut with dimensions of 30 cm × 30 cm. From each board, three specimens were cut, the dimensions of which were 5 cm × 5 cm. In total, 27 specimens were prepared from either of the composite panels to be divided by three for each of the liquids (water, ethanol, and kerosene).




2.2. Measurement of Penetration Time


A drop of liquid was put on the surface center of each specimen (MDF or particleboard) by a 10 mL lab glass division dropper pipette. The time from the moment the drop first touched the specimen surface until it fully penetrated and disappeared was measured as the penetration time. The whole process was monitored by a 10× light magnifier.




2.3. Measurement of Wetted Area


Once the drop of liquid (water, ethanol, or kerosene) penetrated into the surface of the specimen and disappeared fully, the specimen was put on a stand to take a photo from the wetted spot at a constant distance between the surface and lens for all specimens. This confirmed that the magnification for all specimens was the same. Each and every photo was first converted to its negative form with black-and-white colour (Figure 1), and then analyzed by ImageJ software (version 1.53a, Wisconsin, WI, USA), to measure the wetted area. The area was then converted to square millimeter for comparison and reporting purposes.




2.4. Density Functional Theory (DFT)


DFT simulations were carried out as instructed in the Open MX3.8 package [17]. The generalized gradient approximation, done with the aid of Perdew–Burke–Ernzerhof correction, was employed in order to get to the exchange-correlation function [18]. The DFT-D2 approach was used to include the long-range van der Waals interactions [19]. The plane wave cut-off energy was fixed at 60 Ry. The model of hemi-cellulose introduced by Kaith et al. [20] was considered in this study (Figure 2). All geometries were optimized until the maximum force on each atom was smaller than 0.001 eV/Å.



In order to better interpret the potential interactions between each of the three liquids (water, ethanol, and kerosene), adsorption distances and adsorption energies of these three molecules on the hemicellulose surface were calculated by DFT. Each of the three molecules of water (H2O), ethanol (C2H5OH), or kerosene (C12H26) were rotated on the hemicellulose surface to achieve the best configuration. Each process was initiated with the farthest distance, and then the distance became shortest until the optimal adsorption distance was achieved. Adsorption energy was calculated by Equation (1).


   E  a d s   =  E  h e m i c e l l u l o s e + m o l e c u l e   − (  E  h e m i c e l l u l o s e   +  E  m o l e c u l e   )  



(1)




where Ehemicellulose+molecule represents the total energy of hemicellulose including energy of the adsorbed molecule, and Ehemicellulose and Emolecule are the total energies of the hemicellulose surface and each of the adsorbed molecules (water, ethanol, and kerosene), respectively. The negative adsorption energy corresponded to the structure with the highest stability. Therefore, the highest stable construction was chosen as the ultimate configuration.




2.5. Statistical Analysis


The two composite panel types (MDF and particleboard) were produced and processed under different conditions, including the size of the materials (fibers and chips), resin content, surface sanding, tree species, and hot-press temperature. Therefore, a comparison between the two types of panels from a statistical point of view was not logical, because of the multiple sources of variance and factors involved. Therefore, analysis of variance (ANOVA) was separately carried out for the data and mean values of each composite type. However, both panel types are presented in joint graphs so that the readers would have a better outlook on the overall trends between the properties measured on the two types of composite panels. The calculations were carried out using SPSS/18 (2010).





3. Results


3.1. Penetration Time


The results of the penetration of one drop of each of the three kinds of liquids demonstrated that the highest and lowest penetration times were found in MDF-water (2918.7 s ± 507) and MDF-alcohol (10.2 s ± 3), respectively. Penetration of a water drop took significantly longer with water in comparison with the other two less polar liquids (alcohol and kerosene),in both MDF and particleboard specimens (Figure 3). No statistically significant difference was observed between the penetration of alcohol and kerosene, though fluctuations were observed between these liquids in the two composite panels.




3.2. Wetted Area


The results of the measurement of the wetted area illustrated that water made a wider wetted area in comparison with alcohol and kerosene, in both MDF and particleboard composite panels. Unlike penetration time, a significant difference was observed between alcohol and kerosene in wetting the surface areas of both composite types (Figure 4). Wetted areas in particleboard were larger in comparison with their counterparts in MDF specimens for all three liquids.




3.3. Density Functional Theory (DFT)


The adsorption energies between hemicellulose and the three liquids (water, ethanol, and kerosene), as well as the nearest adsorption distances, are listed in Table 1. The calculation of adsorption energy of the liquids on hemicellulose demonstrated that all three liquids were adsorbed on the hemicellulose surface. The nearest adsorption distance (1.39 Å) and the strongest adsorption energy (−1.16 eV) were found in water molecules. As the smallest molecule between the three liquids, the model illustrated that water had the potential of penetrating into the hemicellulose complex and branched structure (Figure 5).





4. Discussion


The highest adsorption energy, as well as the shortest adsorption distance, were both found between water molecules and the hemicellulose surface. The high adsorption energy translated to the formation of new bonds between water molecules and hemicellulose, eventually leading to a more stable bond between water molecules and hemicellulose. This partially accounted for slower movement and transfer of water molecules through the voids and spaces in both composite panels, resulting in a significant increase in penetration time for water in comparison with ethanol and kerosene (Figure 3). Though not statistically significant, Pearson correlations between the penetration time and wetted area calculated for the three liquids illustrated that correlation values for water were negative (in both MDF and particleboard specimens), while correlation values for ethanol and kerosene were positive. In this connection, a previous study on the liquid permeability of different medium-density fiberboard panels similarly reported that all MDF treatments indicated significantly lower water permeability in comparison with alcohol and kerosene permeability values [21]. The cited authors explained that water molecules primarily bonded with the hydroxyl groups of cellulose and hemicellulose in the cell wall [21,22,23,24]. These bonds delayed the movement and transfer of water molecules through the continuous voids and spaces in the composite specimens. However, the difference between the adsorption energies and distances of the three liquids on hemicellulose were not as great as the difference of the three liquids on cellulose, nor were they compatible with the difference between the penetration time or liquid permeability of the three liquids.



Further comparison between the adsorption energies of the three liquids (water, ethanol, and kerosene) on cellulose and hemicellulose revealed a significant difference between the energies of cellulose and hemicellulose, though the results of both the present and previous studies [21] clearly confirmed that water molecules have a higher degree of interaction with the hydroxyl groups of cell wall polymers (cellulose and hemicellulose) in comparison with ethanol and kerosene. That is, the adsorption energy of water molecules on cellulose was 55% and 44% higher in comparison with ethanol and kerosene, respectively [21]. However, the adsorption energy of water molecules on hemicellulose was only 19% and 9% higher in comparison with the counterpart energies of ethanol and kerosene on hemicellulose, respectively. This indicated that the significant differences between the penetration time and wetted area, as well as liquid permeability as studied previously [21], were mostly attributed to the difference of adsorption energy of the three liquids on cellulose rather than the low difference observed on hemicellulose. In this connection, further studies may evaluate the penetration time and wetted area in wood-based composite panels made with other types of resins than urea-formaldehyde resin to find out how different resins may affect the liquid penetration properties.




5. Conclusions


Penetration of water, a polar liquid with rather small molecules, into two wood-based composites was compared with two other less polar liquids, namely ethanol and kerosene. Full penetration of one drop of each of the three liquids into the composite texture was measured as the penetration time, and the area into which the drop of liquid expanded on the surface of the specimens was also measured and reported as the wetted area. Water demonstrated a significantly higher penetration time and wetted area. Density functional theory indicated a higher tendency of water molecules in forming more stable bonds on hemicellulose. Comparison of the three liquids on cellulose and hemicellulose demonstrated a higher impact of bonds between hydroxyl groups in water and cellulose in comparison with the bonds formed between water and hemicellulose. It was concluded that the higher penetration time and wetted area in water, in comparison with ethanol and kerosene, were mainly attributed to the formation of stronger and more stable bonds between the hydroxyl groups in water with cellulose.
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Figure 1. Photo at a constant distance from the wetted spot and the counterpart negative image of the same specimen in black-and-white in particleboard (a) and medium-density fiberboard (b) specimens. 
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Figure 2. Atomic structure of hemi-cellulose. 
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Figure 3. Penetration time for one drop of each of the three liquids (water, ethanol, and kerosene) to fully disappear from the surface of wood-based composite specimens (letters on each column represent Duncan’s multiple range test, α = 0.05, separately carried out for either MDF or particleboard). MDF = medium-density fiberboard; PB = particleboard. 
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Figure 4. The wetted area in the wood-based composite specimens measured once the drop of liquid penetrated into the surface of composite specimen and fully disappeared (letters on each column represent Duncan’s multiple range test, α = 0.05, separately carried out for either MDF or particleboard). MDF = medium-density fiberboard; PB = particleboard. 
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Figure 5. Schematic view of water (H2O) (a), ethanol (C2H5OH) (b), and kerosene (C12H26) (c) molecules adsorbed on hemicellulose (the hydrogen bonds are shown with a dashed line). 
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Table 1. Adsorption distance and adsorption energy for water, ethanol, and kerosene on hemicellulose.
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	Adsorption Distance and Energy
	Water

OHw … O
	Ethyl Alcohol

OHe … O
	Kerosene

CH … Ck





	d (Å)
	1.39
	1.40
	1.67



	Eads (eV)
	−1.16
	−0.94
	−1.05
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