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Chapter1 

                                                                     

General Introduction 

                                                                     

 

1.1 Development of synthetic resins on the wood-based 

materials 

 

Wood-based materials are generally used in housing construction and furniture 

manufacture, and they are frequently present in living environments (Sellers, 2000; 

Zheng et al., 2007). In the wood industry, wood adhesives are necessary to obtain 

satisfactory physical properties of the wood-based materials. Usually, the synthetic 

resins are used during the manufacture of the wood-based materials, such as 

formaldehyde-based, polyvinyl acetate (PVAc), isocyanate based resin and so on. 

These synthetic resins are mostly based on the chemical substances which derived 

from fossil resources; however, it is believed that the use of the current wood 

adhesives will be unavoidably restricted in the future due to decreases in the reserves 

of fossil resources.  

In addition, the most of the wood-based materials bonded by these synthetic 

resins release amount of volatile organic compounds (VOCs) (Edmone, 2006; Kim et 

al., 2006).  Many wood-based materials were bonded by formaldehyde based resins, 

which emitted formaldehyde vapor and lead to consumer dissatisfaction and health 

related complaints. The emission of formaldehyde have caused various symptoms, the 

most common of which are irritation in the eyes and the upper respiratory tract (Kim 

and Kim, 2004, 2005; Edmone, 2006; Kelly et al., 1999). When the human body is 

exposed to formaldehyde in high doses there is a risk of serious poisoning, and 

prolonged exposure can lead to chronic toxicity and even cancer (IARC, 2006; Tang 

et al., 2009).  
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Recently, as decreasing of the fossil resources and the increasing of 

environmental awareness from public, the current development of the synthetic resin 

focuses on the replacing the chemical substances derived from fossil resources with 

non-fossil resources and reducing of harmful substances emission from the resins. The 

development of synthetic resins on wood-based materials is reviewed as follows.  

Urea-formaldehyde (UF) resin is still the most commonly wood adhesives in the 

manufacture of wood-based materials; it is produced in amounts exceeding 5million 

metric tons annually in the world (Maminski et al., 2007). UF resins have advantages 

of high reactivity, fast curing, water solubility, and low price. However, the cured UF 

resins have poor water resistance and emit formaldehyde, which have stimulated lots 

of researches on the development of UF resins. The recent research about UF resin 

focused on addition of the substances derived from non-fossil resources to improve 

the mechanical properties of the wood-based materials and reducing the using of the 

toxic substances derived from fossil resources. Boran et al. modified the 

urea-formaldehyde resin by adding amine compounds, and manufactured the medium 

density fiberboard (MDF). This research used the resin with 1:1.17 molar ratio of 

formaldehyde to urea, and 2% ammonium chloride (NH4Cl) was added as a hardener. 

Amine solution was added with different ratio, and the effects on the mechanical 

properties of MDF were investigated. The results showed that MOR of the MDF 

bonded by 16 wt% UF resin added 0.8 wt% ethylanmine, propylamine, methylamine, 

and cyclopentylamine solution increased 2.08, 16.07, 7.04, and 7.85%, respectively. It 

was also determined that the IB values of the MDF increased 40.91% by adding 0.8 

wt% propylamine in 16 wt% UF resin. The water resistance of the MDF improved 

slightly after adding amine compounds in the UF resin. In addition, the formaldehyde 

emission of MDF panels decreased 16.5% by using a 16 wt% of UF resin and 0.8 wt% 

of urea and ethylamine solution. (Boran et al., 2011). Younsei-Kordkheili et al. 

incorporated the glyoxalated soda bagasse lignin into the urea formaldehyde resin to 

improve the mechanical properties and water resistance of the plywood. The results 

stated that when the plywood manufactured at 120℃ with 1MPa pressure for 10min 

conditions, it is possible to partially (10-20 mass%) replace urea in the UF resin by 
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glyoxalated soda bagasse lignin without reducing the physical and mechanical 

properties of the UF resin. The maximum shear strength was 1.78MPa at 65% wood 

failure percentage, which obtained from the plywood bonded by UF resin mixed with 

10 mass% glyoxalated lignin. The lowest water absorption was 28% obtained from 

the plywood bonded by UF resin modified by 20 mass% glyoxalated lignin, which 

lower than the plywood bonded by UF resin only (48%). Zhang et al. used the 

nanocrystalline cellulose (NCC) modified the UF resin to increase the bonding 

strength and reduce the formaldehyde emission. Due to the lack of compatibility with 

UF resin, the surface of NCC was modified by 3-aminpropyltriethoxysilane (APTES) 

and 3-methacryloxypropyltrimethoxysilane (MPS). As a result, the bonding strength 

of the plywood bonded with UF resin with NCC modified by APTES showed a 23.6% 

improvement, and the formaldehyde emission of the board boned by UF resin with 

1.5% NCC decreased by 53.2% (Zhang et al., 2011).  

Phenol-formaldehyde (PF) resin is widely used due to its high water resistance, 

which makes it suitable for exterior applications (Danielson and Simonson, 1998; 

Oilvares et al., 1988; Khan et al., 2004). However, the rapidly decreasing of fossil 

resources will be a restriction on the applications of PF resin. Therefore, in the current 

development of PF resin, phenol are usually be replaced by lignin or tannin based on 

the structural similarity. Qiao et al. added the enzymatic hydrolysis lignin (EHL) to 

replace phenol for preparing the PF resin. The results showed that the EHL could 

substitute 60wt% phenol, and the adhesive strength did not deteriorate (Qiao et al., 

2015).  Tabarsa et al. used tannin to modify the PF resin and manufacture the 

particleboard. The optimal weight ratio of tannin was 10wt%, hot pressing 

temperature is 180℃, and the hot pressing time is 12min. When the particleboard 

manufactured at optimal conditions, the physical properties equal to or better than the 

board bonded by the pure PF resin. Therefore, it is possible to replace parts of the 

phenol in the PF resin by tannin (Tabarsa et al., 2011). Zhang et al. modified the 

phenol-formaldehyde resin by adding lignocellulosic ethanol residue. The optimized 

conditions for preparation lignocellulosic ethanol residue-phenol-formaldehyde resin 

were phenol substitution at 50 wt%, F/P molar ratio at 3/0 and catalyst concentration 
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at 20%. The mechanical properties of the plywood bonded by the modified PF resin 

satisfied the Chinese national standard (GB/T 9846.3-2004). Furthermore, the 

formaldehyde emission of the plywood was 0.1 mg/L, which was lower than the 

board manufactured by the pure PF resin (Zhang et al. 2013).   

Melamine-urea-formaldehyde (MUF) resin is also widely used in the wood 

industry. The benefit of the MUF resin is the acquired improved resistance to 

humidity (Amirou et al., 2015). In case of the current research of MUF resin, the 

researchers carried out the experiments on the addition of natural substance to replace 

part of the chemical substances derived from fossil resources. Kunaver et al. studied 

the possibility to partially replace MUF by liquefied wood to manufacture the wood 

panels. The research concluded that, it would be possible to replace up to 50 wt% of 

the MUF resin by liquefied wood to manufacture the particleboard (Kunaver et al., 

2010). Zhou et al. modified the MUF resin by Na
+
-montmorillonite (Na-MMT) and 

organic modified-montmorillonite (O-MMT) nanoclay to improve the mechanical 

properties of the particleboard. The results showed that, small percentages of 

Na-MMT and O-MMT improved the internal bond strength of the particleboard both 

under dry and wet conditions. The increase in water resistance of the MUF-bonded 

panel was particularly noticeable. Furthermore, the addition of Na-MMT was shown 

to increase considerably the resistance of the MUF resin to abrasion, which was 

important from a wood surface finish point of view (Zhou et al. 2012).  

Besides the formaldehyde-based resin, other kinds of the synthetic resins also 

have been developed focused on the replacing the chemical substances derived from 

fossil resources by natural substances. Fiorelli et al. develop the castor oil-based 

polyurethane adhesive for the manufacture of particleboards. The research aimed at 

demonstrating the feasibility of producing panels made of coconut fiber particles with 

fiber lengths of 7mm and 2 different densities (0.8 and 1.0 g/cm
3
) and evaluating the 

efficiency of producing boards with castor oil polyurethane adhesive compared with 

panel made with UF resin. As a result, the bending property and water resistance of 

the particleboard bonded by the castor oil-based polyurethane adhesive higher than 

the board bonded by UF resin (Fiorlli et al., 1992). Kaboorani and Riedl added used 
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two types of the hydrophilic nano-clay mixed with PVAc at different ratios (1%, 2% 

and 4%), and the results showed that the shear strength of wood joints increased in all 

states by adding nano-clay to PVAc. In addition, the addition of nano-clay also 

improved the thermal stability of PVAc resin (Kaboorani and Riedl, 2011).  

The current development of synthetic resin in wood industry showed that, under 

the pressure of decreasing of fossil resources and the requirement of human health, 

the research about synthetic resin focus on the modification or partly replace by the 

natural substances, which could reduce the utilization of fossil resources.  

 

1.2 Development of natural adhesives on the wood-based 

materials 

 

Wood adhesives derived from natural substances have been a topic of 

considerable interest for many years. This interest, already present in the 1940s, 

became more intense with the first oil crisis in the early 1970s but subsided as the cost 

of oil decreased (Pizzi, 2006). Recently, as the sustained decreasing of the fossil 

resources and the increasing of environmental awareness from public, the researchers 

turned to the development of natural adhesives, such as tannin-based, protein-based, 

polysaccharide-based and lignin-based adhesives. However, the mechanical properties 

and water resistance of the wood-based materials bonded by these natural substances 

could not satisfied the requirement of the standards, therefore, in the current 

development of the natural adhesives, some modification treatments or the addition of 

the chemical substance were needed.  

 

1.2.1 Tannin based adhesives 

 

Tannin contains two kinds of the phenolic chemical compounds, hydrolyzable 

tannin and condensed tannin. Hydrolyzable tannin is mixtures of simple phenols, 
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which with low nucleophilicity and low level of phenol substitution (Pizzi, 2006). 

Therefore, the hydrolysable tannin is hardly to be used as adhesive. 

Condensed tannin was 90% of the total world production of commercial tannins 

(200 000 tons per year). Condensed tannin is wide distributed in nature, especially in 

the wood and bark of various trees, such as Acacia (wattle or mimosa bark extract), 

Schinopsis (quebracho wood extract), Tsuga (hemlock bark extract) and Rhus (sumach 

extract) (Pizzi, 2006). Figure 1.1 shows the chemical structure of wattle tannin and 

pine tannin. The wattle tannin composed of resorcinol A-rings and pine tannin 

composed of phloroglucinol A-rings with catechol or pyrogallol B-rings (Kim and 

Kim, 2003). The free C6 or C8 sites on the A-ring could react with active substance to 

form the adhesive, due to their strong nucleophilicity.  

 

 

 

Fig. 1.1 Chemical structures of wattle and pine tannins. (Pizzi, 1983) 

 

Condensed tannins are well known to react with formaldehyde, and result in a 

three-dimensional network polymer. Therefore, tannins could be used as a raw 

material for adhesives. Condensed tannin-based wood adhesive has been used in 

several countries for quite a long time (Trosa and Pizzi, 1997; Kim and Kim, 2003). 

The research about tannin-based wood adhesives started at 1950’s, Dalton produced 

the adhesives with the extracts from Acacia mearnsii, Callitris calcarata, Callitris 

glauca, and Ecrebra, and the adhesives exhibited strong water-resistant. However, the 

tannins extracted from Eucalyptus redunca and Eucalyptus consideniana could not 
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produce satisfactory adhesives, which is due to the difference of the major 

components contained in these tannin extracts (Dalton, 1950 a). In the further work of 

Dalton, he researched on viscosity control of tannin, and reported that tannin solutions 

after heating with sulphites have low viscosities and are suitable for the preparation of 

adhesives to be spread by mechanical rolls. The conditions for treatment with sulphite 

were determined for extracts from Eucalyptus crebra and Pinus radiate and for 

commercial wattle tannin extract. The sulphited tannin solutions, mixed with 

paraformaldehyde and filler, were examined as adhesives for plywood (Dalton, 1950 

b).The research of Plomley et al. showed that, a strong bond could be obtained with 

pine veneers and mangrove tannin adhesive formulations containing 70% mangrove 

tannin and 30% phenol-formaldehyde resin ( Plomely et al., 1957, 1964) . In the 

further research of Plomely, the effect of soluble salts on gelation wattle tannin 

adhesives was investigated. Various salts were shown to be capable of reducing 

gelation times, and the bonding quality could be improved such as the addition of 5% 

magnesium (Plomely, 1959). Based on the fundamental research, Plomley established 

the basic principles for the use of wattle tannin as adhesives for reconstituted wood 

products, and then, the subsequent production technology for wattle tannin based 

adhesives was commercialized in the late 1960’s in Australia. Phenol-formaldehyde 

fortified wattle tannin adhesives have been in continuous use for plywood since 1966 

and for particleboard since 1968 in Australia (Plomley, 1966; Yazaki, 1998).  

In addition, tannin also could be used as adhesives based on the 

autocondensation reaction by the catalyst of lignocellulosic substrate or weak Lewis 

acid such as alkali dissolved silica. Pizzi et al. manufactured the particleboard by the 

autocondensation reaction of tannin, the results showed that more alkaline the tannin 

extract solution the higher ceiling internal bond strength of the particleboard. 

Furthermore, the differences of autocondensation reactions of four commercial 

tannins are discussed. Pecan nut tannin and pine tannin need only lignocellulosic 

indued autocondensation to give excellent interior grade particleboard (Pizzi et al., 

1995).  Yano et al. produced plastic-like by using tannin and wood flour. The 

moulded was manufactured by hot pressing the mixture of tannin and wood flour 
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( tannin:wood flour=1:1 w/w) at 190℃ at 100 MPa for 10min. The Plastic-like 

moulded products having mechanical properties comparable to those of PF resin 

moulded products and good water resistance were obtained without the addition of 

any formaldehyde. The MOE and MOR of the moulded products were 9-10 GPa and 

60-70 MPa, respectively (Yano, 2001).   

In the recent research about tannin-based adhesives, due to the chemical 

properties of tannin are very similar to phenol, tannin usually was used as substitute 

of phenol in the phenol-formaldehyde resin (Tabarsa et al., 2011; Moubarik et al., 

2009), and this also could reduce the utilization of chemical substances derived from 

fossil resources. Pizzi et al. have done a lot of work on the development of the 

tannin-hexamethylenetetramine (hexamine) adhesive, which yield extremely low 

formaldehyde emission in bonded wood-based materials (Pizzi et al., 1994; Pizzi et 

al., 1997; Heinrich et al., 1996; Pizzi, 2006). When the particleboard bonded by 

tannin-hexamine adhesives, both the mechanical properties and water resistance 

increased compare with the particleboard bonded by PF resin. Valenzuela et al. 

investigated the properties of the particleboard bonded by pine tannin with a small 

percentage of pMDI. The results showed that, when the particleboard bonded by pine 

tannin with 5% pMDI at 186℃ conditions, the MOR was 27.1MPa, IB strength was 

0.92MPa, and 2h boil thickness swelling was 7%, all the physical properties satisfied 

the standard ( EN 312 1995) (Valenzuela et al., 2012). Moubarik et al. developed the 

corn flour-mimosa tannin-based adhesives to manufacture the particleboard. In this 

research, the mimosa tannin solution in water was prepared at 45% concentration, and 

its pH vas adjusted to 10 with NaOH (33% aqueous solution). Hexamine was used as 

hardener with 5 % by the weight on tannin extract solids content. Particleboards were 

manufactured at 195℃ for 2.6min. The results showed that, the MOR, MOE and IB 

of the particleboard bonded by tannin-NaOH-hexamine adhesive are 18MPa, 2.84GPa 

and 0.5 MPa, respectively. The mechanical properties are higher than the 

particleboard bonded by UF under the same manufacture conditions (Moubarik et al., 

2013).  
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1.2.2 Protein based adhesives 

 

Protein based adhesives derived from soy, blood and casein reached their peak 

use in early 1960s. However, they were subsequently supplanted by synthetic resins 

(Yang et al., 2006). An intense research stimulated by the sponsorship of the 

American United Soybean Board has revived interest in protein adhesives. (Pizzi, 

2006).   

Soy protein based adhesive is the most representative protein based adhesive, it 

is derived from soybean, which is abundant, inexpensive, and environmentally 

friendly (Luo et al., 2015). Soy protein consists mainly of the acidic amino acids 

(aspartic and glutamic acids) and their corresponding amides (asparagine and 

glutamine), non-polar amino acids (lysine and arginine), uncharged polar amino acid 

(lysine and arginine), uncharged polar amino acid (glycine) and approximately 1% of 

cystin (Berk, 1992). These amino acid composition leads to the functional properties 

of soy protein, which could be used as adhesives (Hettiarachchy et al., 1995). 

However, the low bond strength and water resistance of the soy protein based 

adhesives limit their application. Therefore, some modification treatments on the soy 

protein are needed to obtain satisfactory bond performance. Hettiarachchy et al. 

modified the soy protein by alkali and trypsin, and the effects of the bondability on 

wood-based materials were investigated. The results showed that, modifying soy 

protein by alkali (pH 10.0 at 50℃) and trypsin, enhanced adhesive strengths (730 and 

743N, respectively) compared with unmodified soy protein (340N). In addition, the 

water resistance of the modified soy protein also improved (Hettiarachchy et al., 

1995). Huang and Sun modified the soy protein by sodium dodecyl sulfate (SDS) and 

sodium dodecylbenzene sulfonate (SDBS). The results showed that, 1% SDS 

modification and 1% SDBS modification had the highest shear strength within each 

wood type tested. Compared to the unmodified protein, the modified proteins also 

exhibited higher shear strengths after incubation with two cycles of alternating 

relative humidity and zero delamination rate and higher remaining shear strengths 
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after three cycles of water soaking and drying. These results indicated that, soy 

proteins modified with SDS and SDBS have enhanced water resistance as well as 

adhesive strength (Huang and Sun, 2000).  

Recently, a new protein based adhesive which got the inspirations from mussel is 

developed. Some marine organisms such as mussels, oysters, barnacles, and 

sandcastle worms all use specialized adhesives in order to affix themselves to wet 

surfaces. Most synthetic glues, by contrast, fail at wet bonding, perhaps the most well 

studied bio-adhesive is that produced by marine mussels (Jenkins et al., 2013).  

This adhesive is comprised of several proteins, each containing the 

3,4-dihydroxyphenylalanine (DOPA) amino acid for cross-linking and cuing (Wilker, 

2010). However, any given synthetic polymer mimic may be called upon to 

reproduced the function of the six different proteins produced by mussels with a wide 

range of molecular weights found for mussel adhesive proteins, it is difficult to 

predict which single polymer chain length will yield the strongest adhesion. 

According to the studied on the mussel adhesive mimics, Jenkins et al. researched the 

adhesion system based on the poly[(3,4-dihydroxystyrene)-co-styrene]. The results 

showed that, the strongest bonding for cross-linked polymers was observed at 

molecular weights roughly corresponding to the middle range of protein molecular 

weights used by mussels (Jenkins et al., 2013).  

 

1.2.3 Polysaccharide based adhesives 

 

Polysaccharides are polymeric carbohydrate molecules composed of long chains 

of monosaccharide units bound together by glycosidic linkages. The polysaccharides 

form a class of materials which have generally been underutilized in the biomaterials 

field, and also be widely used in the natural adhesive research, such as starch-based 

and chitosan based adhesives.  

Starch is a renewable polymer derived from a commodity crop produced in 

surplus, and the low cost and versatility for chemical manipulation makes it an 

https://en.wikipedia.org/wiki/Polymeric
https://en.wikipedia.org/wiki/Carbohydrate
https://en.wikipedia.org/wiki/Monosaccharide
https://en.wikipedia.org/wiki/Glycosidic_bond
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attractive material for use as a substitute for synthetic polymers (Imam et al., 2001). 

Starch molecular chain is formed by the condensation of D-glucose monomer, with the 

molecule weight of 10
6
-10

7
. Every glucose unit has a hydroxyl group on C2, C3, and 

C6 each (Nie et al., 2013).  

Imam et al. developed the starch-based wood adhesives by adding polyvinyl 

alcohol and hexamethoxymethylmelamine. The results showed that, optimal viscosity 

of the adhesive was obtained at 27% solid content, the optimal cure temperature and 

time were 175℃ and 15min. In the shear strength experiments, wood samples 

conditioned at 93% RH for two months exhibited >95% failure in wood but little in 

adhesive joints (Imam et al., 2001). Nie et al. modified the corn starch by 

starch-g-poly-vinyl acetate (Starch-g-PVAc) and epoxy. The results showed that, 

addition of the poly vinyl acetate could increase the dry shear strength of starch 

adhesive, and the addition of epoxy, which could easily crosslink with the oxidized 

starch, is used as water-resistant component to improve the wet shear strength. When 

the weight ratio between starch, starch-g-PVAc, and epoxy at 30:47:23, the highest 

bond strength was obtained (Nie et al., 2013).  

Chitosan is a linear polysaccharide composed of randomly distributedβ-(1,4) 

linked D-glucosamine and N-acetyl-D-glucosamine residues (Serrero et al., 2011).  

Chitosan has drawn a lot of attention, particularly in the biomedical field, because of 

its biocompatibility, bioresorbability, and bioactivity as well as its bacteriostatic and 

fungistatic properties (Suh and Matthew, 2000).  

Patel et al. develop the chitosan based adhesive for wood-based materials by 

adding glycerol and trisodium citrate dehydrate. The optimal bond strength was obtain 

when the adhesive composed of 6% chitosan, 1% of glycerol, and 5 mmol/L of 

trisodium citrate dehydrate. The best shear strength from this adhesive was found to 

be equal to 6.0 MPa in dried conditions and 1.6 MPa in wet conditions ( specimens 

immersed for 3h at 30℃ in water) (Patel et al., 2013). Umemura et al. manufactured 

the plywood by chitosan and estimated the water resistance of chitosan on plywood 

adherends after 24 h water soaking. The bond strength was 2.13 MPa for dried 

specimens with 20% wood failure whereas the bonded resistance was 1.4 MPa for wet 
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specimens with 0% wood failure. The bond strength after water immersion treatment 

was inferior to that of UF resin adhesive (2.1 MPa, 30% wood failure). However, 

compared to natural adhesive (the casein and soybean glues), chitosan developed 

excellent bonding properties (Umemura et al., 2003). 

 

1.2.4 Lignin based adhesives 

 

Lignin can be defined as an amorphous, polyphenolic material arising from the 

copolymerization of three phenylpropanoid monomers, namely, p-coumaryl alcohol, 

coniferyl, and sinapyl. These structures are linked by a multitude of interunit bonds 

that include several types of ether and carbon-carbon linkages (Mansouri and Salvado, 

2006).   

The literature on the use of lignins to prepare wood adhesives is very extensive, 

and most of the researchers focus on adding lignin into phenol-formaldehyde (PF) 

resins, or urea-formaldehyde resins (Qiao et al., 2015; Zhang et al., 2013; Danielson 

and Simonson, 1998). Mansouri et al. developed the lignin-based wood panel 

adhesives without formaldehyde. The glyoxalation of lignin treatment were carried 

out before the utilization of lignin, and then the glyoxalated lignin was thoroughly 

mixed with a phenolic resin with a solid content around 60%, finally, the diisocyanate 

raw polymeric MDI was added. Particleboards were manufactured bonded by this 

glyoxalated lignin-phenolic resin-pMDI resin. The results of the evaluation of the 

particleboard showed that, the IB strength enough to comfortable pass relevant 

international standard specifications for exterior-grade panels. The adhesives also 

showed sufficient reactivity to yield panels in press times comparable to those of 

formaldehyde-based commercial adhesives (Mansouri et al., 2007). Kadla and Kubo 

investigated the blend properties of lignin with four synthetic polymers, namely, poly 

(ethylene oxide) (PEO), poly (vinyl alcohol) (PVA), poly (ethylene terephthalate) 

(PET) and poly (propylene) (PP). The results of thermal analysis exhibited that, the 

glass transition (Tg) of the lignin/PEO and lignin/PET blends showed a negative 
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deviation from a linear mixing rule, indicative of specific intermolecular interactions. 

DRFT-IR analysis revealed the formation of a strong intermolecular hydrogen bond 

between lignin and PEO (Kadla and Kubo,2003). 

 

1.3 Objectives 

 

As the decreasing of fossil resources and the toxic pollution around human 

beings in interior space, it is necessary to develop the wood adhesive based on the 

natural substances. According the study on the current development of wood 

adhesives above, developing of the natural adhesive has been a trend all over the 

world. However, both of synthetic resins and natural adhesives, the chemical 

substances derived from fossil resources are need, which indicated that current 

research could not solve the problem of the fossil resource shortage radically. 

Therefore, it is needed and necessary to develop the natural adhesive without any 

chemical substances which derived from fossil resources. 

The main purpose of present study is to develop a natural adhesive composed 

with natural substances only, and this adhesive could be used to manufacture the 

particleboard with good physical properties. Wattle tannin has a poly-hydroxylphenol 

structure, and the chemical properties close to the phenol. Sucrose is a common 

disaccharide, and under the heating treatment 5-hydroxymhthylfurfural (5-HMF) was 

generated, which has the active chemical properties. Therefore, tannin and sucrose 

were chosen as the adhesive component. In the first place, the weight ratio of adhesive 

compounds, mat moisture content, the effects of hot pressing temperature, hot 

pressing time and resin content on the physical properties of the particleboard bonded 

by tannin and sucrose, based on the results, the optimal manufacture conditions were 

obtained. Second, the thermal analysis, insoluble matter and FT-IR analysis were 

carried out to study the curing behavior of tannin and sucrose. Finally, based on the 

results of reaction mechanism of tannin and sucrose, citric acid was added to reduce 

the reaction temperature of tannin and sucrose.  
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This thesis is organized as follows: 

In Chapter 1, the general introduction about the development and utilization of 

synthetic resins and natural adhesive on the wood-based materials were studied.  

In Chapter 2, the effects of the weight ratio between tannin and sucrose, mat 

moisture content, and resin content on the physical properties of the particleboard 

bonded by tannin and sucrose were investigated, and the optimal manufacture 

conditions of these factors were decided. The reaction mechanism was studied by 

FT-IR.  

In Chapter 3, in the first place, the effects of the hot pressing temperature and hot 

pressing time on the physical properties of the particleboard bonded by tannin and 

sucrose were investigated, and the optimal hot pressing temperature and hot pressing 

time were decided. In the second place, tannin and sucrose adhesive was characterized 

by thermal analysis, insoluble matter and FT-IR analysis. 

In Chapter 4, in the first place, the effects of the addition of citric acid on the 

curing behavior of tannin and sucrose adhesive were investigated by thermal analysis, 

insoluble matter and FT-IR analysis. In the second place, the effects of the addition of 

citric acid on the hot pressing temperature of the particleboard bonded by tannin and 

sucrose were investigate by the evaluation of the physical properties of the 

particleboard.  
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Chapter2 

                                                                     

Effects of pre-drying treatment, mixture ratio and resin 

content on physical properties of the particleboard bonded 

by tannin and sucrose 

                                                                     

 

2.1 Introduction 

 

In the woo industry, adhesives play an important role. At present, resin adhesives 

derived from fossil resources, such as formaldehyde-based resins, vinyl acetate resins 

and isocyanate-based resins are widely used (Li et al., 2004). However, as the 

availability of the fossil resources continues to decrease, it will become necessary to 

develop wood adhesives based on alternative, renewable resources. Some studies have 

reported research about wood adhesives made by bio-resources, such as protein-based, 

tannin-based and lignin-based natural adhesives (Pizzi, 2006; Yonghwa et al., 2011; 

Lei and Pizzi, 2008; Trosa and Pizzi, 1997). Due to its polyphenol chemical 

construction, tannin has been seen as a replacement for phenol in 

phenol-formaldehyde resin (PF). Generally, formaldehyde, hexamine and pMDI are 

used in tannin-based adhesives to obtain satisfactory bond performance (Valenzuela et 

al., 2012; Pichelin et al., 2006), but these chemical substances can be harmful to 

human health. Thus, both the perspective of environmental sustainability and the 

consumer demand for nonhazardous materials contribute to the imperative for 

alternative materials manufacturing processes. 

Recently, it was found that the mixture of tannin and sucrose had adhesiveness 

for wood (Umemura, 2013). However, the detailed manufacture conditions and 

bonding properties for wood-based materials bonded with tannin-sucrose resin were 

not investigated. Wattle tannin has a poly-hydroxylphenol structure and a molecular 
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weight ranging from 500 to 10000 Da, and it is widely used in the tanning and 

adhesive industries (Yao, 2006), and has also been researched in the context of wine 

manufacture (Mcrae et al., 2013) and medicine (Piwowarski et al., 2011). Sucrose is a 

common disaccharide used as a condiment and food ingredient, whose chemical 

characteristics have been well researched, and under the heating treatment 

5-hydroxymhthylfurfural (5-HMF) was generated (Jeong et al., 2013; Lee et al., 

2011). The adhesive with phenol and 5-HMF was already researched (Koch and Pein, 

1985). In addition, the reactivity of the reaction between tannin and formaldehyde was 

10 to 50 times higher rate of the reaction between phenol and formaldehyde (Kim and 

Kim, 2003), therefore, tannin was considered as a suited substitute of phenol. Baseded 

on chemical properties of tannin and sucrose, there is a possibility to use tannin and 

sucrose as an adhesive for wood-based materials. In this chapter, tannin and sucrose 

were used as an adhesive component for particleboard, and fundamental manufacture 

conditions were studied. The effects of the different mixture ratios of tannin and 

sucrose, drying treatment after spraying and different resin contents on the physical 

properties of the resulting particleboard were investigated. The reaction mechanism 

between tannin and sucrose was studied by Fourier transform infrared spectroscopy 

(FT-IR). 

 

2.2 Exploratory experiments 

2.2.1 Materials and Methods 

2.2.1.1 Materials 

 

Recycled wood particles consisting mainly of softwood were obtained from a 

particleboard company in Japan. The wood particles were screened by a sieving 

machine, and particles screened between the aperture sizes of 5.9 and 0.9 mm were 

used as the starting materials. The particles (original moisture content, 3‒4%) were 

dried in an oen at 80°C for 12 h. Wattle tannin (commercial name: tannic acid ME) 

was purchased from Fuji Chemical Industry Co. (Wakayama, Japan), and the tannin 
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content was 88.1%, which measured by methanol method (Soto et al. 2001). Sucrose 

(guaranteed reagent) was purchased from Nacalai Tesque, Inc. (Kyoto,Japan), and 

used without further purification. Both tannin and sucrose were dried in a vacuum 

oven at 60°C for 15 h. 

 

2.2.1.2 Manufacture of the particleboards 

 

Tannin and sucrose were dissolved in distilled water at various proportions, and 

the concentration of the solution was adjusted to 40 wt%. The viscosity and pH of the 

solution were measured by a rotational viscometer (Viscolead One, Fungilab S.A., 

Barcelona, Spain) at 20 °C and a pH meter (D-51, Horiba Scientific, Kyoto, Japan), 

respectively, and the results are shown in Table 2.1.  

 

Table 2.1 Viscosity and pH of mixture solutions of tannin and sucrose 

Mixture ratio of 

tannin and sucrose 

(wt%) 

Concentration (wt%) 
Viscosity at 20 °C 

(mPa·s) 
pH 

100:0  265.9 4.51 

75:25  177.4 4.62 

50:50 40 78.0 4.71 

25:75  51.3 4.76 

0:100  35.7 5.52 

 

As Table 2.2 shows, we tested tannin/sucrose mixture ratios of 100/0, 75/25, 

50/50, 25/75, and 0/100. The solution was used as an adhesive and sprayed onto 

particles in a blender at 20wt% resin content based on the weight of the oven-dried 

particles. In Group 1, the sprayed particles were not dried in an oven, while Group 2 

sprayed particles were dried at 80°C for 12h. In the case of Group 3, the 

tannin/sucrose ratio was 25/75, and resin contents of 10, 20, 30 and 40wt% (based on 

the weight of the oven-dried particles) were tested, and then the sprayed particles 

were dried at 80°C for 12h. The mat moisture content of Group 1 was 38‒42%, while 

that of Groups 2 and 3 was 3‒6%. The particles were mat-formed using a forming box 
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of 300×300 mm, after that, the mat was hot-pressed at 200°C for 10 min with a 

distance bar of 9 mm to control the thickness. The size of the manufactured board was 

300 × 300 × 9 mm, and the target density was 0.8 g/cm
3
. For comparison, 

particleboard bonded with pMDI (polymeric 4,4-diphenyl methane diisocyanate) was 

manufactured at a resin content of 8 wt%, and the press method and target density 

were the same as those described above. 

 

Table 2.2 Manufacture condition of particleboards 

Groups 

Mixture 

ratio of 

tannin 

and 

sucrose 

(wt%) 

Resin 

content 

(wt%) 

Pressing 

temperatur

e(°C) 

Pressing 

time(min) 

Target 

density 

(g/cm
3
) 

Drying 

treatment 

after 

spraying 

 100:0      

 25:75      

Group1 50:50 20 200 10 0.8 No 

 75:25      

 0:100      

 100:0      

 25:75      

Group2 50:50 20 200 10 0.8 Yes 

 75:25      

 0:100      

  10     

  15     

Group3 25:75 20 200 10 0.8 Yes 

  30     

  40     

 

2.2.1.3 Evaluation of board properties 

 

The boards obtained were conditioned for 1 week at 20 °C and 60% relative 

humidity (RH), and then evaluated according to the Japanese Industrial Standard for 

particleboard (JIS A 5908, 2003). The static 3-point bending test was carried out on a 

200 mm × 30 mm × 9 mm specimen from each board, and the effective span and 
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loading speed were 150 mm and 10 mm/min, respectively. The modulus of rupture 

(MOR) and the modulus of elasticity (MOE) were calculated from the bending test. 

The internal bond strength (IB) test was performed on a 50 mm×50 mm specimen 

with a loading speed of 2 mm/min, and thickness swelling (TS) after water immersion 

for 24 h at 20 °C was measured in specimens of the same size. Following the TS test, 

thickness changes and weight changes under a cyclic accelerated aging treatment 

(drying at 105°C for 10 h, warm water immersion at 70°C for 24 h, drying at 105°C 

for 10 h, boiling water immersion for 4 h, and drying at 105°C for 10 h) were 

measured. Each experiment was performed five times, and the average values and 

standard deviations were calculated. Statistical significance was considered for p 

values < 0.05. 

 

  2.2.1.4 Fourier transform infrared spectroscopy (FT-IR) 

 

Tannin and sucrose were dissolved in distilled water with the ratio of tannin to 

sucrose at 25/75, and the concentration of the solution was adjusted to 40 wt%. The 

adhesive solution was heated at 80°C for 12h to remove water. The adhesive was 

pulverized into less than 250-μm mesh size, after that, one part of the powder was 

heat at 200°C for 10min, another part of the powder was reserved as the comparation. 

Both the two parts of the powder were dried in a vacuum oven at 60°C for 15 h. Two 

infrared spectra were obtained with a Fourier transform infrared spectrophotometer 

(FT/IR-4200, JAS-CO Corporation) using the KBr disk method and were recorded 

with an average of 32 scans at a resolution of 4 cm
-1

. 

 

2.2.2 Results and discussion 

   2.2.2.1 Effects of tannin/sucrose mixture ratio without drying treatment 

before hot-pressing 

 

The particleboards were manufactured with various mixture ratios of tannin and 
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sucrose without drying treatment before hot-pressing. Figure 2.1 shows the bending 

properties of the particleboards. The bending properties were promoted as the sucrose 

ratio increasing. For MOR values, the board bonded with tannin only (100/0) was 8 

MPa. At a tannin/sucrose ratio of 25/75, the MOR increased to 11.9 MPa, an increase 

of 49% compared to tannin only. For MOE values, the board bonded with tannin only 

(100/0) was 2.3 GPa. At a tannin/sucrose ratio of 25/75, the value increased to 3.0 

GPa, an increase of 43%. 

 

 

 

Fig. 2.1 Effect of tannin/sucrose ratio on bending properties without drying treatment 

before hot-pressing. Error bars indicate standard deviations.  

 

Figure 2.2 shows the IB strength of the particleboard. The value decreased 

slightly as increasing of sucrose ratio. When the particleboard was bonded with tannin 

only, the IB value was 0.3 MPa, equivalent to the minimum 18 type of JIS A 5908 

standard. At tannin/sucrose ratios of 75/25, 50/50 and 25/75 conditions, the IB 

strength were 0.24 MPa, 0.3 MPa and 0.1 MPa, respectively, the addition of sucrose 

ratio decreased the IB strength. Figures 2.1 and 2.2 demonstrate how the bending 
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properties and IB strength had opposite trends. This is perhaps because during the 

hot-pressing process, water moved from the surface to the core and then steam moved 

out from the core of the board; this movement took out the heat, and so affected the 

bonding properties. When the ratio of tannin decreased, the effect of tannin on the 

bonding property was reduced, which lead to the reduction of IB strength. Bending 

properties are more affected by the surface of the boards, and because the temperature 

on the surface was high during the hot-pressing process, more sucrose led to better 

mechanical properties. Overall, both bending properties and IB strength showed 

mediocre properties of the particleboard without drying treatment before hot pressing. 

This indicated that when the moisture content was high, irreversible thickness 

swelling was caused when the particles’ recovery forces exceeded the restraining 

action of the adhesive. The internal failures of the particleboard were attributed to 

stress release and signified adhesive damage among the particles. This is because 

swelling stress and particle deterioration accompanied the moisture change (Lin et al., 

2002). 

 

 

Fig. 2.2 Effect of tannin/sucrose ratio on IB strength without drying treatment before 

hot-pressing. Error bars indicate standard deviations. 
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Figure 2.3 shows the results for the TS of the boards. The value was fairly 

constant regardless of the sucrose ratio. At a tannin/sucrose ratio of 25/75, the TS was 

43%, far exceeding the JIS A 5908 standard upper limit of 12%. The boards bonded 

with tannin only had a TS value of 44%; ANOVA analysis showed no significant 

difference in water resistance between boards with tannin/sucrose ratios of 100/0 and 

25/75. Additionally, all the samples were very weak after the immersion treatment 

(20 °C for 24 h), such that cyclic accelerated aging treatment could not be carried out. 

Consequently, increasing the sucrose ratio did not obviously change the properties of 

the particleboards. Former research has indicated that heat treatment before 

hot-pressing is the one of the most effective ways to increase water resistance of wood 

and wood-based composites (Sar et al., 2013). Thus, investigations of the effects of 

drying treatment before hot pressing on the properties of the particleboard bonded by 

tannin and sucrose were investigated.  

 

Fig. 2.3 Effect of tannin/sucrose ratio on TS without drying treatment before hot 

pressing. Error bars indicate standard deviations. 
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hot-pressing 

 

Particleboards were manufactured at various mixture ratios of tannin and sucrose 

by a drying treatment before hot-pressing. Figure 2.4 shows the bending properties of 

the resultant particleboards. The bending properties increased obviously as the 

sucrose ratio increased. The maximum values of MOR was 18.7 MPa, when the ratio 

of tannin to sucrose at 25/75. The MOR was 2.4 MPa when the particleboard was 

bonded with tannin only, and 15.2 MPa with sucrose only. The maximum value of the 

MOE was 4.1 GPa at tannin-to-sucrose ratios of 25/75 and 0/100. By contrast, the 

MOE was 0.7 GPa for tannin only. The result of the bending test indicated that 

sucrose offered improved bond performance in the adhesion system. According to the 

type 18 of JIS A 5908 standard, which is for construction use, an MOR of 18 MPa and 

MOE of 3 GPa or more is required. We found that the bending properties of board 

using a tannin/sucrose ratio of 25/75 were comparable to the standard. The 

improvements in MOR and MOE in Group 2 samples compared to Group 1 were 57% 

and 28%, respectively. These results confirmed that low moisture content leads to 

improved bending properties of particleboard bonded with tannin and sucrose. 
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Fig. 2.4 Effect of tannin/sucrose ratio on bending properties with drying treatment 

before hot-pressing. Error bars indicate standard deviations.  

 

Figure 2.5 shows the IB strength of the particleboards bonded with tannin and 

sucrose. The value increased with increasing sucrose ratios, and a value of 1.0 MPa 

was recorded at the tannin/sucrose ratio of 25/75. This was 20 times higher than that 

using only tannin. The addition of sucrose brought marked improvement in the bond 

strength between particles; moreover, the strength of the board bonded at a 

tannin/sucrose ratio of 25/75 greatly exceeded the type 18 of JIS A 5908 minimum 

requirement of 0.3 MPa. Compared with the best value obtained from Group 1 (0.3 

MPa), the IB strength was improved 206%. Judging from the results summarized in 

Figs. 2.1, 2.2, 2.4 and 2.5, the mechanical properties were greatly affected both by the 

tannin/sucrose ratio and by the moisture content before hot-pressing. 

 

 

Fig. 2.5 Effect of tannin/sucrose ratio on IB strength with drying treatment before 

hot-pressing. Error bars indicate standard deviations.  
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the sucrose ratio increased, the TS value decreased (except the sucrose only condition). 

In the case of a tannin/sucrose ratio of 25/75, the value of TS was 28%. When the 

boards were bonded with tannin only, immersion in water led to decomposition while 

the TS of boards bonded with sucrose only was 49%, indicating that the dimensional 

stability of the boards bonded with tannin or sucrose only were extremely low. This 

result indicated that tannin kept it hydroscopicity after hot-pressing at 200°C for 10 

min. The subsequent cyclic accelerated aging treatment brought a stepwise increase in 

the thickness of specimens. In the second immersion treatment (immersion at 70°C 

for 24 h), the range of thickness increased from 46 to 87%, and in the third immersion 

treatment (immersion at 100°C for 4 h), the thickness range increased from 51 to 

103%. When the board was bonded with tannin only, the specimens decomposed after 

the first immersion treatment at 20°C for 24 h. As the sucrose ratio increased, the 

thickness change of the cyclic accelerated aging treatment was restrained. The results 

of thickness change in immersion treatments indicate that higher sucrose content 

possibly promoted the adhesiveness, and thereby markedly improved water resistance 

properties. 
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Fig. 2.6 Thickness change in a cyclic accelerated aging treatment with drying 

treatment before hot-pressing. Error bars indicate standard deviations. 

Figure 2.7 shows the weight changes during the cyclic accelerated aging 

treatment. In the first immersion treatment (immersion at 20°C for 24h), the weight 

increase range decreased as the sucrose ratio increased. The lowest weight increase 

value was 60% at a tannin/sucrose ratio of 25/75. The boards bonded with tannin only 

decomposed, and the value of board bonded with sucrose only was 90%. In the first 

drying treatment (drying at 105°C for 10 h), boards with higher sucrose ratios lost less 

water weight. The lowest decrease value was 3% for the boards bonded with the 

tannin/sucrose ratio of 25/75. The weight decrease range on other tannin/sucrose 

ratios were from 4% to 11%, which indicated that maybe there was some unreacted 

adhesive dissolved in the water after the immersion treatment, however, at the 

tannin/sucrose ratio of 25/75, the amount of unreacted tannin and sucrose would be 

least. In the second immersion treatment (immersion at 70°C for 24 h), the weight 

increase dropped as the sucrose ratio increased. The lowest weight increase was 80% 

when the board was bonded with a tannin/sucrose ratio of 25/75. The same tendency 
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was recognized in the third immersion treatment (boiling for 4h); namely, the value 

decreased with increasing sucrose ratio, and the best value was 80% when the board 

bonded with tannin/sucrose ratio at 25/75. The weight change value between second 

immersion treatment and third treatment was almost the same. The final weight 

decrease when dried at 105°C for 10 h showed a range from 19% to 9%, and a higher 

sucrose proportion brought less weight decrease. According to the results shown in 

Figs. 2.6 and 2.7, increasing the proportion of sucrose enhanced the water resistance 

of the adhesion system. Some researchers have shown that sucrose can yield 

5-hydroxymethyl-2-furfural (HMF) under heating or acidic conditions (Jeong et al., 

2013; Lee et al., 2011; Kitts et al., 2006). The subsequent reaction of HMF with 

tannin may be the process that leads to the polymerization between sucrose and tannin 

(Wu and Fu, 2006; Sotoudehnia et al., 2012). Our results indicated that a 

tannin/sucrose ratio of 25/75 yielded excellent mechanical properties for 

particleboard. 

 

Fig. 2.7 Weight change in a cyclic accelerated aging treatment with drying treatment 

before hot-pressing. Error bars indicate standard deviations. 
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2.2.2.3 Effects of resin content 

 

The effects of resin content on the physical properties of particleboard bonded at 

the tannin/sucrose ratio of 25/75 were investigated. Figure 2.8 shows the bending 

properties of particleboard bonded with different resin contents. Both MOR and MOE 

were slightly enhanced with the increase of resin content. The maximum average 

values of MOR and MOE were 21.2 MPa and 5.0 GPa, respectively, obtained at 

40wt% resin content. Our results indicated that the boards bonded with 15wt% resin 

content or more were comparable to the requirements of the type 18 of JIS A 5908 

standard. When the board was bonded with isocyanate (8wt% resin content), the 

MOR and MOE were 25.3 MPa and 4.0 GPa, respectively. 

 

 

Fig. 2.8 Effect of resin content of tannin/sucrose on bending properties. Error bars 

indicate standard deviations.  

 

Figure 2.9 shows the IB strengths of the particleboards bonded with different 

resin contents. The IB strength performance did not change obviously with changes in 

resin content. The maximum average value was 1.3 MPa at resin content of 30wt%. 

All the specimens satisfied the requirement of the type 18 of JIS A 5908 (more than 
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0.3 MPa); this result indicated that resin content as low as 10 wt% provided 

satisfactory internal bonded strength. The IB strengths of particleboards bonded with 

tannin and sucrose were about half of those bonded with isocyanate. Based on the 

results of bending test and IB test, the bending properties increased with the 

increasing of resin content, but the IB strength did not change obviously. This 

phenomenon perhaps was due to the decrease of wood particles when the resin 

content increased and the density remain unchanged; the decrease of wood particles 

led to more void areas in the particleboard, and the percentage of void areas had a 

negative effect on IB strength (Arabi et al., 2011). 

 

 

Fig. 2.9 Effect of resin content of tannin/sucrose on IB strength properties. Error bars 

indicate standard deviations.  
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Fig. 2.10 Thickness change in a cyclic accelerated aging treatment. Error bars 

indicate standard deviations. 

 

Figure 2.10 shows the thickness changes of the particleboards with different 

resin contents in the cyclic accelerated aging treatment. In the first immersion 

treatment (immersion at 20°C for 24 h), the TS value decreased as the resin content 

increased. The lowest value of TS was 20% with 40wt% resin content, which 

indicated that the increase of resin content enhanced the water resistance of the 

particleboard. Ordinarily, tannin and sucrose are water-soluble substances. However, 

the reaction of tannin and sucrose may result in insoluble materials. After boiling 

water treatment for 4 h, the value for 40wt% particleboard was 34%, exceeding the 

value of particleboard bonded with isocyanate at 32%. 
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Fig. 2.11 Weight change in a cyclic accelerated aging treatment. Error bars indicate 

standard deviations. 

 

Figure 2.11 shows the weight changes of the particleboards in a cyclic 

accelerated aging treatment. There was less of a change in weight as the resin content 

increased, indicating that the resin inhibited the absorption of water. Compared with 

the weight increase in the first immersion, the weight increase of warm immersion 

and boiling treatment were higher, due to the lowering of the water resistance of the 

adhesive and the penetration of water into the wood (Umemura et al., 2013). The 

range of the weight decrease was -3 to -6 % after the first drying treatment and -8 to 

-15% after the last drying treatment; these values gradually increased with increasing 

resin content. This result indicated that as the resin content increased, the 

decomposition and elution of the adhesive increased. 
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Fig. 2.12 Infrared spectra of the cured and uncured tannin and sucrose adhesive. 

 

The FT-IR curves of the mixture of tannin and sucrose before and after heating 

were shown in Figure 2.12. The absorption bands at around 1705, 1509, 1200 and 780 

cm
-1

 increased clearly in the heat treatment. The peak at around 1705 cm
-1

 attributed 

to C=O stretching derived from the carbonyl group (Vaz and Ribeiro, 2003). The 

peaks at around 1509 and 780 cm
-1

 are characteristic of C=C stretching vibration and 

unsubstituted CH=CH of 5-HMF, respectively (Chuntanapum and Matsumura, 2009; 

Zhang et al., 2012; Alakhras and Holze; 2007). The peak located around 1200 cm
-1

 

was associated with the -CO stretching of the benzene nucleus and/or the dimethylene 

ether bridges (-CH2OCH2-) (Kim and Kim, 2003; Choi et al., 2002). In addition, 

disappearance of two absorption peaks at around 1130 cm
-1

 and 920 cm
-1

 was 

observed. The peak at 1130 cm
-1

 was dominated by the glycosidic linkage (C-O-C) 

contribution (Kacurakova et al., 2000), and the absorption bond at around 920 cm
-1

 

was attributed to pyranose ring of sucrose (Seino et al., 1984). This indicated the 

decomposition of sucrose. Judging from these spectra changes, 5-HMF is formed by 

decomposition of sucrose during heating. Furthermore, 5-HMF seems to react with 

tannin and form dimethylene ether bridges. The possible reaction equation between 
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tannin and sucrose was shown in Figure 2.13. 

 

Fig. 2.13 Possible reaction equation between tannin and sucrose. 

 

2.3 Summary 

 

The results of this chapter showed that tannin and sucrose, natural substances 

derived from readily available bio-resources, can be used to manufacture 

particleboard that meets industrial standards. This chapter investigated the 

tannin/sucrose ratio, effects of the drying treatment after spraying and resin content on 

particleboard properties. The properties were enhanced when the drying treatment was 

carried out after the spraying, and when the sucrose ratio increased. Based on the 

results obtained, the optimum proportion of tannin to sucrose was 25/75, and the 

optimum resin content was between 30 wt% and 40 wt%. When the particleboards 

were manufactured under the optimum conditions, they showed excellent mechanical 
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properties, higher than those required for JIS A5908 type 18. Based on the results of 

FT-IR, 5-HMF was formed from the decomposition of sucrose during the heating 

treatment. In addition, as one kind of the possible reaction mechanism between tannin 

and sucrose, the dimethylene ether bridges seems to be formed.  
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Chapter3 

                                                                     

Effects of pressing temperature and time on particleboard 

properties, and characterization of tannin-sucrose adhesive 

                                                                     

 

3.1 Introduction 

In a previous study in Chapter2, particleboard was manufacture bonded by tannin 

and sucrose. The mechanical properties of particleboard produced with tannin to 

sucrose ratio of 25/75 and a resin content of 30 to 40 wt% satisfied the requirement of 

the JIS A 5908 type 18 standard (2003). However, the water resistance of the 

particleboard bonded by tannin and sucrose at optimal manufacture conditions in 

Chapter 2 still lower than the standard. The reaction mechanism was studied by FT-IR, 

and the results showed the dimethylene ether bridges seems to be formed. The results 

obtained from chapter 2 indicated that, it is possible to manufacture the particleboard 

bonded by tannin and sucrose. Therefore, more information of the manufacture 

conditions and the curing behavior of tannin and sucrose adhesive are needed. 

In the Chapter 3, the effects of the hot pressing temperature and hot pressing 

time on the physical properties of the particleboard were investigated. The 

relationship between curing process and temperature was also studied by 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The 

insoluble matter of the cured adhesives was measured, and the change of the chemical 

structure of adhesives cured for different heating times was studied by Fourier 

transform infrared spectroscopy (FT-IR). 
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3.2 Effects of hot pressing temperature and time on board 

properties 

3.2.1 Materials and Methods 

3.2.1.1 Materials 

 

Recycled wood particles obtained from a particleboard company were used as 

raw materials, and the particles were screened using a sieving device to collect 

particles in the range between 5.9 and 0.9 mm. The moisture content of the original 

particles was 3 to 4 wt%. Before the manufacturing of the particleboards, the particles 

were dried in an oven at 80 °C for 12 h until the moisture content at 2 wt%. 

Wattle tannin (Commercial name: tannic acid ME) was purchased from Fuji 

Chemical Industry Co. (Wakayama, Japan), and the tannin content was 88.1%, which 

measured by methanol method (Soto et al. 2001). Sucrose (guaranteed reagent) was 

purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Those materials were used 

without further purification and dried in a vacuum oven at 60 °C for 15 h before using. 

Based on the previous paper (Zhao and Umemura, 2014), tannin and sucrose were 

mixed with a ratio of 25/75, and then the mixture was dissolved in distilled water with 

a concentration of the solution at 40 wt%. The solution was used as an adhesive, and 

the viscosity and pH of the solution at 20 °C were 51.3 mPa·s and 4.76, respectively. 

 

3.2.1.2 Manufacture of the particleboard 

 

The adhesive solution was sprayed onto particles in a blender. The resin contents 

were 30 and 40 wt% based on the weight of the oven-dried particles. The sprayed 

particles were dried at 80 °C for 12 h, and the moisture content after drying was 3 to 6 

wt%. Then the particles were mat-formed using a forming box of 300×300 mm. The 

particleboards were manufactured in two Groups. In Group 1, hot pressing 

temperatures of 160, 180, 200, and 220 °C were used, and the hot pressing time was 

10 min. In Group 2, the hot pressing temperature was 220 °C, and hot pressing times 
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of 5, 7, 10, and 15 min were used. Both in Groups 1 and 2, one board was 

manufactured for every condition. The thickness was controlled using a distance bar 

of 9 mm thickness. The size of the manufactured board was 300 × 300 × 9 mm, and 

the target density was 0.8 g cm-3. The obtained boards were conditioned for 1 week at 

20 °C and 60% relative humidity (RH). The details of the manufacturing conditions 

are shown in Table 3.1. 

 

Table 3.1 Manufacturing Conditions of Particleboard 

Groups 

Mixture ratio 

of tannin and 

sucrose (wt%) 

Resin content 

(wt%) 

Pressing 

temperature (°C) 

Pressing 

time (min) 

Target density 

(g cm-3) 

Group1 25:75 

30 
160 

10 0.8 

40 

30 
180 

40 

30 
200 

40 

30 
220 

40 

Group2 25:75 

30 

220 

5 

0.8 

40 

30 
7 

40 

30 
10 

40 

30 
15 

40 

 

3.2.1.3 Evaluation of Board Properties  

 

The boards were evaluated according to the Japanese Industrial Standard for 

particleboard (JIS A 5908. 2003). The static three-point bending test was carried out 

under dry condition on a 200 × 30 × 9 mm sample from each board, and the effective 

span and loading speed were 150 mm and 10 mm/min, respectively. The modulus of 

rupture (MOR) and the modulus of elasticity (MOE) were calculated. The internal 

bond strength (IB) test was performed on a 50×50×9 mm sample with a loading speed 
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of 2 mm/min, and thickness swelling (TS) after water immersion for 24 h at 20 °C 

was measured in samples of the same size. Following the TS test, thickness and 

weight changes under a cyclic accelerated aging treatment (drying at 105 °C for 10 h, 

warm water immersion at 70 °C for 24 h, drying at 105 °C for 10 h, boiling water 

immersion for 4 h, and drying at 105 °C for 10 h) were measured. Each experiment 

was performed in quintuplicate, and the average value and standard deviation were 

calculated. Statistical significance was considered for p values < 0.5. The MOR, MOE, 

and IB of the boards shown in the figures are values corrected for target density based 

on each regression line between actual values and sample densities of the mechanical 

properties. 

 

3.2.2 Results and discussion 

3.2.2.1 Effect of hot pressing temperature 

 

 

Fig. 3.1 Effect of hot pressing temperature on MOR in bending test. Error bars 
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indicate standard deviations. 

 

Fig. 3.2 Effect of hot pressing temperature on MOE in bending test. Error bars 

indicate standard deviations. 

 

The particleboard was manufactured at different hot pressing temperatures with 

resin contents of 30 and 40 wt%. Figures 3.1 and 3.2 show the influence of hot 

pressing temperature on MOR and MOE. As the hot pressing temperature was 

increased, the values of MOR and MOE were enhanced irrespective of the resin 

content, and the values obtained at a 40 wt% resin content were a little higher than 

those of the 30 wt% resin content at the same hot pressing temperature. The 

maximum average values of MOR and MOE were 21.9 MPa (40 wt%-220 °C) and 

5.0 GPa (40 wt%-200 °C), respectively. Analysis of variance (ANOVA) showed no 

significant difference in MOR and MOE among the three particleboards bonded with 

resin content at hot pressing temperature levels of 40-200, 30-220, and 40-220. In 
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addition, those bending properties were comparable to the requirement of the type 18 

JIS A 5908 standard (MOR>18MPa) (JIS A 5908. 2003). The results indicated that 

when the hot pressing temperature was higher than 200 °C, the influence of hot 

pressing temperature on the bending properties was small, and a temperature that is 

200 °C or higher is required to obtain satisfactory bending properties of the 

particleboard bonded with tannin and sucrose. 

 

Fig. 3.2 Effect of hot pressing temperature on IB strength. Error bars indicate 

standard deviations. 

 

Figure 3.3 shows the IB strength of the particleboard. Under both of the 30 and 

40 wt% resin content conditions, the IB strength was obviously enhanced as the hot 
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obtained from the board with a 40 wt% resin content at 220 °C. When the hot pressing 

temperature was higher than 200 °C, the IB strength of all the samples satisfied the 

requirement of the type 18 JIS A 5908 (IB>0.3MPa) (JIS A 5908. 2003).  

It is worth noting that, if the hot pressing temperature was less than or equal to     

200 °C, the IB strength of the board with 30 wt% was higher than that of the 40 wt% 

board. This phenomenon was perhaps due to the decrease in wood particles when the 

resin content was increased under the same board density. This means that the 

decrease in wood particles led to more void areas in the particleboard, and the 

increase in void areas had a negative effect on IB strength (Arabi et al., 2011). 

However, the opposite results were obtained when the hot pressing temperature was 

220 °C, as the IB strength at a 40 wt% resin content was a little higher than that at 30 

wt%. This would be due to the promotion of adhesiveness at 220 °C. 

Figure 3.4 shows the thickness changes of the particleboard. In the first 

immersion treatment (immersion at 20 °C for 24 h), the samples manufactured at 160 

and 180 °C were decomposed, which indicated that the water resistance of those 

boards was very weak. Comparing with the results obtained from the board hot 

pressed at 200 and 220 °C, the TS values decreased greatly when the board was hot 

pressed at 220 °C. The TS values of 30 and 40 wt% resin content at 220 °C were 10 

and 7%, respectively, which satisfied the requirement of the type 18 JIS A 5908 

(TS<12%) (JIS A 5908. 2003). The subsequent cyclic accelerated aging treatment 

brought a stepwise increase in the thickness of the samples, and the boards pressed at 

220 °C showed lower thickness swelling values than the boards pressed at 200 °C in 

each immersion treatment. This indicated that increasing the hot pressing temperature 

to 220 °C greatly promoted the water resistance of the particleboard bonded with 

tannin and sucrose.  
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Fig. 3.4 Effect of hot pressing temperature on thickness change in a cyclic accelerated 

aging treatment. Error bars indicate standard deviations.  

 

Figure 3.5 shows the weight changes during the cyclic accelerated aging 

treatment. In the first immersion treatment, the weight increase of the boards pressed 

at 220 °C was obviously lower than those of the boards pressed at 200 °C. This 

indicated that the water absorption was inhibited by increasing the hot pressing 

temperature. Weight decreases ranging from 1.9 to 4.5% were observed after the first 

drying treatment, indicating that some elution from the samples occurred. The weight 

increases of 70 °C water immersion and boiling treatment were higher than the first 

treatment. This phenomenon was possible due to the decreasing of water resistance of 
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adhesive and the penetration of water into the wood. (Umemura et al., 2013). In the 

last drying treatment, the weight decreases of the boards pressed at 200 and 220 °C 

ranged from 11.8 to 14.7% and 4.7 to 5.4%, respectively. There was a smaller weight 

decrease when the hot pressing temperature was 220 °C, which means that less 

elution occurred during the cyclic accelerated aging treatment. This indicated that the 

curing of tannin and sucrose adhesive at 220 °C led to a more complete 

insolubilization than curing at 200 °C. 

 

 

 

Fig. 3.5 Effect of hot pressing temperature on weight change in a cyclic accelerated 

aging treatment. Error bars indicate standard deviations. 
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3.2.2.2 Effect of hot pressing time 

 

 

 

Fig. 3.6 Effect of hot pressing time on MOR in bending test. Error bars indicate 

standard deviations. 

 

Based on the results obtained, the effects of hot pressing time on the physical 

properties of particleboard bonded with 30 and 40 wt% resin content were 
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maximum values of MOR and MOE were 23.5 MPa and 5.3 GPa, respectively, with a 

hot pressing time of 7 min and 40 wt% resin content. Based on the ANOVA analysis, 

there were no significant differences of MOR among all samples. In terms of MOE, 

the values were increased in the hot pressing time range of 5 to 7 min, and decreased 

from 7 to 15 min. This means that prolonging hot pressing time would not promote 

the bending properties of the particleboard.  

 

 

Fig. 3.7 Effect of hot pressing time on MOE in bending test. Error bars indicate 

standard deviations.  
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pressing time. A significant increase was observed as the hot pressing time was 

prolonged from 5 to 10 min. This phenomenon would be due to a more efficient 

curing in the core layer. A slight decrease was observed in 15 min. The maximum 

value was 1.6 MPa in the case of a 40 wt% resin content and 10 min, and the IB 

values of all the samples except for the boards pressed for 5 min with a 30 wt% resin 

content were comparable to the requirement of the type 18 JIS A 5908 standard (JIS A 

5908.2003).  

 

 

Fig. 3.8 Effect of hot pressing time on IB strength. Error bars indicate standard 

deviations.  
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was in the range of 5 to 7 min, the bending properties of the boards were good; 

however, the IB strength was weak. This phenomenon was explained as follows: the 

short hot pressing time led to sufficient curing at the surface but insufficient curing in 

the core of the particleboard, and the bending properties and IB properties of the 

particleboard were more strongly affected by the surface and core layers, respectively. 

Figure 3.9 shows the thickness changes of the particleboard samples bonded with 

different hot pressing times and resin contents in the cyclic accelerated aging 

treatment. 

 

 

Fig. 3.9 Effect of hot pressing time on thickness change in a cyclic accelerated aging 

treatment. Error bars indicate standard deviations. 
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In the first immersion treatment, the TS values under the same resin content 

decreased in the time range of 5 to 10 min, and then they remained the same at 10 min 

and 15 min. In addition, the TS values of the boards bonded with a 40 wt% resin 

content were lower than those with a 30 wt% resin content at every hot pressing time. 

The minimum TS value was 7%, obtained from the boards bonded with a 40 wt% for 

10 and 15 min. When the particleboard were manufactured with a 40 wt% resin 

content for 7 min, and 30 or 40 wt% resin content for 10 or 15 min, the TS values 

were comparable to the requirement of the type 18 JIS A 5908 standard (JIS A 5908. 

2003). The subsequent cyclic accelerated aging treatment brought a stepwise increase 

in the thickness of the samples, and the least thickness changes were obtained in 

samples bonded with a 40 wt% resin content with 10 or 15 min. This indicated that 

the prolonging of hot pressing time contributed to the inhibition of the thickness 

change of the boards. 

Figure 3.10 shows the weight changes of the particleboard bonded with different 

hot pressing times in the cyclic accelerated aging treatment. In the first immersion 

treatment, the weight increase between the boards hot-pressed for 10 and 15 min was 

lower than the boards hot-pressed for 5 and 7 min, meaning that water absorption was 

inhibited by prolonging the hot pressing time. The weight change range after the first 

drying treatment was -1.2 to -7.8%, indicating that some elution including adhesive 

occurred. In the 70 °C immersion treatment, the weight increase ranged from about 58 

to 79% and dropped as the hot pressing time increased. The overall weight change 

between 70 °C immersion treatment and boiling treatment were almost the same, and 

the values were higher than the first immersion treatment. The final weight decrease 

with drying at 105 °C ranged from 4.7 to 14.8%, and a long hot pressing time 

corresponded to a slight weight decrease. Based on the results shown in Figs. 3.9 and 

3.10, prolonging the hot pressing time brought good water resistance of the board. 
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Fig. 3.10 Effect of hot pressing time on weight change in a cyclic accelerated aging 

treatment. Error bars indicate standard deviations. 
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3.3 Characterization of tannin and sucrose adhesive 

3.3.1 Materials and Methods 

3.3.1.1 Materials 

 

Wattle tannin (Commercial name: tannic acid ME) was purchased from Fuji 

Chemical Industry Co. (Wakayama, Japan), and the tannin content was %, which 

measured by methanol method (Soto et al. 2001). Sucrose (guaranteed reagent) was 

purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Those materials were used 

without further purification and dried in a vacuum oven at 60 °C for 15 h before using. 

Based on the previous paper (Zhao and Umemura, 2014), tannin and sucrose were 

mixed with a ratio of 25/75, and then the mixture was dissolved in distilled water with 

a concentration of the solution at 40 wt%. The solution was used as an adhesive, and 

the viscosity and pH of the solution at 20 °C were 51.3 mPa·s and 4.76, respectively. 

 

3.3.1.2 Thermal analysis  

 

Tannin and sucrose were dissolved in distilled water with the ratio of tannin to 

sucrose at 100/0, 25/75, and 0/100. The concentration of each solution was adjusted to 

40 wt%. From every kind of the solution, 20 g solution was taken out and divided in 

10 aluminum cups and dried in an oven at 80 °C for 12 h. After that, the samples were 

pulverized into less than 250-μm mesh size to obtain uncured adhesive powder. TGA 

was carried out using a TGA 2050 (TA Instruments Japan). The samples were scanned 

from room temperature to 400 °C at a rate of 10 °C /min under nitrogen purging. The 

DSC measurement was conducted using a DSC 2910 (TA Instruments, Japan). The 

samples were encapsulated in an aluminum pan and scanned from room temperature 

to 400 °C at a rate of 10 °C /min under nitrogen purging. 

 

3.3.1.3 Insoluble matter and FT-IR  
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Tannin and sucrose were dissolved in distilled water with a ratio of tannin to 

sucrose of 25/75, and uncured adhesive powder was obtained, in the same manner as 

was done for the thermal analysis. The uncured adhesive powder was divided into 7 

parts. The powder was heated in an oven at 220 °C for 1, 3, 5, 7, 10, 15, and 20 min, 

respectively. Then 2 g samples were sampled from every part of the cured adhesives, 

and the samples were then boiled in distilled water for 4 h to obtain the insoluble 

matter. The boiling treatment for every sample was carried out in triplicate. All of the 

samples that were obtained from the heat treatments and boiling treatments were 

vacuum-dried at 60 °C for 15 h.  

Infrared spectra were obtained with a Fourier transform infrared 

spectrophotometer (FT/IR-4200, JAS-CO Corporation) using the KBr disk method 

and were recorded with an average of 32 scans at a resolution of 4 cm
-1

. 

 

3.3.2 Results and Discussion  

3.3.2.1 Thermal analysis  

 

Figure 3.11 shows the thermogravimetric (TG) and derivative TG (DTG) curves 

of the tannin, adhesive, and sucrose. Tannin (100/0) showed two-step degradation 

from the DTG curve, with the first stage at around 193 °C and the second stage at 

around 240 °C. In the first stage, 10% weight loss was observed from the TG curve. 

Judging from a previous study (Gaugler and Grigsby, 2009), the first and the second 

stages can be attributed to the decomposition of polysaccharide from tannin and the 

decomposition of tannin, respectively. Sucrose (0/100) showed two-step degradation 

from the DTG curve. The first step at around 220 °C relates to the caramelization 

phase of sucrose (Gintner et al., 1989; Eggleston et al., 1996). The second step at 

around 270 °C was due to the production of a black aerated char-like solid (Eggleston 

et al. 1996). The adhesive (25/75) had a significant weight decrease at around 204 °C 

according to the DTG. Considering the results of tannin and sucrose, some reaction 

must occur between tannin and sucrose. 



59 
 

 

 

Fig. 3.11 TG and DTG curves of wattle tannin, adhesive and sucrose 

 

Figure 3.12 shows the DSC curves of tannin, adhesive, and sucrose. The results 

for tannin (100/0) show an exothermic peak at around 255 °C. In research on the 

thermal degradation of pine tannin, an exothermic peak at around 255 °C was 

observed, and this was attributed to the charring of tannin (Gaugler and Grigsby, 

2009). Therefore, the peak observed in the present study was likewise attributed to the 

charring of tannin. In the case of sucrose (0/100), two sharp endotherms were 

observed at 180 and 226 °C. Considering the results of TG analysis of sucrose above, 

there was no peak at 180 °C; therefore, the endotherm peak at 180 °C was attributed 

to the melting of sucrose. The previous research also reported that the peaks at 180 

and 226 °C were attributable to the melting and caramelization, respectively 

(Eggleston et al., 1996). When testing a mixed adhesive (25/75), two endothermic 

peaks were observed. The first endotherm at around 180 °C, given what was shown in 

the sucrose-only condition, was due to the melting of sucrose. The second endotherm 

appeared at around 215 °C, which was lower than the second peak of the sucrose; 

therefore, this endotherm may be due to the caramelization of sucrose and the reaction 

between the products from caramelization and tannin.  
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Fig. 3.12 DSC curves of wattle tannin, adhesive, and sucrose 
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insoluble matter was higher than 70 wt% and changed slightly. 

 

Fig. 3.13 Insoluble matter of the adhesive heated for different heating time 
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attributed to the glycosidic linkage (C-O-C) contribution (Kacurakova et al., 2000) 

and pyranose ring of sucrose (Seino et al., 1984). This indicated the decomposition of 

sucrose. 

 

 

Fig. 3.14 FT-IR curves of the curing adhesives 
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Fig. 3.15 FT-IR curves of the residue after the boiling treatment of the curing 

adhesives 
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10 min were almost the same. Judging from these results, the cured adhesive had a 

furan ring structure and dimethylene ether bridges, and the water resistance was high. 

When the heating time was 10 min, higher values of insoluble substances were 

obtained, and the chemical structure of the adhesion system seemed to be stable. 

Therefore, a heating time of 10 min is needed to cure the adhesive sufficiently. 

 

3.4 Summary 

 

Particleboards using tannin and sucrose as an adhesive were manufactured to 

investigate the effects of hot pressing temperature and hot pressing time on the 

physical properties of the boards. The mechanical properties and water resistance 

increased as the hot pressing temperature and time increased. The optimum hot 

pressing temperature was 220°C, and the optimum hot pressing time was 10min. The 

MOR, MOE, IB and TS of the board manufactured under the optimum condition were 

higher than the requirement of the 18 type of JIS A 5908. Thermal analysis showed 

that the endothermic reaction of the adhesive composed with tannin and sucrose (only 

the ratio at 25/75) were happened at more than 200°C, this explaining the promotion 

of the particleboard properties when the hot pressing temperature was increased to 

220°C. When the heating time was longer than 10min, insoluble matter was higher 

than 70wt%. The FT-IR results showed the existence of the furan ring, carbonyl group 

and dimethylene ether bridges. Comparing The FT-IR spectra of the adhesives heated 

in different heating time, there was not obviously change of chemical structure in the 

hot pressing time range of 10-20min. 
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Chapter4 

                                                                     

Effects of addition of citric acid on physical properties of 

particleboard using tannin sucrose adhesive 

                                                                     

 

4.1 Introduction 

 

Based on the previous research in Chapter 2 and Chapter 3, wattle tannin and 

sucrose can be combined to make an adhesive for particleboard manufacturing. The 

mechanical properties of the particleboard produced with a tannin-sucrose ratio of 

25/75, resin content of 30 to 40wt%, hot pressing temperature of 220 °C, and hot 

pressing time of 10 min satisfied the requirements of the Japanese Industrial 

Standards A 5908 (2003) type 18. However, the hot pressing temperature, time, and 

resin content were much higher than that of particleboard produced using commercial 

synthetic resins. During the reaction between tannin and sucrose, 

5-hydroxymethyl-2-furfural (5-HMF) forms from the decomposition of sucrose, and 

then 5-HMF reacts with tannin. Methods or substances that accelerate sucrose 

decomposition to 5-HMF seems to improve the manufacturing conditions of 

particleboard bonded with tannin and sucrose.  

Acid compounds catalyze the decomposition of sucrose, thus increasing the yield 

of 5-HMF (Locas and Yaylayan, 2008; Sievers et al., 2009). In addition, acid 

compounds reduce the temperature of 5-HMF formation (Haworth and Jones, 1944; 

Asghari and Yoshida, 2006). Citric acid is effective in forming 5-HMF from 

saccharides (Asghari and Yoshida, 2006). Citric acid 

(2-hydroxy-1,2,3-propanetricarboxylic acid) has a certain acidity (Grudpan et al., 

1998). It is an organic polycarboxylic acid containing three carboxyl groups, and it is 
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mainly produced by the fermentation of sucrose (Shu and Johnson, 1948). As a safe 

natural substance, citric acid is widely used in food, beverages, and pharmaceuticals 

(Černáa et al., 2003; Summers and Enever, 2006). In addition, citric acid can be used 

as a natural adhesive to manufacture wood-based materials (Umemura et al., 2012), 

and it reacts with sucrose (Umemura et al., 2013, 2015). Therefore, the addition of 

citric acid is expected to promote the curing reaction of the adhesive and reduce the 

hot pressing temperature. In this Chapter, citric acid was incorporated into a tannin 

and sucrose adhesive, and the effect of this addition on the hot pressing temperature 

of particleboard was investigated.  

 

4.2 Effects of the addition of citric acid on thermal and 

chemical properties of tannin-sucrose adhesive  

4.2.1 Materials and Methods 

4.2.1.1 Materials 

 

Wattle tannin (commercial name: tannic acid ME) was purchased from the Fuji 

Chemical Industry Co. (Wakayama, Japan), and the tannin content was 88.1%, which 

measured by methanol method (Soto et al. 2001).. Sucrose (guaranteed reagent) and 

citric acid (extra pure reagent) were purchased from Nacalai Tesque, Inc. (Kyoto, 

Japan). These materials were used without further purification and were dried in a 

vacuum oven at 60 °C for 15 h before use. 

 

4.2.1.2 pH adjustment of adhesive solution by adding citric acid  

 

The citric acid content in tannin-sucrose adhesive was determined by the 

adjustment of pH values. The optimal ratio of tannin to sucrose is 25:75 (Zhao and 

Umemura 2014). In this study, 25 g of tannin and 75 g of sucrose were mixed in a 

beaker, and 150 g of distilled water was added to the mixture to blend a 

http://www.sciencedirect.com/science/article/pii/S014486170200259X
http://www.sciencedirect.com/science/article/pii/S014486170200259X
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tannin-sucrose adhesive solution at a concentration of 40 wt%. Citric acid was also 

dissolved in distilled water at a 40 wt% concentration. Subsequently, 0.5 g of the 

citric acid solution was added stepwise to the tannin-sucrose solution. The viscosity 

and pH of the solution at 20 °C was measured by a rotational viscometer (Viscolead 

One, Fungilab S.A., Barcelona, Spain) and a pH meter (D-51, Horiba Scientific, 

Kyoto, Japan), respectively. This process was repeated several times until the 

tannin-sucrose solution reached pH 1.5. Basic information regarding the 

tannin-sucrose-citric acid adhesives is presented in Table 4.1.  

 

Table 4.1 Formulation of Tannin-Sucrose-Citric Acid Adhesives 

The ratio of 

tannin:sucrose:citric acid 

Addition 

of citric 

acid 

solution 

(g) 

Citric acid 

content in 

adhesive 

(wt%) 

Concentration 

(wt%) 

Viscosity at 

20 °C 

(mPa·s) 

pH 

25:75:0.0 0.0 0.0 

40 

51.3 4.8 

25:75:0.4 1.0 0.4 50.5 3.8 

25:75:1.8 4.5 1.8 48.7 3.0 

25:75:4.8 12.0 4.6 43.5 2.5 

25:75:16 40.0 13.8 42.7 2.0 

25:75:25 62.5 20.0 40.4 1.8 

25:75:50 125.0 33.3 36.5 1.5 

 

4.2.1.3 Thermal analysis   

 

After pH adjustments, 100 g of adhesive was prepared for each variation in citric 

acid content. In each version of the adhesive solution, 20 g of the solution was divided 

into 10 aluminum cups and dried in an oven at 80 °C for 12 h. The samples were then 

pulverized to smaller than 250-μm mesh size to obtain the uncured adhesive powder. 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 

carried out using a TGA 2050 (TA Instruments, Tokyo, Japan) and DSC 2910 (TA 

Instruments, Tokyo, Japan), respectively, and the samples were scanned from room 

temperature to 400 °C at a rate of 10°C/min under nitrogen purging with the flow rate 
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at 100 mL/min and 40 mL/min, respectively. 

4.2.1.4 Insoluble matter and FT-IR   

As shown in Table 4.1, 100 g adhesive solutions with of 4.6%, 13.8%, 20.0%, 

and 33.3% citric acid were prepared. Uncured adhesive powder was obtained in the 

same manner as in the thermal analysis. Each of the uncured adhesive powders was 

divided into four parts, and these were heated in an oven at 160, 180, 200, or 220 °C 

for 10 min. Next, 2-g samples of each cured adhesive were boiled in distilled water 

for 4 h to obtain the insoluble matter. The boiling treatment was carried out in 

triplicate. All samples obtained from heating treatments and boiling treatments were 

vacuum-dried at 60 °C for 15 h. Infrared spectra were obtained with a Fourier 

transform infrared spectrophotometer (FT/IR-4200, JASCO Corporation, MD, USA) 

using the KBr disk method; they were recorded with an average of 32 scans at a 

resolution of 4 cm
-1

. 

 

4.2.2 Results and discussion 

  4.2.2.1 Thermal analysis  
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Fig.4.1 TG curves of the adhesives with different citric acid contents. 

 

Fig.4.2 DTG curves of the adhesives with different citric acid contents. 

In the derivative TG (DTG) curves (Fig. 4.2), tannin-sucrose adhesive (0 wt% 

citric acid content) had a noticeably weight loss at 204 °C; this result was attributed to 

the reaction between tannin and sucrose (Zhao and Umemura, 2015). In the 

tannin-sucrose-citric acid adhesives, the temperatures of significant weight loss in 

adhesives with 0.4, 1.8, 4.6, 13.8, 20.0, and 33.3 wt% citric acid content were 202, 

200, 176, 162, 159, and 151 °C, respectively. As the citric acid content increased, the 

temperature of significant weight loss decreased. Because acid compounds catalyze 

sucrose decomposition at lower temperatures (Haworth and Jones, 1944; Asghari and 

Yoshida, 2006), the observed results reflected the decomposition of sucrose or another 

reaction between tannin, sucrose, and citric acid. A shoulder at 200 °C in the 20.0 and 

33.3 wt% citric acid adhesive curves reflected an apparent degradation of citric acid 

(Umemura et al., 2012). Another shoulder located at 300 °C was observed in the 
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possibly caused by decomposition of the cured adhesives. 

 

 

Fig. 4.3 DSC curves of the adhesives with different citric acid contents 
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due to the melting of sucrose (Eggleston et al., 1996), and the peak located at 215 °C 

was attributed to the caramelization of sucrose or polymerization (Eggleston et al., 

1996; Zhao and Umemura, 2015). In tannin-sucrose-citric acid adhesives with 0.4 and 

1.8 wt% citric acid, a shoulder was detected at 157 °C, and endothermic peaks were 

observed at 210 and 194 °C. TG analysis of these two adhesives indicated that the 

weight loss at 157 °C was not noticeable. Therefore, the shoulder must have been due 

to the melting of some substance, which could have been citric acid (Barbooti and 

Al-Sammerrai, 1986). The endothermic peak located at 210 °C was due to 

caramelization or polymerization reactions. 

When the citric acid content was equal to or greater than 4.6 wt%, a broad 

endothermic peak was observed at 155 °C in all adhesives. In accordance with the TG 

analysis, this peak was probably due to the loss of sucrose or some reaction between 

tannin, sucrose, and citric acid. In adhesives with 20.0 and 33.3 wt% citric acid, a 

small endothermic shoulder was observed at 212 °C, which was due to the loss of 

citric acid (Barbooti and Al-Sammerrai, 1986). 

In sum, increasing citric acid content decreased the temperature of weight loss 

and endothermic reactions from 220 to 155 °C, demonstrating that citric acid 

effectively reduced the reaction temperature of the adhesive. When the citric acid 

content was equal to or greater than 4.6 wt%, the reaction temperature was noticeably 

reduced. Therefore, in the next set of experiments, tannin-sucrose-citric acid 

adhesives with 4.6, 13.8, 20.0, and 33.3 wt% citric acid contents were tested, and 

tannin-sucrose adhesive with 0 wt% citric acid content was used as a reference. 

 

  4.2.2.2 Insoluble matter 

 

The adhesives were heated at 160, 180, 200, and 220 °C for 10 min, and the 

insoluble matter after boiling was measured (Fig. 3). As the heating temperature 

increased, the insoluble matter also increased considerably. In each heating 

temperature condition, the insoluble matter increased with increasing citric acid 

content, indicating that the addition of citric acid improved adhesive curing. Analysis 
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of variance (ANOVA) showed no significant (p>0.05) difference between the 

adhesives with 20.0 and 33.3 wt% citric acid in all heating temperature conditions. 

Notably, when the heating temperature was 160 or 180 °C, there was no insoluble 

matter in 0 wt% citric acid tannin-sucrose adhesive, but some insoluble matter was 

present in adhesives containing citric acid. Judging from the thermal analysis, this 

result reflects the reaction of adhesives with citric acid at a lower temperature than in 

the tannin-sucrose adhesive. When the heating temperature was 200 °C, adhesives 

with 20.0 and 33.3 wt% citric acid contained 60% insoluble matter, nearly two times 

higher than the 0 wt% citric acid tannin-sucrose adhesive. 

 

Fig. 4.4 Insoluble matter of the adhesives with different citric acid contents. 
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  4.2.2.3 FT-IR 

 

 

Fig. 4.5 Infrared spectra of the adhesives heated at 200 °C for 10 min before boiling. 
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Fig. 4.6 Infrared spectra of the adhesives heated at 200 °C for 10 min after boiling. 
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stretching derived from the carboxyl group and/or ester group (Yang and Wang, 1996; 

Zagar and Grdadolnik, 2003). The peak located at 1190 cm
-1

 is due to C-O stretching 

from the carboxyl group and/or dimethylene ether bridges (Mawhinney and Yates, 

2001; Kunnambath and Thirumalaisamy, 2015). Meanwhile, the peak located at 780 

cm
-1 

is derived from the unsubstituted CH=CH of the furan ring (Cimino et al., 1972). 

In the tannin-sucrose adhesive (0 wt% citric acid content), the peak located at 1705 

cm
-1

 is derived from the C=O carbonyl group (Sellitti et al., 1990). The peak located 

at 1200 cm
-1

 can be attributed to C-O-C dimethylene ether bridges in the phenolic 

resin and wattle tannin adhesives (Choi et al., 2002; Kim and Kim, 2003); therefore, 

the peak located at 1200 cm
-1

 derived from tannin-sucrose adhesive (0 wt% citric acid 

content) was possibly due to the dimethylene ether bridges. 

The peaks derived from citric acid appeared strongly when the citric acid content 

of the adhesives was high, and some water-soluble substances were contained in the 

samples. The chemical structure of the insoluble matter in cured adhesives was 

observed by FT-IR measurements after the cured adhesives were boiled (Fig. 4.6). 

The absorption band at 2630 cm
-1

 was barely recognizable in all spectra, indicating 

that carboxyl groups did not exist in the insoluble matter. The peaks located at 1731 

and 1190 cm
-1

 were only observed in the insoluble matter of the adhesives with 20.0 

and 33.3 wt% citric acid. The peaks increased with increasing citric acid content, 

implying that the ester linkage and dimethylene ether bridges were more abundant as 

the citric acid increased. The peaks at 1705 and 1200 cm
-1

 were observed in the 

insoluble matter of the adhesives with 0, 4.6, and 13.8 wt% citric acid, indicating that 

the chemical structure of the insoluble matter of these adhesives was very similar. The 

peak at 780 cm
-1

 increased slightly as citric acid increased, suggesting that the furan 

ring content in the insoluble matter increased. In sum, when the citric acid content of 

adhesive was adjusted to 20.0 and 33.3%, ester linkages and dimethylene ether 

bridges were formed. With increased citric acid content, the furan ring content 

increased, and more chemical bonds derived from tannin participated in the reaction. 
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4.3 Effects of the addition of citric acid on the properties of 

the particleboard 

4.3.1 Materials and Methods 

4.3.1.1 Materials 

 

Wattle tannin (commercial name: tannic acid ME) was purchased from the Fuji 

Chemical Industry Co. (Wakayama, Japan). Sucrose (guaranteed reagent) and citric 

acid (extra pure reagent) were purchased from Nacalai Tesque, Inc. (Kyoto, Japan). 

These materials were used without further purification and were dried in a vacuum 

oven at 60 °C for 15 h before use.  

Recycled wood particles were obtained from a particleboard company, and they 

were screened using a sieving device to collect particles between 0.9 mm and 5.9 mm. 

The moisture content of the original particles was 3 to 4 wt%. Before particleboard 

manufacturing, particles were dried in an oven at 80 °C for 12 h to a final moisture 

content of 2 wt%. 

 

4.3.1.2 Manufacture of the particleboard 

 

Tannin, sucrose, and citric acid were dissolved in distilled water with 4.6%, 

13.8%, 20.0%, and 33.3% citric acid contents and a solution concentration of 40 wt% 

(Table 4.1). The adhesive solution was sprayed onto particles in a blender at 30 wt% 

resin content based on the weight of the oven-dried particles. After spraying, the 

particles were dried at 80 °C for 12 h until the moisture content was 3 to 6 wt%. The 

particles were mat-formed using a 300 × 300 mm forming box. For every variation in 

citric acid content, particleboards were manufactured with hot pressing temperatures 

of 160, 180, 200, and 220 °C; the hot pressing time was 10 min. The thickness was 

controlled using a 9-mm distance bar during pressing. The size of the manufactured 

board was 300 × 300 × 9 mm, and the target density was 0.8 g/cm
3
. 
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4.3.1.3 Evaluation of the board properties  

 

The boards were conditioned for 1 week at 20 °C and 60% relative humidity (RH) 

and then evaluated according to the Japanese Industrial Standard for particleboard 

(JIS A 5908 2003). The average density of the particleboards after conditioning was 

calculated by measuring the dimension and weight of all the samples obtained from 

each particleboard. The mechanical properties of the particleboards were investigated 

with a universal testing machine (Model 4411, Instron Corp., PA, USA). The static 

three-point bending test was carried out on a 200 × 30 × 9 mm specimen from each 

board, and the effective span and loading speed were 150 mm and 10 mm/min, 

respectively. The modulus of rupture (MOR) and the modulus of elasticity (MOE) 

were obtained. The internal bond strength (IB) test was performed on a 50 × 50 mm 

specimen with a loading speed of 2 mm/min, and thickness swelling (TS) after water 

immersion for 24 h at 20 °C was measured in specimens of the same size. Following 

the TS test, thickness and weight changes under a cyclic accelerated aging treatment 

(drying at 105 °C for 10 h, warm water immersion at 70 °C for 24 h, drying at 105 °C 

for 10 h, boiling water immersion for 4 h, and drying at 105 °C for 10 h) were 

measured to investigate the water resistance in severe conditions. Each experiment 

was performed in quintuplicate, and the average value and standard deviation were 

calculated. Statistical significance of ANOVA analysis was considered for p values < 

0.05. The MOR, MOE, and IB values were corrected for target density based on each 

regression line between actual values and sample densities of the mechanical 

properties. 
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4.3.2 Results and discussion  

4.3.2.1 Bending properties  

 

 

Fig. 4.7 Effects of the citric content of adhesive and hot pressing temperature on 

MOR in bending properties. Error bars indicate standard deviations. 
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Fig. 4.8 Effects of the citric content of adhesive and hot pressing temperature on 

MOE in bending properties. Error bars indicate standard deviations. 
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and MOE were enhanced in all particleboards. When the pressing temperature was 
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the requirements of the 18 type JIS A 5908 standard (MOR > 18 MPa, MOE > 3 GPa) 
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(JIS A 5908 2003). With hot pressing temperatures of 160, 180, and 200 °C, the MOR 

and MOE values of the boards bonded with adhesives containing citric acid were 

higher than those bonded with tannin-sucrose adhesive, as the curing temperature of 

the tannin-sucrose-citric acid adhesives was lower. The maximum average MOR and 

MOE values were 21.5 MPa and 4.9 GPa, respectively, which were obtained from the 

board bonded with 33.3% citric acid adhesive at 200 °C. Analysis of variance 

(ANOVA) showed no significant difference (p>0.05) in MOR or MOE in boards 

bonded with 20.0 and 33.3% citric acid adhesives at 200 °C, and there was no 

significant  (p>0.05)difference in any boards hot-pressed at 220 °C. 

 

4.3.2.2 IB properties  

 

The IB of the particleboards was evaluate, and the results were shown in Fig. 4.9. 

The strength increased with increasing hot pressing temperature, irrespective of the 

citric acid content. The IB of the boards bonded with tannin-sucrose-citric acid 

adhesives at all hot pressing temperatures satisfied the requirements of the 18 type JIS 

A 5908 standard (IB > 0.3 MPa) (JIS A 5908 2003). However, the maximum value 

obtained from the board bonded with tannin-sucrose (0 wt% citric acid content) 

adhesive at 220 °C was 1.45 MPa. Analysis of variance (ANOVA) showed no 

significant difference (p>0.05) between the boards bonded with 20.0 and 33.3% citric 

acid adhesives at all hot pressing temperatures. When the hot pressing temperature 

was equal to or lower than 180 °C, the IB of the board bonded with tannin-sucrose 

adhesive was very low; however, the particleboard bonded with the adhesives with 

citric acid exhibited superior IB because of the curing of citric acid-containing 

adhesives at 160 and 180 °C. As the hot pressing temperature increased to 200 and 

220 °C, the opposite result was obtained, with IB increasing with the decreasing citric 

acid content. This phenomenon requires further clarification.    
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Fig. 4.9 Effects of adhesive citric acid content and hot pressing temperature on IB. 

Error bars indicate standard deviations. 
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4.3.2.3 Water resistance properties  

 

 

 

Fig. 4.10 Effects of citric content and hot pressing temperature on TS. Error bars 

indicate standard deviations. 
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indicating that citric acid improved particleboard TS properties. The best value was 

5%, obtained from the board bonded with 33.3% citric acid adhesive at 220 °C. For 

the particleboards bonded with 20.0 and 33.3% citric acid adhesives at 200 °C and for 

all boards manufactured at 220 °C, the TS values satisfied the requirements of the 18 

type JIS A 5908 standard (TS < 12%) (JIS A 5908 2003). 

To further clarify the effect of citric acid on water resistance, a cyclic accelerated 

aging treatment was performed, and the thickness changes of the particleboards 

bonded at 200 °C were measured (Fig. 4.11). The results for immersion at 20 °C for 

24 h were similar to those shown in Fig. 4.10. Generally, a stepwise increase in the 

thickness of the boards was observed. For boards bonded with tannin-sucrose 

adhesive at 200 °C, the final thickness change was 17.9%, whereas the board 

manufactured with 33.3% citric acid adhesive showed a 6.1% change. When the 

particleboards were bonded at 220°C, the thickness changes were similar to the results 

shown in Fig. 8a; however, the thickness changes after every treatment were lower 

than the changes in the boards manufactured at 200 °C. The least final thickness 

change was 2.1%, which was obtained from the board manufactured with 33.3% citric 

acid adhesive at 220 °C. 

The weight changes of the particleboards bonded at 200 °C in a cyclic 

accelerated aging treatment were measured (Fig. 4.12). In the first water immersion 

treatment, water absorption was similar to the TS data. This result indicated that the 

addition of citric acid to the adhesives inhibited water absorption by the particleboards. 

The weight decrease in the subsequent drying treatment of all boards ranged from -4.5% 

to -1.6%, suggesting that a slight elution of the adhesive components occurred. The 

overall weight increase in the 70 °C immersion treatment was higher than in the first 

treatment. This effect could be due to the lowering of the water resistance of the 

adhesive and the penetration of water into the wood (Umemura et al., 2013). The 

weight change of each board after boiling treatment was almost the same as in the 

warm water treatment, indicating that the boards exhibited excellent stability during 

boiling. The least final weight change of the board manufactured at 200 °C was -8.0%, 

which was obtained from particleboards bonded with 20.0 and 33.3% citric acid 
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adhesives. The boards bonded with adhesives containing citric acid showed smaller 

final weight changes than those manufactured with the tannin-sucrose adhesive. The 

particleboards bonded at 220 °C showed the same trend of weight changes in the 

cyclic accelerated aging treatment. The final weight change of the board 

manufactured using tannin-sucrose adhesive at 220 °C was -4.7%, whereas the board 

manufactured with 33.3% citric acid adhesive showed a relatively small value at 

-3.8%. Thus, the addition of citric acid enhanced water resistance in the 

particleboards. 

 

 

 

Fig. 4.11 Effects of the citric acid content of adhesive on thickness changes in 

particleboards bonded at 200 °C in a cyclic accelerated aging treatment. Error bars 

indicate standard deviations. 
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Fig. 4.12 Effects of the citric acid content of adhesive on weight changes in 

particleboards bonded at 200 °C in a cyclic accelerated aging treatment. Error bars 

indicate standard deviations. 
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adhesives at 200 °C was 2 times higher than for the tannin-sucrose adhesive. In 

addition, ester linkage and dimethylene ether bridges were recognized by FT-IR. The 

physical properties of the particleboards bonded with tannin-sucrose-citric acid 

adhesive with 20.0 and 33.3 % citric acid contents at more than 200 °C satisfied the 

requirements of the type 18 standard of JIS A 5908 (2003). Consequently, the addition 

of citric acid promoted the reaction between tannin and sucrose at a lower temperature, 

and decreased the hot pressing temperature to 200 °C, while enhancing the bending 

properties and water resistance of the particleboards. 
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Conclusion      

 

This thesis consists of four chapters: Chapter1, General introduction; Chapter 2, 

Exploratory experiments of tannin and sucrose for particleboard; Chapter 3, Effects of 

hot pressing temperature and time on board properties, and characterization of 

adhesive; Chapter 4, Effects of the addition of citric acid on the curing of tannin and 

sucrose adhesive and bond performance of particleboard. The results of each chapter 

are summarized as follows: 

In Chapter1, the current development of synthetic resin and natural adhesive 

were studied. The current development of synthetic resin showed that, under the 

pressure of decreasing of fossil resources and the requirement of human health, the 

research about synthetic resin focus on the modification or partly replace by the 

natural substances, which could reduce the utilization of fossil resources and reduce 

the toxic emission from some of the synthetic resin. The current development of 

natural adhesive showed that, due to the low bond ability of natural substances, some 

modification by chemical substances derived from the fossil resources are needed, the 

natural substance only seems hardly to use as adhesive. Therefore, it is necessary to 

develop the adhesive composed of natural substances only.   

In Chapter 2, the exploratory experiments of tannin and sucrose adhesive for 

particleboard were carried out. By the experiments, the effects of the drying treatment 

before hot pressing, weight ratio between tannin and sucrose, and resin content on the 

physical properties were investigated. All the particleboards in this chapter were 

manufactured at 200℃ for 10min. The results of the particleboard bonded by tannin 

and sucrose without drying treatment before hot pressing showed that, the physical 

properties of the particleboards are very low in all the weight ratio of tannin and 

sucrose conditions, indicated that the high moisture content of the mat negative affect 

the physical properties of the particleboard bonded with tannin and sucrose. For 
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certifying this conclusion, the particleboards were manufactured with drying 

treatment before hot pressing, the results showed the physical properties improved 

significantly irrelevant the weight ratio between tannin and sucrose. The results of 

effects of weight ratio between tannin and sucrose on the properties of the 

particleboard showed that, as the increasing of the sucrose content, the physical 

properties of the particleboard were improved, the optimal weight ratio between 

tannin and sucrose was 25/75. The results of the effects of resin content on the 

properties of the particleboard exhibited that, as the increasing of the resin content, 

the physical properties increased. When the resin content was higher than 30wt%, the 

mechanical properties satisfied the JIS 18 type standard. Therefore, the optimal 

manufacture conditions of the with/without drying treatment before hot pressing, 

weight ratio between tannin and sucrose, and resin content of the particleboard 

bonded by tannin and sucrose were with drying treatment, 25/75, and 30-40wt%, 

respectively. The reaction mechanism between tannin and sucrose was studied by 

FT-IR analysis, and the spectra obtained from uncured and cured adhesives were 

compared. The results showed that, after the heating treatment, the peak located at 

1130 and 920cm
-1

 derived from glycosidic linkage and pyranose ring disappeared, 

indicated the decomposition of the sucrose during the heating treatment. The 

increased peak located around 1705, 1509, 1200 and 780cm-1 derived from carbonyl 

group, furan, dimethylene ether bridges, and furan, respectively, this indicated the 

formation of the 5-HMF from the decomposition of sucrose, and 5-HMF reacted with 

tannin and form the dimethylene ether bridges.  

In Chapter 3, the effect of the hot pressing temperature and hot pressing time on 

the properties of the particleboard bonded by tannin and sucrose were investigated. 

Based on the results obtained from Chapter 2, all the particleboards manufactured in 

this chapter with the optimal weight ratio between tannin and sucrose was 25/75, resin 

content was 30 and 40wt%, and did the drying treatment at 80℃ for 12h before hot 

pressing. The results of the effects of hot pressing temperature on the particleboard 

properties showed that, as the increasing of the hot pressing temperature, both the 

mechanical properties and the water resistance increased. When the hot pressing 
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temperature at 220℃, the TS values of the particleboards both bonded with 30 and 

40wt% resin content are satisfied the JIS 18 type standard. The results of the effects of 

hot pressing time on the board properties exhibited that, in the time range from 5 to 

10min, as the increasing of the hot pressing time, the mechanical properties of the 

particleboard increased, however, a slightly decrease happened when the hot pressing 

time longer than 10min. Therefore, the optimal hot pressing temperature and hot 

pressing time of the particleboard bonded by tannin and sucrose were 220℃and 

10min, respectively. The tannin and sucrose adhesive was characterized by thermal 

analysis, insoluble matter and FT-IR analysis. Thermal analysis showed that the 

endothermic reaction of the adhesive composed with tannin and sucrose (only the 

ratio at 25/75) were happened at more than 200°C, this explaining the promotion of 

the particleboard properties when the hot pressing temperature was increased to 

220°C. When the heating time was longer than 10min, the maximum insoluble matter 

at more than 70% was obtained, indicated the heating time at 10min for the curing of 

tannin and sucrose adhesive is needed. The FT-IR results showed the existence of the 

furan ring, carbonyl group and dimethylene ether bridges in the adhesives cured at 

220℃. Comparing The FT-IR spectra of the adhesives heated in different heating time, 

there was not obviously change of chemical structure in the hot pressing time range of 

10-20min. 

In Chapter 4, the effects of adding citric acid to tannin-sucrose adhesive were 

investigated by the analysis of adhesives and evaluation of particleboard properties. 

The results of the thermal analysis showed that, as the increasing of the citric acid 

content, both the weight loss and endothermic reaction temperatures decreased, 

indicated that the addition of citric acid was effective in reducing reaction temperature 

of tannin and sucrose. The results of the insoluble matter showed that, the insoluble 

matter from 20.0 and 33.3% citric acid contents adhesives at 200℃ was 2 times 

higher than that from tannin-sucrose adhesives, means that the addition of citric acid 

effective on the curing of tannin and sucrose adhesive. The results of FT-IR analysis 

showed that, when the citric acid content of adhesive was adjusted to 20.0 and 33.3%, 

ester linkages and dimethylene ether bridges were formed. With increased citric acid 
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content, the furan ring content increased, and more chemical bonds derived from 

tannin participated in the reaction, this also indicated that the addition of citric acid 

improve the curing of tannin and sucrose. The effects of the addition of citric acid on 

the hot pressing temperature and properties of the particleboard bonded by tannin and 

sucrose adhesive were investigated. The results showed that, physical properties of 

the particleboards bonded with tannin-sucrose-citric acid adhesive with 20.0 and 33.3 % 

citric acid contents at more than 200 °C satisfied the requirements of the type 18 

standard of JIS A 5908 (2003). Consequently, the addition of citric acid promoted the 

reaction between tannin and sucrose at a lower temperature, and decreased the hot 

pressing temperature to 200 °C, while enhancing the bending properties and water 

resistance of the particleboards. 
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