
AN ABSTRACT OF THE DISSERTATION OF

Yu Geng for the degree of Doctor of Philosophy in Wood Science presented on
June 8, 2005.
Title: Investigation of New Compatibilizer Systems for Wood-Polyethylene
Composites

Abstract approved:

Kaichang Li John Simonsen

Wood-plastic composites (WPCs) are one of the fastest-growing sectors of the

wood composites industry. However, the strengths of WPCs are typically low

because of the poor interfacial adhesion between hydrophilic wood and

hydrophobic thermoplastics. A compatibilizer that can form bridges between wood

and plastics is required to give WPCs desirable strength properties. At present, the

choice of effective compatibilizers is limited and the compatibilization mechanisms

are not fully understood. In this study, three novel compatibilizer systems were

investigated for wood-polyethylene composites.

A widely used paper wet-strength agent polyaminoamide-epichiorohydrin

(PAE) combined with stearic anhydride was applied as a compatibilizer system for

wood-polyethylene composites. It was found that the pH value of the PAE solution
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had a significant impact on the modulus of rupture (MOR) and the modulus of

elasticity (MOE) of the resulting wood-polyethylene composites. The dosages of

PAE and stearic anhydride were optimized in terms of the enhancement of MOR

and MOE. Under optimal conditions, the PAE-stearic anhydride compatibilizer

resulted in a higher MOR and MOE than commercially available maleic anhydride-

grafted polyethylene (MAPE). Fourier Transform Infrared Spectroscopy (FTIR)

analysis revealed that PAE and stearic anhydride formed covalent bondings with

wood flour. Water-resistance tests indicated that PAE-stearic anhydride

compatibilizer system increased the water-resistance of the resulting composites.

A combination of poly(diphenylmethane diisocyanate) (PMDI), and stearic

anhydride was also studied as a compatibilizer system. PMDI alone increased the

MOR and MOE of the resulting WPCs to some extent. Stearic anhydride alone had

limited effects on the enhancement of MOR and MOE of the WPCs. A

combination of PMDI and stearic anhydride resulted in higher MOR and MOE than

PMDI. The PMDI-stearic anhydride compatibilizer system was even superior to

commercially available MAPE in terms of increasing strengths (MOR and MOE)

and water-resistance. The compatibilization mechanism of the PMDI-stearic

anhydride compatibilizer system was investigated and proposed as follows: PMDI

bonded wood and stearic anhydride, and the hydrocarbon chain of stearic anhydride

bonded polyethylene through secondary bonds, entanglements and/or co-

crystallization with the polyethylene matrix.



We later discovered that the mixing order for PMDI, wood and PE

dramatically affected the MOR and MOE of the resulting wood-PE composites.

When PMDI was first mixed with PE and then mixed with wood, the resulting

wood-PE composites had much higher MOR and MOE than those composites that

were made by adding PMDI to wood followed by PE, On top of already very high

MOR of the wood-PE-PMDI composites, stearic acid further increased the MOR.

A combination of PMDI and stearic acid resulted in much higher MOR and MOE

than MAPE, one of the most effective compatibilizers for wood-PE composites.

More importantly, the PMDI-stearic acid compatibilizer system is cost-competitive

to MAPE. PMDI is readily available and stearic acid is inexpensive, abundant, and

readily available. Therefore, this new PMDI-stearic acid compatibilizer system

may be viable for commercial application.
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iNVESTIGATION OF NEW COMPATIBILIZER SYSTEMS FOR WOOD-
POLYETHYLENE COMPOSITES

CHAPTER 1: GENERAL iNTRODUCTION

1.1 BRIEF HISTORY

Wood-plastic composites (WPCs) have become one of the fastest growing

composite materials in the wood composites industry. WPCs are normally made

from a mixture of wood particles (generally wood flour), plastics (thermoplastics or

thermosets) and small amounts of process and property modifiers, The first

commercially WPCs were made of phenol-formaldehyde and wood flour, named

"Bakelite", which was used as a gearshift knob for Rolls Royce in 1916 (Clemons

2002). But the WPC industry did not flourish in the US until the I 980s. In 1983,

American Woodstock (Sheboygan, WI) began producing automotive interior

substrates by using injection molding technology with a mixture of polypropylene

and wood flour. This was one of the first large applications of wood-plastics

technology in the United States (Schut 1999). From then on, the WPC industry has

shown significant growth. Since 1998, the market growth of WPCs has averaged

16 % annually (Wolcott and Smith 2004). The total North American and European

market for WPCs was about 0.59 million tons in 2002, and was valued at over

$0.75 billion (Morton, Quarmley et al. 2003; Wolcott and Smith 2004).

WPCs have many advantages compared with either wood fiber or plastics,

Compared with wood, WPCs have lower water absorbance and lower thickness
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swell. They are more durable against biodeterioration than wood (Wolcott and

Englund 1999). The processing of WPCs can eliminate many post-manufacturing

steps, such as machining and assembly, thus reducing the cost of the final product.

Compared with plastics, WPCs have higher strength and stiffness, higher thermal

stability, higher resistance to degradation, and higher resistance to ultraviolet light.

Wood flour, which provides the reinforcement in WPCs, is much less expensive

than synthetic or glass fibers; therefore, the final cost is reduced. WPCs also

reduce machine wear and abrasion of processing equipment when compared to

synthetic or inorganic fillers (Sellers, Miller et al. 2000).

While WPC production in the US began with automotive interior parts, the

largest market growth occurred in building products. In the early 1990s, Advanced

Environmental Recycling Technologies (AERT, Junction, TX) and Trex

(Winchester, VA) began producing WPCs for deck boards, landscape timbers,

picnic tables, and industrial flooring, which is now the largest and fastest growing

WPC market in the United States (Youngquist 1995). WPCs can also be used for

window and door profiles and a large variety of other molded products.

1.2 WPC COMPONENTS

1.2.1 WOOD FIBERS

The most commonly used wood species in WPCs are pine, maple and oak. Based

on the processing procedure, different forms of wood particles can be used in
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WPCs, such as sawmill chips, sawdust, wood flour or powder, cutter shavings, pulp

or wood residues. Compared with wood fibers or other longer natural fibers, wood

flour has relatively high bulk density and free-flowing nature, low cost, familiarity,

and availability, which has made it more attractive to WPC manufacturers and

users. The typical particle size of wood flour used in WPCs is 10 to 80 mesh.

1.2.2 PLASTICS

There are two major classifications in plastics: thermoplastics and thermosets.

Both of them can be used in the production of WPCs and will be considered

separately.

1.2.2.1 THERMOPLASTICS

Thermoplastics soften when heated and harden again when cooled. Thermoplastics

can generally go through many melt/freeze cycles without appreciable chemical

changes, which make them suitable for recycling. Since the thermal degradation

temperature of wood is around 210 °C, thermoplastics used in the preparation of

WPCs should have processing temperatures lower than 210 °C (Wolcott and

Englund 1999). Thermoplastics that meet this requirement include low-density

polyethylene (LDPE), high-density polyethylene (I-JDPE), polypropylene (PP),

polystyrene (PS), and polyvinyl chloride (PVC). Among these polymers, PP and

polyethylene (PE), including HDPE and LDPE, are the most popular in the

production of WPCs. WPCs made with PE are generally manufactured with
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extrusion profile technology and used in exterior building components, while

WPCs with PP are typically manufactured with injection molding technology and

used in automotive applications, consumer products and building products

(Clemons 2002).

1.2.2.2 THERMOSETS

Thermosets are network polymers formed by crosslinking reactions. They cannot

be remelted. Once these polymers are formed, reheating will cause them to scorch.

Thermosets are generally used in structures that require higher mechanical

properties or elevated temperatures. Resins, such as epoxies, phenolics, and

polyesters are all thermosets. Phenolics are commonly used in the chipboard

industry, while polyesters are the most widely used resin systems, especially in the

marine industry for fiberglass reinforced composites for boat hulls, tanks and the

like (Mali, Sarsama et al. 2003). The WPCs considered in this project were all

based on thermoplastics.

1.2.3 ADDITIVES

In order to improve performance and processing properties of the WPCs, additives

are added during the production of WPCs. These include lubricants, colorants,

coupling agents, antioxidants, UV-absorbers, antimicrobial agents, fire retardants,

and foaming agents, among others (Mali, Sarsama et al. 2003).
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1.2.3.1 LUBRICANTS

Lubricants are the most common additives in WPCs. They are used to improve the

flow ability and surface properties of WPCs during the processing. The functions

of lubricant can be divided into two parts, external and internal lubrication.

External lubrication prevents polymers from sticking to the metallic processing

machine, while internal lubrication facilitates the formation of homogeneous

mixtures of wood, polymer and additives. It is believed that external lubricants

form a multimolecular layer between the polymers and the metallic processing

machine. The internal lubricants generally reduce both viscosity and heat of the

polymer in the melt state by their good affinity for each other (tepek and Daoust

1983). The application of lubricants may reduce the modulus of rupture (MOR) of

the resulting composites because lubricants will interfere with the interaction

between wood and plastic matrix and thereby reduce the stress transfer between

them (Wolcott 2003). The most commonly used lubricant in WPCs is the

combination of zinc stearate and EBS (Ethylene Bis-stearamide) wax (Layer 1996).

1.2.3.2 COLORANTS

WPCs without colorants typically weather to a grey color similar to that of

weathered solid wood. Also, as with solid wood, rust and black iron stains can

discolor WPCs. When WPCs are exposed to exterior conditions, photodegradation

may occur due to solar ultraviolet radiation, rain, snow, and pollutants. Therefore,

both the mechanical properties and the color of WPCs can suffer serious
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deterioration. Pigments and other colorants can be added to the WPC formulation

to prevent discoloration and also to impart a specific color to the end product

(Markarian 2002). For example, rutile titanium dioxide was applied during the

formation of PVC/wood-fiber composites. The light stability of the resulting

composites improved significantly (Matuana, Kamdem et al. 2001).

1.2.3.3 COUPLING AGENTS

Coupling agents are essential ingredients for WPCs. They can build a bridge

between the two unlikely components: the hydrophilic wood and the hydrophobic

plastic. Coupling agents can help disperse the wood fiber in the polymer matrix

and transfer the stress from the plastic matrix to the wood filler. Therefore, they

can increase the tensile, flexural and impact strengths of the resulting WPCs. They

can also reduce water sorption and provide better retention of mechanical

properties upon aging (Mali, Sarsama et al. 2003).

1.2.3.4 ANTIOXIDANTS

Antioxidants are used to prevent degradation during processing and service. They

can consume oxygen by chemical reactions. They are especially important and

routinely used in PVC processes (Markarian 2002).

1.2.3.5 UV-ABSORBERS
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UV-absorbers reduce the damaging effect of ultraviolet light. They therefore

prevent the degradation of wood and/or plastic components and increase the useful

life of the product in exterior environments (Clemons 2002; Markarian 2002).

1.2.3.6 ANTIMICROBIAL AGENTS

Mold is a serious issue for many WPC products and decay can be an issue in

certain wet environments. Antimicrobial agents are used to minimize mold growth

or decay of the wood in WPCs in outdoor applications. The type and amount of

antimicrobial agents varies with the susceptibility of the wood type, the percentage

of wood fibers, the compressibility of the wood fibers, the type of microbes in the

product's environment, and the moisture level of the exposure condition

(Markarian 2002). Zinc borate is a widely used antimicrobial agent, which is

believed to be effective in preventing rot, but not in mold or algae growth. Ciba

Company has developed a series of biostabilizers, named Ciba® Irgaguard® F

3000, which can protect WPCs against various fungi, molds, and other

microorganisms (Jiang and Kamdem 2004).

1.2.3.7 FIRE RETARDANTS

Both wood flour and the plastic matrix are flammable materials. Therefore, fire

retardants are used in WPCs to reduce the flammability or to retard the spread of

fire over the surface of WPCs. At present, there are many fire retardants available

for plastics. Considering environmental problems, halogen-free fire retardants are
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expected to experience promising growth in the market (Mali, Sarsama et al. 2003).

For example, ammonium polyphosphate (APP) is a popular fire retardant in linear

low density polyethylene (LLDPE)-wood-fiber composites (Li and He 2004).

1.2.3.8 FOAMiNG AGENTS

WPCs are generally heavier than pure plastics or natural wood. The ductility and

impact resistance of WPCs are also worse than those of pure plastics. To overcome

these drawbacks, a foaming agent is applied in WPCs. The addition of foaming

agents can reduce part density; improve stiffness and performance with

woodworking tools and fasteners, There are two types of foaming agents: physical

and chemical agents. Physical agents include carbon dioxide, nitrogen, argon,

chiorofluorocarbons (CFCs), etc (Jiang and Kamdem 2004; Matuana, Park et al.

1998; Rizvi, Matuana et al. 2000; Zhang, Rizvi et al. 2004). Chemical agents

include azodicarbonamjde and sodium bicarbonate, etc (Jiang and Kamdem 2004;

Li and Matuana 2003).

1.3 COMPATIBILIZER

WPCs are generally produced by mixing wood flour with a polymer. The major

components of wood are cellulose, hemicellulose and lignin, which contain many

hydroxyl groups. Therefore, wood is hydrophilic. Most polymers, especially

thermoplastics, are hydrophobic substances that are not compatible with

hydrophilic wood. This results in poor interfacial adhesion between the wood and
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plastic. To overcome this problem, a chemical coupling agent, generally called a

compatibilizer, needs to be added to build a bridge between them, which can

transfer the stress from the plastic matrix to the wood filler. By this means, the

adhesion between the wood and plastic phases can be improved.

The first compatibilizer was developed in 1963, which was a catalyst system

that contained ferrous cations and hydrogen peroxide. It was used to graft

unsaturated monomers onto wood fibers (Bridgeford 1963). This system was

further developed by other researchers (Dimov and Pavlov 1969; Faessinger and

Conte 1967; Homof, Kokta et al. 1976; Kokta and Valade 1972). However, the

application of compatibilizers in WPCs did not grow significantly until the 1 980s,

when isocyanate and maleic anhydride were used as compatibilizers in WPCs

(Goettler 1983; Woodhams 1984). Currently, over forty compatibilizers have been

developed for application in WPCs. They can be classified as organic, inorganic

and organic-inorganic types.

1.3.1 ORGANIC-BASED COMPATIBILIZERS

Organic compatibilizers include acrylates, amides, anhydrides, chlorotriazines,

epoxides, irnides, isocyanates, organic acids, polymers, and copolymers.

Generally, there are two ways for these compatibilizers to reinforce WPCs; one is

that there are bi- or multifunctional groups in their molecular structures, such as the

anhydride groups in maleic anhydride, isocyanate groups in isocyanates, and
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chioro-groups in dichiorotriazine. All of these functional groups can react with the

hydroxyl groups in cellulose, hemicelluloses, or lignin to form covalent or

hydrogen bonds (Chtourou, Ried! et al. 1992; Maldas and Kokta 1989; Raj and

Kokta 1991; Raj, Kokta et al. 1988; Zadorecki and Flodin 1985a), As a result, the

resulting composites typically show improved mechanical properties. The second

way for these compounds to reinforce WPCs is to graft to the polymer matrix, thus

resulting in strong adhesion through covalent bonding and even crosslinking at the

interface between the phases.

1.3.1.1 ACRYLATES, METHACRYLATES AND ACRYLIC ACIDS

Acrylates, methacrylates and acrylic acids contain an u, 13-unsaturated carbonyl

group, which can form crosslinking or interfacial adhesion when applied in WPCs.

This class of compatibilizers is represented in WPCs by methacrylic acid, methyl

methacrylate, butyl acrylate, epoxypropyl methacrylate, glycidyl methacrylate

(GMA), hydroxyethyl methacrylate (HEMA), etc (Daneault, Kokta et al. 1989;

Kent, Winston et al. 1962; Maldas and Kokta 1 990a; Maldas, Kokta et al. 1988,

1989a; Meyer 1965, 1981; Takase and Shiraishi 1989). For example, when

HEMA-modified polypropylene was mixed with refiner ground pulp (RGP), the

resulting composites showed both higher tensile strength and higher Young's

modulus than the composites with only polypropylene and RGP. It was believed

that the effect of HEMA in composites was due to the hydrogen bonding formed at
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the interface between HEMA modified polypropylene and RGP (Takase and

Shiraishi 1989).

1.3.1.2 AMIDES AND IMIDES

The representative for this kind of compatibilizer is N, N'-rn-

phenylenedimaleimide (PDM). With the presence of a free radical initiator, it can

graft to polypropylene by opening the carbon-carbon double bond on the maleimide

ring; while, at the same time, it can also bond to the wood surface through polar

interaction such as hydrogen bonding. When PDM was compounded with

polypropylene before compounding with wood flour, the tensile strength of the

resulting composites increased by 32% (Xanthos 1983).

1.3.1.3 ANHYDRIDES

Anhydrides are the most popular compatibilizer used in WPCs. They have been

shown to modify the wood surface by esterification and hydrogen bonding. As a

result, the interaction between wood and plastics is improved.

Acetic anhydride has been used to modify the wood surface and can reduce the

surface polarity of the wood fiber and consequently improve the interfacia!

adhesion between wood and polymer. The use of acetylated chemico-

thermomechanical pulp (CTMP) fiber in WPCs improved the tensile properties,
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especially the Young's moduli of the resulting composites (Chtourou, Riedl et al.

1992).

Medium density fiberboard (MDF) prepared by succinic anhydride.-modified

thermomechanical pulp (TMP) fiber showed significant improvement in thickness

swelling, strength properties and lower water absorption compared to a control of

phenol-formaldehyde-treated MDF board (Rozman, Banks et al. 1994).

Phthalic anhydride was used as a compatibilizer for wood-polystyrene and

wood-polyvinyl chloride composites. The resulting composites showed

improvements in mechanical properties, but the performance of phthalic anhydride

was inferior to that of isocyanate (Maldas and Kokta 1989, 1 990b).

Maleic anhydride is the most popular compatibilizer among all the anhydrides.

It is an a, 3-unsaturated carbonyl compound with one carbon-carbon double bond

and two carboxylate groups. The carbon-carbon double bond in maleic anhydride

is easily polymerized by free radical initiators. This results in crosslinking or

strong adhesion across the interface of WPCs (Morrison and Boyd 1992).

However, the hydrocarbon chain in maleic anhydride is perhaps not long enough to

form either entanglement or co-crystallization with the plastic matrix, which makes

it less effective in improving the interfacial adhesion in WPCs (Maldas and Kokta

1 990a). Therefore, some adjustments were made on maleic anhydride to overcome
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this drawback. It was grafted to polyethylene, polypropylene, and polystyrene,

respectively, to form copolymers, such as maleic anhydride-grafted polyethylene

(MAPE) (Sanadi, Rowell et al. 1992), maleic anhydride-grafted polypropylene

(MAPP) (Dalvag, Kiason et al. 1985; Han, Ichinose et al. 1989; Kishi, Yoshioka et

al. 1988; Myers, Chahyadi et al. 1991, 1993; Olsen 1991; Takase and Shiraishi

1989), styrene-maleic anhydride copolymers (Simonsen, Jacobsen et al. 1998), and

maleic-anhydride..grafted styrene-ethylene-butylene-styrene triblock copolymers

(SEBS-.MA) (Oksman, Lindberg et al. 1998). Among them, MAPE and MAPP

have been proven to significantly improve the mechanical properties of WPCs and

thereby, become commercial products in the marketplace.

1.3.1.4 CHLOROTRIAZ[NES

Chlorotriazines and their derivatives were used as compatibilizers in wood-

polyester composites (Zadorecki and Flodin I 985a, b). The active chlorine in

chiorotriazines and their derivatives reacted with the hydroxyl groups in wood

fibers to form ether linkages, while the carbon-carbon double bonds on their alkyl

chains were thought to graft to the polymer matrix by forming covalent bonds.

Therefore, chiorotriazines and their derivatives could build a bridge between wood

fiber and polyester matrix, resulting in higher mechanical properties.

1.3.1.5 EPDXIDES
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Propylene and butylene oxide have been proven to react with the hydroxyl groups

in wood under mildly alkaline condition at 120 °C and 150 psi (Rowell, Moisuk et

al. 1982). The reaction formed an ether bond and produced a new hydroxyl group,

which could further react to form a polymer. The resulting polymer may form

entanglements or co-crystallization with the polymer matrix in WPCs and thereby,

increase the mechanical properties of the composites.

1.3.1.6 ISOCYANATES

Isocyanate is a very active functional group. It can react with the hydroxyl groups

in wood to form a urethane or a carbamate, which is much more stable to

hydrolysis than esterification (Johns 1982; Maldas and Kokta 1 990b). The

reactivity of isocyanates as a compatibilizer depends on its backbone structure.

Poly(diphenylmethane diisocyanate) (Maldas and Kokta 1989, 1990c, d, 1991a;

Maldas, Kokta et al. 1989a, b; Raj, Kokta et al. 1988) and toluene 2,4-diisocyanate

(Kokta, Maldas et al. 1 990a; Raj, Kokta et al. 1988) both have aromatic rings in

their structures, in which the delocalized it-electrons can form strong interactions

with a polymer matrix, such as polystyrene or polyvinyl chloride. However, ethyl

isocyanate (Maldas and Kokta 1991b; Raj, Kokta et al. 1988) and hexamethylene

diisocyanate (Gatenhoim, Felix et al. 1992; Maldas and Kokta 1991 b; Raj, Kokta et

al. 1988) do not have such effect on plastics. Therefore, their effect as

compatibilizers in WPCs was observed to be inferior to those with aromatic rings

(Maldas, Kokta et al. 1988).



15

1.3.1.7 ORGANIC ACIDS

Abietic acid (ABAC) and linoleic acid (LAC) are organic acids that can be used as

compatibilizers in WPCs (Kokta, Maldas et al. 1990b). They both contain

carboxylate group, which can react with the hydroxyl groups in wood. On the

other hand, the diene group in ABAC and the long hydrocarbon chain in LAC have

the potential to form strong interactions with the polymer matrix. When ABAC or

LAC was applied in wood-PVC composites, they both increased the strength,

ultimate elongation, and breaking energy of the resulting composites. LAC had

better effect than ABAC. It is believed that LAC is linear, while ABAC has a ring

structure. The allylic structure in LAC has better reactivity in grafling to PVC,

while too much ABAC may act as an inhibitor in composites (Kokta, Maldas et al.

1 990b).

1.3.1.8 POLYMERS AND COPOLYMERS

Polymers and copolymers used as compatibilizers in WPCs can be divided into two

groups; one is resins, such as mono- and dimethylolmelamine resin (Hua,

Zadorecki et al. 1987), phenol-formaldehyde resin (Chtourou, Riedi et al. 1992;

Simonsen and Rials 1992, 1996), the other is functional groups that are grafted onto

the polymer matrix, such as maleic anhydride-grafted polymers, which have been

introduced previously.
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Resins can penetrate and crosslink in the wood fiber cells and thereby

consolidate and strengthen the wood fibers. On the other hand, they can improve

the interfacial adhesion of WPCs through secondary bonds, entanglements, or co-

crystallization with polymer matrix.

Functional group-grafted polymers that have been used as compatibilizers also

include N, N'-m-phenylene bismaleicimide modified polypropylene (BPP) (Sam,

Kokta et al. 1993), polystyrene/polymethacrylic acid (Liang, Mott et al. 1994),

polymethacrylic acid (Liang, Mott et al. 1994), and polyvinyl acetate (Liang, Mott

et al. 1994). These compatibilizers all have polymer chain backbones which can

form secondary bonds, entanglement or co-crystallization with polymer matrix.

Moreover, they also have functional groups that can react with the hydroxyl groups

in wood to form covalent bonds. This can increase the interfacial adhesion between

the wood filler and the polymer matrix. For example, when BPP was applied in

wood-polypropylene composites, its polymer chain part can form entanglement or

co-crystallization with polypropylene. On the other hand, the imide functional

groups in BPP can react with the hydroxyl groups in wood and thereby build a

bridge between wood and polypropylene (Sam, Kokta et al. 1993).

1.3.2 iNORGANIC-BASED COMPATIBILIZERS

Sodium silicate was studied as an inorganic compatibilizer in WPCs. It did not

improve the mechanical properties of the resulting composites. However, when
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combined with poly (diphenylmethane diisocyanate), increases in Izod impact

strength were observed compared to the pure polymer (Maldas and Kokta I 990d).

1.3.3 ORGANIC-INORGANIC COMPATIBILIZERS

Organic-inorganic compatibilizers include silanes and titanates, both of which are

hybrid compounds in structure. In other words, the compound has an inorganic

center, which is either silicon or titanium, with a surrounding organic part. The

coupling effectiveness of these kinds of agents appears to be determined by the

functionality of the organic part in these agents.

Titanium di(dioctylpyrophosphate)oxyacetate was grafted to inorganic fillers

such as calcium carbonate, calcium metasilicate, and barium sulfate. The grafted

titanate was reported to form a nonextractable organic monomolecular layer

between the interface of the inorganic filler and the organic polyolefin matrix, It

therefore built a bridge between them, and improved the impact strength of the

resulting system (Monte and Sugerman 1981). But the results of another research

group showed that a titanate compound did not result in a positive effect on the

properties of WPCs when wood or cellulose was used as a filler (Dalvag, Klason et

al. 1985).

There are several silanes that can be used as compatibilizers in WPCs. Their

effects vary with the functional groups that are attached to them. Both vinyltri(2.
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methoxyethoxy) silane (Beshay, Kokta et al. 1985; Kokta, Maldas et al. 1990c;

Maldas, Kokta et al. 1988, 1989a; Raj, Kokta et al. 1989, 1990) and y-

methacryloxypropyltrimethoxy silane (Bataille, Ricard et al. 1989; Beshay, Kokta

et al. 1985; Kokta, Maldas et al. 1990c; Maldas, Kokta et al. 1989a; Raj, Kokta et

al. 1988, 1989; Xanthos 1983) contain vinyl groups, which might form a network

among the wood particles and thereby increase the interfacial adhesion between

wood filler and polymer matrix. 3-(3,4-Epoxy cyclohexyl)ethyltrimethoxy silane

(Kokta, Maldas et al. 1990c) and y-glycidoxy propyltrimethoxy silane (Kokta,

Maldas et al. 1990c) can also form ether bonds with wood fibers via their epoxy

groups, which may be the mechanism by which they act as compatibilizers, The

functionality of aminopropyltriethoxy silane (Bataille, Ricard et al. 1989; Kokta,

Maldas et al. 1990c; Maldas, Kokta et al. 1988, 1989a; Raj, Kokta et al. 1989)

comes from its amino group, which can form hydrogen bonds with wood. This

compatibilizer showed the weakest effect among all the silanes that were tested,

1.4 POLY(DIPHENYLMETHANE D1ISOCYANATE) (PMDJ)

Poly(diphenylmethane diisocyanate) (PMDI) is one of the most popular wood

adhesives in the wood industry. It has been used in the wood-based panel industry

for more than thirty years. PMDI was first used as a wood adhesive for

particleboard by H.-J. Deppe in 1971 (Frisch and Rumao 1983). Commercial

production of PMDI bonded particleboard started in Germany in 1975. In the

United States, PMDI was first used for the manufacture of multilayer panels by
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Ellingson Timber Company in 1975 (Shoemaker and McQueary 1975a, b).

Nowadays, the market for PMDI and other isocyanate adhesives in the wood

industiy is surpassed only by urea-formaldehyde (UF), phenol-formaldehyde (PF)

and melamine-urea-formaldehyde (MUF) (Dunky and Pizzi 2002). In 1998, the

consumption of isocyanate in North America was around 90 kilotons, which

represented 5.1% of the total adhesive consumed (Sellers 2001).

1.4.1 SYNTHESIS OF PMDI

The generalized structure of PMDI is shown in scheme 1.1. The commercial

product is a mixture of molecules with different n values, with n varying from 2 to

8.

NCO

NCO

- \ /n

Scheme 1.1 Structure of PMDI

The synthesis of PMDI begins with aniline. With acid catalysis, aniline reacts

with formaldehyde and forms polymerized methane-connected aminobenzene

rings. Then, the amino groups in the polymer react with phosgene to form

isocyanate groups. The reaction route is shown in scheme 1.2.



NH2

+HCHO
Acid)

--- In

OCN.

Scheme 1.2 Synthesis of PMDI

1.4.2 REACTIONS OF PMDI

The isocyanate groups in PMDI are very reactive. They react with hydroxyl

groups, amino groups, water, or even with PMDI itself. It was found that when

PMDI was applied in wood, about 1/4 to 1/3 of the PMDI reacted with water

contained in the wood (Frink and Sachs 1981). When PMDI reacts with water, it

first forms an unstable carbamic acid, then immediately loses carbon dioxide and

forms an amine. The amine further reacts with PMDI to form a urea structure. The

urea can further react with PMDI to form biurets. At elevated temperatures, PMDI

crosslinks with itself forming dimers and trimers (Scheme 1.3).

phosgene

- NCO

NCO

i_
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0
RN=C=O + R-NH4-NH-R'

R=

. R-N--C--NH-R

-C
0 NHR

R

R' isocyanate or isocyanate-derived group

Scheme 1.3 Reaction of PMDI

1.4.3 PROPERTIES OF PMDI

PMDI used as a wood adhesive has many advantages compared to other wood

adhesives. First, PMDI is a formaldehyde-free wood adhesive. This is

advantageous because formaldehyde has been designated as a human carcinogen

and is a known pollutant in the environment. Second, PMDJ has an excellent

21
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wetting ability on wood surfaces compared to UF or PF, which makes it suitable for

gluing surfaces with poor wettability, such as straw, bagasse, rice shells and sugar

cane bagasse (Dunky and Pizzi 2002). Third, PMDI has very good penetrating

ability because its molecular weight is much smaller than that of UF and PF. This

property helps it penetrate 5 to 10 times further into wood than PF resin (Marcinko,

Phanopoulos et al. 2000). The penetration of PMDI was observed to be not only

through wood cell lumens, but also through the wood cell wall, which resulted in

very good mechanical interlocking. Finally, PMDI spreads very easily on wood

surfaces, which results in lower application amounts compared to other wood

adhesives, such as PF resin. The low spread rates are due to PMDI's low viscosity

and low surface tension (Johns 1989).

However, the lower market share of PMDI reveals that PMDI does have some

disadvantages compared to other wood adhesives. First of all, the price of PMDI is

much higher than that of UF and PF resins. This is due to the synthesis route and

the raw materials used. The price of aniline and phosgene used for producing

PMDI are much more expensive than that of formaldehyde, phenol and urea, which

are used for producing UF and PF resin. Additionally, since PMDI is very reactive,

it can even stick to the surface of metal platens, thus release agents are required for

the use of PMDI in wood products. Isocyantes are very toxic. Special protection

equipment has to be used for the commercial application of PMDI as wood

adhesives.
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1.4.4 APPLICATION OF PMDI IN WPCS

PMDI has been used as a compatibilizer in WPCs for over twenty years. It has

been used in different WPC systems, such as wood-polyethylene, wood-

polypropylene, wood-polystyrene, and wood-polyvinyl chloride composites. Due

to the strong adhesion of PMDI to wood fibers, all the resulting WPCs coupled by

PMDI had improved mechanical properties compared to WPCs coupled by other

compatibilizers or no compatibilizer (Coran and Pate! 1982; Goett!er 1983; Maldas

and Kokta 1989, 1990a, b, c, d, 1991a, b; Maldas, Kokta et al. 1989a, b; Nakamura,

Okamura et al. 1983; Raj, Kokta et al. 1988).

PMDI as a compatibilizer in polystyrene composites showed better mechanical

property improvements than when coupled with other polymer matrices. It was

concluded that since both PMDI and polystyrene have aromatic rings in their

structure properties, the itelectrons in the aromatic rings were delocalized and

formed strong interactions between PMDI and polystyrene, which then caused

strong bonding between them. Since the isocyanate groups in PMDI also formed

strong interactions with the wood surface, PMDI therefore built a bridge between

the wood particles and polystyrene, resulting in composites with much improved

mechanical properties (Maldas, Kokta et al. 1988, 1989a, b).
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WPCs have undergone great development during the past ten years. However, the

choice of compatibilizers is limited. Among all the compatibilizers mentioned

previously in this chapter, most of them are only effective at a very low level and

only a few of them have been commercialized. Moreover, the mechanism of

compatibilization is still obscure. In this study, our research is focused on

development of new compatibilizer systems for wood-polyethylene composites.

The new compatibilizer systems will be based on either polyaminoamide-

epichlorohydrin resins or PMDI combined with stearic anhydride or stearic acid,
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2.1 SYNOPSIS

A novel wood-plastic compatibilizer system containing a paper wet-strength agent

as a wood-binding domain and stearic anhydride as a polyethylene (PE) binding

domain was investigated. Treatment of wood flour with a commercial paper wet

strength agent Kymene® 557H (simply called Kymene) prior to the mixing of PE

and the wood flour increased the modulus of rupture (MOR) and the modulus of

elasticity (MOE) of the resulting wood-PE composites. Addition of stearic acid in

the mixing of PE and the wood-Kymene mixture further increased the MOR and

MOE. Stearic anhydride was even more effective than stearic acid in the increase

of the MOR and MOE. When compared to wood-PE composites without a

compatibilizer, the stearic anhydride-Kymene compatibilizer system increased the

MOR by about 33%, and the MOE by about 40%. The stearic anhydride-Kymene

compatibilizer system gave a slightly lower MOR, but higher MOE than the

commercially used compatibilizer (maleic anhydride-grafted polypropylene). The

compatibilization mechanisms were proposed as follows: Kymene not only bound

to wood fibers, but also strengthened and stiffened the wood fibers. Stearic

anhydride formed covalent linkages such as ester and amide with the kymene-

consolidated wood fibers and the long hydrocarbon chain of the stearic anhydride

bonded to the PE matrix through entanglements and/or co-crystallization.
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Compatibilizer, Kymene, stearic anhydride, paper wet-strength agent, polyethylene,

wood, wood-plastic composites.
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2.3 INTRODUCTION

Over the past 50 years, plastics have become a regular part of our daily lives, From

containers to car parts, plastics can be shaped and made into almost anything.

Fillers are often added to the plastic as a means to lower costs and increase the

strength and stiffness of the resulting material(Wolcott 1996; Wolcott and Englund

1999). Wood has been used by the plastics industry as an inexpensive filler for

thermoplastics( Wolcott and Englund 1999). These wood-filled thermoplastics,

commonly called wood-plastic composites (WPCs) have many property advantages

when compared with wood or plastics alone( Wolcott and Englund 1999).

However, WPCs also have some disadvantages over pure plastics, including water

absorption and thickness swell(Wolcott 1996; Wolcott and Englund 1999). The

bond between the wood filler and the thermoplastic matrix is very limited, allowing

wood fibers to slip and pull out from the thermoplastic when stressed(Gauthier,

Joly et al. 1998).

The inability of wood fibers to produce effective bonds with thermoplastics is a

major impediment to the continued development of WPCs. Wood fibers and

particles are not compatible with thermoplastics because wood is hydrophilic and

the plastic is hydrophobic. One approach to overcome this problem is to add a

coupling agent (commonly called a compatibilizer) to improve the interfacial

adhesion between the wood fibers and the plastic, thereby increasing the strength

properties of the resulting WPC.
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Polyethylene (PE) is one of the most commonly used thermoplastics for WPCs.

At present, the choice of an effective compatibilizer for wood-PE composites is

limited. In this study, we developed and characterized a novel compatibilizer

system that contained a paper wet-strength agent as a wood-binding domain and

stearic anhydride as a PE-binding domain. The compatibilization mechanism of

this new compatibilizer system was discussed in detail.

2.4 EXPERIMENTAL

2.4.1 MATERIALS

Wood flour (pine flour, 0.425 mm, moisture content, 2.04%) was donated by

American Wood Fibers (Schofield, WI). HDPE (high density polyethylene) (melt

flow index, 0.55 g/l0 mm) was donated by BP Solvey Polyethylene North America

(Houston, TX). Stearic acid was purchased from Acros (Morris Plains, NJ).

Stearic anhydride was purchased from Aldrich (Milwaukee, WI). MAPP (maleic

anhydride grafted polypropylene, A-C OptiPak(TM) 210) was a gift from Honeywell

International, Inc. (Morristown, NJ). Kymene® 557H (12.5 % aqueous solution)

was provided by Hercules Inc. (Wilmington, DE).

2.4.2 PREPARATION OF WOOD-PE COMPOSITES

Wood flour, HDPE powder and the compatibilizer were mixed in a Brabender

Plasticorder with roller blade mixing bowl attached (C. W. Brabender Instruments,
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Inc., South Hackensack, NJ). The weight ratio of the components and the blending

procedure used are listed in Table 2.1.

Table 2.1 Components and their ratio of wood-PE composites

2.4.2.1 BLENDING PROCEDURES FOR WOOD-PE COMPOSITES

A: The bowl of the Brabender Plasticorder was preheated to 120 °C and the speed

of the rotors in the bowl set to 100 rpm. Wood flour (17.96 g) was added and

Labels of wood-

PE composites

Components of wood-PE

composites

Weight ratio of

the components

Blending

procedures

Control Wood/HDPE 40/60 A

MAPP Wood/MAPP/HDPE 40/2/5 8 B

SA Woodlstearic acid/HDPE 40/1/59 B

SAN Woodlstearic

anhydride/HDPE

40/1/59 B

K-i Wood/Kymene/HDPE 40/2/58 C

K-2 Wood/Kymene/HDPE 40/2/5 8 D

K-3 WoodlKymene/HDPE 40/2/5 8 E

K+SA Wood/Kymene/stearic

acid/HDPE

40/2/1/57 F

K+SAN Wood/Kymene/stearic

anhydride/HDPE

40/2/1/57 F
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blended for 10 mm. The bowl temperature was then raised to 170 °C and

HDPE (26.40 g) was added and blended for 5 mm, The contents were then

removed from the Brabender and stored for compression molding.

As described in A, the bowl was preheated to 120 °C and the rotor speed was set

to 100 rpm. Wood flour (17.96 g) was then added to the bowl. After the bowl

temperature returned to 120 °C, one of the following materials, stearic acid

(0.44 g), stearic anhydride (0.44 g), or MAPP (0.88 g) was added and mixed for

10 mm. The bowl temperature was then raised to 170 °C and HDPE (25.96 g

for stearic acid and stearic anhydride, 25.52 g for MAPP) was added and mixed

for 5 mm. The contents were then removed from the Brabender and stored for

compression molding

As described in A, the bowl was preheated to 120 °C and the rotor speed was

set to 100 rpm. Wood flour (17.96 g) was then added to the bowl. After the

bowl temperature returned to 120 °C, Kymene (7.04 g, 0.88 g dry solids) was

added and mixed for 10 mm. The bowl temperature was then raised to 170 °C,

and HDPE (25.52 g) was added and mixed for 5 mm. The contents were then

removed from the Brabender and stored for compression molding.

D: Kymene (7.04 g, 0.88 g oven-dry solids) was diluted with de-ionized water

(36.96 mL) to form a 2% aqueous solution. Wood flour (17.96 g) was added to
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the diluted Kymene solution (44 mL) and mixed well by mechanical stirring.

The resulting wood-Kymene mixture was dried at 104 °C for about 20 h. The

oven-dry wood-Kymene mixture (18.48 g) was added to the preheated

Brabender bowl at 120 °C and 100 rpm, and mixed for 10 mm. The bowl

temperature was then raised to 170 °C and HDPE (25.52 g) was added and

mixed for 5 mm. The contents were then removed from the Brabender and

stored for compression molding.

Kymene (7.04 g, 0.88 g oven-dry solids) was added dropwise to wood flour

(17.96g) in a 400 mL beaker with mechanical stirring and mixed well. The

wood-Kymene mixture was added to the preheated Brabender bowl at 120 °C

and 100 rpm and mixed for 10 mm. The bowl temperature was then raised to

170 °C, and HDPE (25.52 g) was added and mixed for 5 mm. The contents

were then removed from the Brabender and stored for compression molding.

The Brabender bowl was preheated to 120 °C and the rotor speed was set to 100

rpm. The oven-dry wood-Kymene mixture (18.48 g) as prepared in D was

added. After the bowl temperature returned to 120 °C, stearic acid (0.44 g) or

stearic anhydride (0.44 g) was added and mixed for 10 mm. The bowl

temperature was then raised to 170 °C and HDPE (25.08 g) was added and

mixed for 5 mm. The contents were then removed from the Brabender and

stored for compression molding.



41

2.4.2.2 PRESS PROCEDURE

A steel mold with the dimensions of 101.6 x 101.6 x 2 mm was used to

compression mold the wood-PE WPC into stock test samples. The platens of an

automatic benchtop press (Carver, Inc., Wabash, IN) were preheated to 185 °C.

The mold was filled with the well-mixed wood-PE sample, placed on the lower

platen of the Carver press and pre-heated for 10 mm. The press was closed slowly

allowing the wood-plastic to flow into the mold shape. The press pressure was

raised from 34.5 to 344.8 kPa in two mm and the mold was pressed at 344.8 kPa

for an additional 10 mm. The mold was then removed from the hot press and

cooled under pressure at ambient conditions. The resulting wood-PE sample was

cut into 10 small test specimens. Each specimen had dimensions of 52.46-55.16

mm of length, 10.70-14.28 mm of width, and 2.32-3.10mm of thickness.

2.4.3 DETERMINATION OF THE STRENGTH AND STIFFNESS OF THE
WOOD-PE COMPOSITES

The small specimens were tested on a Sintech machine (MTS Systems Corporation,

Enumclaw, WA) and the load-deflection curve determined. The support span was

43 mm and the crosshead speed was 1,0 mm/mm. At least 10 specimens were

tested for each wood-PE composite in accordance with ASTM D790-86. All

specimens showed a yielding fracture mode. The modulus of rupture (MOR) and

modulus of elasticity (MOE) were calculated from the load-deflection data. The

MOR was defined as the first point on the load-deflection curve to show a slope of
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zero. The MOE was determined from the slope in the initial elastic region of the

load-deflection curve.

2.5 RESULTS

When a Kymene solution was added directly to wood flour in the preheated

Brabender bowl (blending procedure C), the resulting wood-PE composites had a

lower MOR than the control, i.e., wood-PE composite without a compatibilizer

(Fig. 2.1). When wood flour was pre-mixed with a diluted Kymene solution and

dried in an oven (blending procedure D), the resulting composite had a higher

MOR than the control (Fig. 2.1). Mixing of PE and wet wood-Kymene mixture in

the preheated Brabender (blending procedure E) resulted in a composite with a

lower MOR than the control (Fig. 2.1).

36-

34-

0
32-

0 -

28

26
Control K-I K-2 K-3

Wood-PE composites

Fig. 2.1 Effects of blending procedures on MOR of wood-Kymene-PE composites.
Data are the mean of at least ten replicates and the error bars represent one standard
deviation
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Compared with the control, addition of Kymene, regardless of the blending

procedures, increased the MOE of the resulting wood-PE composites (Fig. 2.2).

Mixing of PE with the oven-dry wood-Kymene mixture gave the highest MOE

(Fig. 2.2).

3.0

2.5

00
w 2.00

1.5

1,0
Control K-i K-2 K-3

Wood-PE composites

Fig. 2.2 Effects of blending procedures on MOE of wood-Kymene-PE composites.
Data are the mean of at least ten replicates and the error bars represent one standard
deviation

Compared to the control, stearic acid had little effects on the MOR of the

resulting wood-PE composites (Fig. 2.3). However, when both Kymene and stearic

acid were present, the MOR of the wood-PE composites was much higher than that

of the control and the composites containing either Kymene or stearic acid only

(Fig. 2.3). Addition of Kymene and stearic acid increased the MOR by about 14%

compared to the control. In the contrast to the little effect of stearic acid on the
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MOR, the presence of stearic acid slightly increased the MOE of the composites

compared to the control (Fig. 2.4). The MOE of the composites containing both

Kymene and stearic acid was about 33% higher than those of the control and about

12% higher than those of the composites containing only Kymene (Fig. 2.4).

40-

38-

34-

o 32-

30-

28

26
Contro' K-2 SA K+SA

Wood-PE composites

Fig. 2.3 Effects of stearic acid and a combination of stearic acid and Kymene on
MOR. Data are the mean of at least ten replicates and the error bars represent one
standard deviation.
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Fig. 2.4 Effects of stearic acid and a combination of stearic acid and Kymene on
MOE. Data are the mean of at least ten replicates and the error bars represent one
standard deviation.

Stearic anhydride increased the MOR by about 12% when compared to the

control (Fig. 2.5). A combination of stearic anhydride and Kymene had a much

greater compatibilization effect than stearic anhydride or Kymene alone, The

wood-PE composites containing both stearic anhydride and Kymene had about

33% higher MOR than the control (Fig. 2.5). However, a combination of stearic

anhydride and Kymene gave slightly lower MOR than MAPP (Fig. 2.5).
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Fig. 2.5 Effects of stearic anhydride, a combination of stearic acid and Kymene,
and MAPP on MOR. Data are the mean of at least ten replicates and the error bars
represent one standard deviation.

The MOE of the wood-PE composites containing stearic anhydride as a

compatibilizer was higher than that of the control. A combination of stearic

anhydride and Kymene further increased the MOE, as compared to stearic

anhydride alone (Fig. 2.6). When both stearic anhydride and Kymene were used

together, the MOE was about 40% higher than that of the control. Interestingly, a

combination of stearic anhydride and Kymene resulted in a higher MOE than

MAPP (Fig. 2.6).
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Fig. 2.6 Effects of stearic anhydride, a combination of stearic acid and Kymene,
and MAPP on MOE. Data are the mean of at least ten replicates and the error bars
represent one standard deviation.

2.6 DISCUSSION

The Kymene® 557 (simply called Kymene) is the most widely used paper wet

strength agent. Kymene is a polyaminoamide-epichlorohydrin (PAE) adduct

whose representative structure is shown in Scheme 2.1 (Keim 1 960a, b). It has

been well established that hydroxy-azetidium (the cationic four-membered ring

structure) is the key functional group for wet strength development in paper (Espy

1995; Espy and Rave 1988). The characteristic four-membered azetidium structure

is fairly stable in water at room temperature. However, the azetidium undergoes

various reactions at elevated temperatures. The chemistry and wet-strength

mechanisms of PAE resins have been extensively studied and reviewed (Dunlop-

Jones 1996; Espy 1994, 1995; Espy and Rave 1988; Linhart 1995). Based on these

studies in paper, we speculate that the key reactions between Kymene and wood

47
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flour are similar to those shown in Scheme 2.2. When wood flour is added to a

diluted Kymene solution and mixed well, the PAE polymers are readily absorbed to

the wood fibers due to the positive charges in the PAE polymers. Due to their low

molecular weight, the PAE polymers may even diffuse into the cell walls of the

wood fibers. Upon drying, the PAE polymers react with themselves, as shown in

reaction A in Scheme 2.2, to form a highly cross-linked insoluble network around

and through the fibers. One effect of this reaction is that the highly crosslinked

network could consolidate fine and loose fibers on the wood flour surfaces. The

PAE polymers could also form covalent linkages between fibers (as in reaction B in

Scheme 2.2), thus reinforcing the natural hydrogen bonding in the wood flour.

Therefore, treatment of wood flour with Kymene is expected to strengthen and

stiffen the wood fibers. The results in Fig. 2.2 indeed show that Kymene increased

the MOE values. When wood flour was stirred in a diluted Kymene solution and

then dried, the PAE polymers are expected to be well absorbed and well distributed

in the wood fibers, resulting in significant strengthening and stiffening of the wood

flour. This would explain why blending procedure D (thoroughly mixing the wood

flour in a diluted Kymene solution following by oven-drying the mixture) gave rise

to higher MOR and MOE than blending procedure C (mixing wood flour and

Kymene in the Brabender bowl), or E (mixing wood flour and concentrated

Kymene).
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Scheme 2.2 Proposed key reactions in the binding of Kymene to wood flour

Extensive studies suggest that effective wood-plastic compatibilizers contain

two domains with one domain able to bind to wood and the other able to bind to

plastic (Bledzki and Gassan 1999; de Roover, Sciavons et al. 1995; Felix and

OH

B: Co-crosslinking
with Wood-CO2H
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Gatenholm 1991, 1993; Garg, Lenk et al. 1996; Gassan and Bledzki 1997;

Gauthier, Joly et al. 1998; Heinen, Rosenmöller et al. 1996; Joly, Kofman et al.

1996; Minoura, Ueda et al. 1969; Raj and Kokta 1989; Rengarajan, Parameswaran

et al. 1990; Russell 1995; Russell and Kelusky 1988; Sathe, Rao et al. 1994; Takase

and Shiraishi 1989). This study suggests that Kymene is a good wood-binding

domain, It appears to not only bind strongly to wood flour, but also seems to

strengthen and stiffen the wood flour. For effective compatibilization, a plastic-

binding domain bonded to the wood-binding domain is still needed. Stearic acid

was first investigated as a PE-binding domain, hoping that the long hydrocarbon

chain of stearic acid would form entanglements or co-crystallization with the PE

matrix, and the carboxylic acid group would form ester or amide linkages with the

wood-Kymene mixture at the high mixing temperature (170 °C). The data in Fig.

2.3 and 2.4 indeed show that addition of stearic acid in the mixing of PE and the

oven-dry wood-Kymene mixture greatly increased the MOR and MOE. At the

high mixing temperature (170 °C) ester or amide linkages between the carboxylic

acid and the wood-Kymene mixture would be expected, but the formation rate

might be slow. Therefore, we investigated the more reactive stearic anhydride to

see if it could further increase the compatibilization effects. As expected, stearic

anhydride gave a higher MOR and MOE than stearic acid, and a combination of

stearic anhydride and Kymene was superior to a combination of stearic acid and

Kymene in terms of MOR and MOE. (Fig. 2.5 and 2.6). That wood/stearic

anhydride/Kymene/PE composites had higher MOE values than wood!MAPP/PE
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composites suggests that a combination of an acid anhydride with a long

hydrocarbon chain and Kymene is a promising compatibilizer system for wood-PE

composites.

2.7 CONCLUSIONS

Treatment of wood fibers with Kymene increased the MOR and MOE of the

resulting wood-PE composites. The combination of stearic acid and wood flour

pre-treated with Kymene yielded a higher MOR and MOE than either stearic acid

or Kymene alone. The combination of stearic anhydride and Kymene-pretreated

wood flour had superior compatibilization effects, in terms of mechanical

properties, compared to the combination of stearic acid and the Kymene-pretreated

wood flour. A paper wet strength agent could serve as an effective wood-binding

domain of a wood-plastic compatibilizer system. The combination of Kymene and

carboxylic anhydride was a superior compatibilizer system for wood-plastic

composites. This compatibilizer system is particularly attractive for reactive

extrusion of WPCs.
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3.1 SYNOPSIS

The combination of a polyaminoamide-epiehiorohydrin (PAE) resin (a paper wet

strength agent) and stearic anhydride was recently reported as an effective

compatibilizer system for wood-polyethylene composites. Further investigation of

this new compatibilizer system revealed that the pH value of a PAE solution,

dosages of PAE and stearic anhydride, and the weight ratio of PAE to stearie

anhydride had significant impacts on the compatibilization effects of the

compatibilizer system. Adjusting the pH value of the PAE solution from 5.0 to

10.4 increased the strength of the resulting wood-polyethylene composites. The

highest strength of the resulting wood-polyethylene composites was obtained at 3

wt% PAE and 3 wt% stearic anhydride. At 4 wt% or 6 wt% of a compatibilizer,

this PAE-stearic anhydride system was superior to maleic anhydride-grafted

polyethylene (MAPE), one of the most effective compatibilizers, in terms of

enhancing the strength of the resulting wood-polyethylene composites. Fourier

Transform Infrared Spectroscopy (FTTR) analysis revealed that PAE and stearic

anhydride formed covalent bonding with wood flour. The compatibilization

mechanisms of this PAE-stearic anhydride compatibilizer system were investigated

in detail. Water-resistance tests indicated that PAE-stearic anhydride

compatibilizer system increased the water-resistance of the resulting composites.
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Compatibilizer, polyaminoamide-epichlorohydrjn, stearic anhydride, paper wet-

strength agent, polyethylene, wood, wood-plastic composites.
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3.3 iNTRODUCTION

Wood as a filler for strengthening thermoplastics such as polyethylene (PE) has

many advantages over commonly used inorganic fillers such as glass fibers. For

example, wood is inexpensive and renewable. Wood-filled thermoplastics products

can be burned after their useful lives, thus leaving much less solid waste than

inorganic-based materials-filled thermoplastics. In the past several years, wood-

filled thermoplastics, commonly called wood-plastic composites (WPCs) have

become one of the fastest growing composite materials in the wood composites

industry. More than 700 million lb of WPCs were produced in 2002. However, the

amount of WPCs sold in 2002 was only about 5% of penetratable markets (Morton,

Quarmley et al. 2003). One of the obstacles for preventing WPCs from gaining a

bigger market share is that the strength of WPCs is still not high enough to meet

strength requirements of many applications.

Wood is hydrophilic and thermoplastics are hydrophobic. Wood and

thermoplastic are thus not compatible, i.e., the interphase between wood and

plastics is typically weak, failing to transfer stress. A coupling agent, commonly

called compatibilizer, is normally added in the production of WPCs for improving

the interfacial adhesion. At present, maleic anhydride-grafted PE (MAPE) and

maleic anhydride-grafted polypropylene (MAPP) are commonly used

compatibilizers for WPCs. However, the compatibilization effect of MAPE or

MAPP is still much lower than what is potentially achievable. Moreover, the
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choice of compatibilizers for WPCs is still limited. In an effort to gain a better

understanding of the interfacial chemistry of WPCs, we recently discovered a new

compatibilizer system consisting of a polyaminoamideepichlorohydrjn (PAE) resin

(a paper-wet strength agent) and stearic anhydride (Geng, Li et al. 2004). In this

study this new compatibilizer system was further investigated for improvements of

its compatibilization effect on wood-PE composites.

3.4 EXPERIMENTAL

3.4.1 MATERIALS

Wood flour (pine flour, 0.425 mm, moisture content, 2.04%) was donated by

American Wood Fibers (Schofield, WI). High density polyethylene (PE) (melt

flow index, 0.55 g/I0 mm) was donated by BP Solvay Polyethylene North America

(Houston, TX). Stearic anhydride was purchased from Aldrich (Milwaukee, WI).

MAPE (maleic anhydride grafted polyethylene, A-C OptiPak(TM) 200) was a gift

from Honeywell International, Inc. (Morristown, NJ). The PAE resin used in this

study was Kymene® 557H (12.5 % aqueous solution) that was donated by

Hercules Inc. (Wilmington, DE).

3.4.2 PREPARATION OF WOOD-PE COMPOSITES

Wood-PE composites were prepared by mixing wood flour and PE powder in the

presence or absence of a compatibilizer in a Brabender Plasticorder with roller

blade mixing bowl attached (C. W. Brabender Instruments, Inc., South
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Hackensack, NJ) followed by compression molding of the mixed material in a

stainless steel mold. Mixing procedures varied with the compatibilizer used. The

composition of wood-PE composites and the mixing procedure are listed in Table

3.1.

Table 3.1 The composition of wood-PE composites

Mixing

Procedure

Composite Wood

flour

(wt%)

MAPE

(wt%)

PAE

(wt%)

Stearic

anhydride

(wt%)

HDPE

(wt%)

A Control 40 - - - 60

B MAPE2 40 2 - - 58

MAPE4 40 4 - - 56

MAPE6 40 6 - - 54

C PAE1S1 40 - 1 1 58

PAE2S1 40 - 2 1 57

PAE3SI 40 - 3 1 56

PAE5S1 40 - 5 1 54

PAE3S2 40 - 3 2 55

PAE3S3 40 - 3 3 54

PAE3S4 40 - 3 4 53

PAE3S5 40 - 3 5 52

PAE2S2 40 - 2 2 56
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Mixing procedure A: The mixing procedure A was for mixing wood flour and

PE without a compatibilizer. The bowl of the Brabender Plasticorder was

preheated to 120 °C and the speed of the rotors in the bowl set to 100 rpm. Wood

flour (17.96 g) was added and blended for 10 mm. The bowl temperature was then

raised to 170 °C and HDPE (26.40 g) was added and blended for 5 mm. The

contents were then removed from the Brabender and stored for compression

molding.

Mixing procedure B. The mixing procedure B was for mixing wood flour, PB

and MAPE. The Brabender bowl was preheated to 120 °C and the rotor speed was

set to 100 rpm. Wood flour (17.96 g) was then added to the bowl. After the bowl

temperature was returned to 120 °C, MAPE was added and mixed for 10 mm. The

bowl temperature was then raised to 170 °C and PE was added and mixed for 5

mm. The contents were then removed from the Brabender and stored for

compression molding.

Mixing procedure C. The mixing procedure C was used for preparing wood-

PE composites with a PAE-stearic anhydride compatibilizer. The following was an

example of the mixing procedure for preparing wood-PE composites with

wood/PAE/stearic anhydride/PE weight ratio of 40/2/1/57. The PAE solution (7.04

mL, 0.88 g dry weight) was diluted with de-ionized water (36.96 mL). The diluted

PAE solution was adjusted to the predetermined pH value by adding 1.5 M aqueous
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sodium hydroxide solution. Then, wood flour (17.96 g) was added to the diluted

PAE solution and mixed well by mechanical stirring. The resulting wood-PAE

mixture was dried at 104 °C for about 20 h. The oven-dry wood-PAE mixture was

added to the preheated Brabender bowl at 120 °C. After the bowl temperature was

returned to 120 °C, stearic anhydride was added and mixed for 10 mm. The bowl

temperature was then raised to 170 °C and PE was added and mixed for 5 mm, The

contents were then removed from the Brabender and stored for compression

molding.

Press procedure (Geng, Li et al. 2004). A stainless steel mold with the

dimensions of 101.6 x 101.6 x 2 mm was used to compression mold the wood-PE

composites into boards. The platens of an automatic benchtop press (Carver, Inc.,

Wabash, iN) were preheated to 185 °C. The mold was filled with the well-mixed

wood-PE sample, placed on the lower platen of the Carver press and pre-heated for

10 mm. The press was closed slowly allowing the wood-plastic to flow into the

mold shape. The press pressure was raised from 34.5 to 344.8 kPa in two mm and

the mold was pressed at 344.8 kPa for an additional 10 mm. The mold was then

removed from the hot press and cooled under clamps at ambient conditions. The

resulting wood-PE sample was cut into 10 small test specimens. Each specimen

had dimensions of 52.46-56.46mm of length, 10.70-14.28 mm of width, and 2.10-

3.10 mm of thickness.
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3.4.3 DETERMINATION OF THE STRENGTH AND STIFFNESS OF THE
WOOD-PE COMPOSITES

This test method was basically the same as described in our previous paper (Geng,

Li et al. 2004). The small specimens were tested on a Sintech machine (MTS

Systems Corporation, Enumclaw, WA) and the load-deflection curves determined.

The support span was 43 mm and the crosshead speed was 1.0 mm/mm. At least

10 specimens were tested for each wood-PE composite in accordance with ASTM

D790-02. All specimens showed a yielding fracture mode. The modulus of rupture

(MOR) and modulus of elasticity (MOE) were calculated from the load-deflection

data. The MOR was defined as the first point on the load-deflection curve to show

a slope of zero. The MOE was determined from the slope in the initial elastic

region of the load-deflection curve.

3.4.4 WATER-RESISTANCE TEST

Five specimens of each wood-PE composite were used for the water-resistance test.

All specimens were pre-weighed and then soaked in water at room temperature.

The specimens were taken out of water, wiped with tissue paper, weighed once

every 24 h for the first five days, and then weighed at a longer time interval until

day 65. The water uptake percentage was determined from the weight gain divided

by the dry weight of the specimens.
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Four wood-PE composites were investigated in this set of experiments: 1. The

composite without any compatibilizer; 2. The composite with 3 wt% PAE at pH

10.4. 3. The composite with 3 wt% stearic anhydride, and 4. The composite with

3 wt% stearic anhydride and 3 wt% PAE at pH 10.4. The wood-PE composites

were cut into small pieces by a fodder chopper, and wrapped in filter paper. The

wrapped wood-PE composite specimens were extracted with p-xylene in a

modified Soxhlet extractor for 48 h. The thimble holder of the Soxhiet extractor

was wrapped with heating tape and heated to maintain the temperature of the

solution in the thimble at about 120 °C. The extracted wood residue was dried and

characterized with FTIR.

3.5 RESULTS

The effect of the pH value of the PAE solution on the MOR and MOE of the

resulting wood-PE was investigated at the 40/2/1/57 wood/PAE/stearic

anhydride/PE weight ratio (Fig. 3.1). At all pH values studied, both MOR and

MOE were higher than those of the control, i.e., without the PAE-stearic anhydride

compatibilizer. There were no statistically significant changes in either MOR or

MOE of the resulting composites when the p1-I value of the PAE solution was

adjusted from 5.0 (the original pH value of the PAE solution) to 9.0 (Fig. 3.1),

When the pH value was further increased to 10.4, the MOR at pH 10.4 was

significantly higher than that at pH 5.0, whereas the MOE at pH 10.4 was still

statistically the same as that at pH 5.0 (Fig. 3.1). However, both MOR and MOE
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decreased with a further increase in the pH value from 10.4 to 11.7 (Fig. 3.1). p1-I

10.4 thus appeared to be the optimal pH value for the compatibilization effect.

50-

45.

0
40-

0

30-

25

MOR
MOE

control 5 9 10.4 11.7

The pH value of the PAE solution

Fig. 3.1 Effect of the pH value of the PAE solution on MOR and MOE of wood-PE
composites (Control: wood/PE weight ratio 40/60; the weight ratio in other
wood-PE composites: wood/PAE/stearic anhydride/PE 40/2/1/57). Data are the
mean of at least ten replicates and the error bars represent one standard error of the
mean.

With a pH 10.4 PAE solution and a loading of 1.0 wt % stearic anhydride (the

weight percentage based on the wood-PE composite), both MOR and MOE

gradually increased with increasing PAE dosage from 1 wt% to 3 wt% (Fig. 3.2).

When the PAE dosage was further increased from 3 wt% to 5 wt%, the MOE

further increased, but the MOR significantly decreased (Fig. 3.2). Therefore, 3

wt% PAE was determined to be the optimal dosage of PAE given that adding 5

wt% PAE reduced the MOR (Fig. 3.2).
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Fig. 3.2 Effect of the PAE dosage on MOR and MOE of wood-PE composites
(WoodIPAE/stearic anhydride/PE weight ratio = 40!X!1/Y (X + Y = 59)). Data are
the mean of at least ten replicates and the error bars represent one standard error of
the mean.

For the wood-PE composites containing 3 wt% PAE, the MOR gradually

increased with increasing stearic anhydride dosage from 1.0 wt % to 3.0 wt% (Fig.

3.3). The MOE at 1.0 wt% stearic anhydride was basically the same as that at 2.0

wt% stearic anhydride, and the MOE at 3.0 wt% stearic anhydride was higher than

that at 1 wt% or 2 wt% (Fig. 3.3). However, the MOR of the wood-PE composites

gradually decreased when the stearic anhydride dosage further increased from 3

wt% to 5 wt%. The MOE values at 3 wt% and 4 wt% stearic anhydride were

statistically the same and were slightly higher than those at 5 wt%. Therefore, the

PAE-stearic anhydride compatibilizer with 3 wt% PAE and 3 wt% stearic

anhydride resulted in the highest MOR and MOE (Fig. 3.3).
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anhydride on wood-PE composites

Fig. 3.3 Effect of stearic anhydride dosage on MOR and MOE of wood-PE
composites (WoodJPAE/stearic anhydride/PE weight ratio = 40/3/X/Y (X + Y =
57)). Data are the mean of at least ten replicates and the error bars represent one
standard error of the mean.

The PAE-stearic anhydride compatibilizer system was compared with MAPE

for its compatibilization effects on wood-PE composites (Fig. 3.4). At a 2 wt%

level, i.e., 1 wt% PAE plus 1 wt% stearic anhydride vs. 2 wt% MAPE, MAPE

resulted in higher MOR and MOE than the PAE-stearic anhydride system (Fig.

3.4). However, at the 4 wt% level, i.e., 2 wt% PAE plus 2 wt% stearic anhydride

vs. 4 wt% MAPE, the MOR with the PAE-stearic anhydride system was higher

than that with MAPE, and the MOE values were statistically the same (Fig. 3.4).

The MOR value of the PAE-stearic anhydride sample was much higher than that of

MAPE when the two compatibilizers were compared at the 6 wt% level (Fig. 3.4).

The MOR and MOE were much higher at 4 wt% MAPE than those at 2 wt% or 6
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wt% MAPE. The MOR and MOE at 2 wt% PAE and 2% stearic anhydride were

comparable to those at 3 wt% PAE and 3 wt% stearic anhydride (Fig. 3.4).
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Wood-PE compatibilizers

Fig. 3.4 Comparison of the PAE-stearic anhydride compatibilizer system with
MAPE (Data are the mean of at least ten replicates and the error bars represent one
standard error of the mean).

The water uptake of all the samples increased with increasing soaking time

(Fig. 3.5). The wood-PB composites with 3 wt% PAE had the highest water-uptake

percentages among all wood-PE composites studied (Fig. 3.5). However, a

combination of PAE and stearic anhydride dramatically reduced the water-uptake

percentages when compared with PAE alone. The wood-PE composites with the

stearic anhydride and PAE-stearic anhydride compatibilizer system had similar

water-uptake percentages and were more water-resistant than the control, i.e. the

composites without any compatibilizer. MAPE resulted in the lowest water-uptake

percentages.
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Fig. 3.5 Water-resistance test (Data are the means of five duplicates and the error
bars present one standard error of the mean).

The HDPE used in this study was completely soluble in p-xylene above 100

°C. The modified Soxhiet extractor efficiently removed the PE in the wood-PE

composites. Extensive studies revealed that the extraction for 48 h completely

removed non-chemically bonded PE and stearic anhydride-related products (stearic

anhydride, stearic acid, and stearic acid esters with low molecular weights) from

the wood-PE composites. FTIR spectra of the extracted wood residues are shown

in Fig. 3.6. The effects of compatibilizers on the properties of the extracted wood

residues were better understood from subtracted FTIR spectra (Fig. 3.7). After

subtracting the control, the FTIR spectrum of the residues with 3 wt% PAE (PAE3-

control spectrum in Fig. 3,7) had weak absorbance peaks at 2920 cm1 and 2850

cm1. The absorbance peaks at 2920 cm' and 2850 cni' in the S3-control FTIR

70
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spectrum were stronger than those in the PAE3-control FTIR spectrum (Fig. 3.7).

The PAE3S3-control FTIR spectrum had stronger absorbance peaks at 2920 cm

and 2850 cm' than the S3-control spectrum and the PAE3-control spectrum (Fig.

3.7). The expanded spectra between 1500 cm' and 1800 cm' from Fig. 3.7 are

shown in Fig. 3.8. All three spectra (PAE3-control, S3-control, and PAE3S3-

control) had weak absorbance peaks for the carbonyl group (C=O) of esters (Fig.

3.8). The S3-control spectrum lacked an absorbance peak for the carbonyl group

(C0) of amides. The absorbance peak of the amide C0 for the PAE3S3.-control

spectrum was stronger than that for the PAE3-control spectrum (Fig. 3.8).

Fig. 3.6 FTIR spectra of extracted samples
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Fig. 3.8 Expanded FTIR spectra of extracted samples with control spectrum
subtracted
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3.6 DISCUSSION

As proposed in our previous study, the ability of the PAE-stearic anhydride system

to improve the interfacial adhesion between wood and PE results from the

following actions: 1) the PAE resin strengthens and stiffens wood fibers and serves

as a wood-bonding domain; 2) the hydrocarbon chain of stearic anhydride forms

entanglements or co-crystallizes with the matrix, serving as a PE-bonding domain;

3) the anhydride functional group of stearic anhydride reacts with PAE-bonded

wood, thus linking the two domains together (Geng, Li et al, 2004).

When compared to the control, the p-xylene-extracted wood residues

containing PAE as a compatibilizer had an additional relatively strong absorbance

peak at 1600-1650 cm', representing the C=O group of the amide linkages in the

PAE resin, and additional weak absorbance peaks at 2920 cm1 and 2850 cm1,

representing hydrocarbon (CH2) groups from PAE resins (Figs. 3.7 and 3.8)

(Crews, Rodriguez et al. 1998). These results indicated that PAE resins indeed

bonded to wood, which is also consistent with results from the application of PAE

as a paper wet-strength agent (Espy 1994, 1995). The extracted wood residues with

stearic anhydride as a compatibilizer had additional absorbance peaks at 2920 cm

and 2850 cm' from the hydrocarbon groups of stearic anhydride and an additional

absorbance peak of the carbonyl group of esters. This implies that stearic

anhydride formed ester linkages with wood (see S3-control spectra in Figs. 3.7 and

3.8). The PAE3S3-control spectrum had stronger absorbance peaks for
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hydrocarbon at 2920 cm' and 2850 cm' and stronger absorbance peaks for the

C=O group of amides than the S3-control spectrum, which demonstrated that the

extracted wood residues with PAE3S3 as a compatibilizer contained higher amount

of covalently bonded stearic-anhydride-based products than those with S3 as a

compatibilizer. The stronger absorbance of the carbonyl group of amides in the

PAE3S3 FTIR spectrum suggested that amide linkages were likely formed from the

reactions between stearic anhydride and PAE-bonded wood. All these results

support the previously proposed compatibilization mechanism, except that there

was no direct evidence of entanglement/co-crystallization between the hydrocarbon

chain of stearic anhydride and the HDPE matrix.

In our previous study, the PAE solution was directly mixed with wood flour

without adjusting its pH value. Our results in this study indeed showed that the

resulting wood-PE composites had the highest strength at pH 10.4 (Fig. 3.1), which

was consistent with results that the highest paper wet strength for the PAE resins

develops around pH 10 (Espy 1994, 1995). As proposed in our previous study, the

PAE resin evidently strengthens and stiffens the wood fibers through homo-.

polymerization and covalent linkages with wood, thereby increasing the strength of

the resulting composites. The hydroxy-azetidium (the cationic four-membered ring

structure) is the key functional group for wet strength development in paper (Espy

1994, 1995; Espy and Rave 1988). The characteristic four-membered azetidium

structure is fairly stable under acidic conditions at room temperature, but can react
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with various nucleophiles at elevated temperatures to form various ring-opening

structures. When the pH value is increased, the nucleophilicity of some

nucleophiles also increases, resulting in faster reactions between the azetidium

structure and the nucleophiles. However, the rate of the undesirable reaction

between the azetidium structure and the hydroxy! group of sodium hydroxide

would also increase with increasing pH values, which may explain the lower MOR

and MOE at pH 11.7 when compared those at pH 10.4.

According to the previously proposed compatibilization mechanism, the

dosage of the PAE resin and stearic anhydride would have a significant impact on

the strength of the wood-PE composites. The amount of wood fibers being

strengthened and stiffened would increase with increasing PAE dosage, which may

explain why the strength (MOR) and the stiffness (MOE) of the wood-PE

composites increased with increasing PAE dosage (Fig. 3,2). However, if too

much PAE resin is added, the excess PAE resin might remain on the wood flour

surface and become a weak interphase between wood and PE, resulting in lower

strength. The results from Fig. 3.2 suggested that 3 wt% of PAE was optimal for

strength.

The quantity of covalent linkages between stearic anhydride and the PAE-

bonded wood should increase with increasing stearic anhydride dosage, thus

increasing the interfacial strength, which may explain why the MOR and MOE
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increased when the stearic anhydride dosage increased from 1 wt% to 3 wt%.

However, if too much stearic anhydride is added, the excess stearic anhydride may

serve as a plasticizer for the PE matrix or concentrate in and weaken the interphase

between the PAE-bonded wood and PE, thus lowering the strength and stiffness of

the wood-PE composites. That both MOR and MOE significantly decreased with

increasing the stearic anhydride dosage appears to be in accord with this

explanation (Fig. 3.3). It has generally been observed in our work on composites

containing 40% wood filler that the loading becomes optimal somewhere in the

range of 2 to 4%. Our hypothesis for this effect is that somewhere in this range the

surface of the wood becomes saturated with the compatibilizer. The behavior of

PAE and stearic anhydride confirms to this general hypothesis. Both PAE and

stearic anhydride show improved performance up to 3% when added independently

(Fig 3.2 and 3.3). Yet the combination of 3% PAE plus 3% stearic anhydride does

not show a significant improvement over the 2% PAE + 2% stearic anhydride

compatibilizer system. That both show improvement independently suggests that

they are interacting with the wood surface up to this loading. However, the 3%

PAE + 3% stearic anhydride system is higher than the optimum loading generally

observed for compatibilizers. This suggests that both the PAE and SA are

competing for sites on the wood surface, in addition to reacting with each other,

and that the 3% PAB + 3% stearic anhydride system is "overloaded" in this sense.
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PAE resin is a water-soluble polymer. It is plausible that the surface of PAE-

bonded wood became more hydrophulic than wood, thus being able to adsorb more

water than wood, which might explain why the water-uptake percentage for the

wood-PE composites with PAE was higher than the control. Stearic anhydride was

able to react with the hydroxyl groups and amino groups on the surface of the PAE-

bonded wood, thus greatly reducing the water-uptake of the resulting wood-PE

composites. The wood-PE composites with PAE3S3 indeed had much lower

water-uptake percentages than the control and the composites with PAE3.

3.7 CONCLUSIONS

Adjustment of the pH value of the PAE solution from 5.0 to 10.4 increased the

MOR of the resulting wood-PE composites. Optimization of the PAE and stearic

anhydride dosages revealed that the MOR and MOE of the resulting wood-PE

composites were the highest at 3 wt% PAE and 3 wt% stearic anhydride, At a low

dosage level, i.e., 2 wt%, MAPE was superior to the PAE-stearic anhydride system.

At the 4 wt% or 6 wt% levels, the PAE-stearic anhydride system resulted in the

higher strengths for the resulting wood-PE composites. The MOR and MOE were

higher at 4 wt% MAPE than those at 2 wt% or 6 wt% MAPE. An extraction

method was successfully developed to remove PE from the wood-PB composites.

Characterization of the p-xylene-extracted wood-PB composites demonstrated that

stearic anhydride covalently bonded to wood and the PAE-bonded wood. The

PAE-stearic anhydride compatibilizer system increased the water-resistance of the
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resulting composites. However, this compatibilizer system was still slightly less

effective than MAPE in increasing the water-resistance.
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4l ABSTRACT

A combination of poly(diphenylmethane diisocyanate) (PMDI) and stearic

anhydride was investigated as a new compatibilizer system for improving the

interfacial adhesion between wood and polyethylene (PE). The treatment of wood

flour with PMDI increased both the modulus of rupture (MOR) and the modulus of

elasticity (MOE) of the resulting wood-PE composites. The combination of stearic

anhydride and PMD1 further increased both MOR and MOE of the resulting

composites. Compared with the commercially used compatibilizer maleic

anhydride-grafted polyethylene (MAPE), the PMDI-stearic anhydride

compatibilizer system resulted in significantly higher MOR and MOE. The

moisture content of wood flour affected the compatibilization of both the PMDI-

stearic anhydride compatibilizer system and MAPE. The compatibilization

mechanisms of PMDI-stearic anhydride system were investigated in detail. Water-

resistance tests indicated that the composites with the PMDI-stearic anhydride

system were statistically more water-resistant than those with MAPE.

4.2 KEYWORDS

Compatibilizer; PMDI; wood; polyethylene; stearic anhydride; wood-plastic

composites
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4.3 INTRODUCTION

Wood-plastic composites (WPCs) have many superior properties when compared

with wood or plastics (Clemons 2002; Morton, Quarmley et al. 2003). WPCs have

become one of the fastest growing sectors in the wood composites industry.

However, WPCs are made from two incompatible partners: hydrophilic wood and

hydrophobic plastics. A coupling agent (commonly called compatibilizer) is

normally added in the production of WPCs. An effective compatibilizer should

have capacity of bonding both wood and plastic. In other words, an effective

compatibilizer should contain two domains: a wood-binding domain able to bond to

wood and a plastic-binding domain able to bond to plastic. A number of

compatibilizers have been investigated (Bledzki and Faruk 2003; Coutinho and

Costa 1999; Djiporovic, Dingova et al. 2003; Geng, Li et al. 2004; Lu, Wu et al.

2000; Maldas, Kokta et al. 1989; Nitz, Reichert et al. 2000; Raj, Kokta et al. 1989;

Zhang, Li et al. 2004). However, most compatibilizers studied so far are not very

effective in improving the strength and stiffness of the resulting WPCs, and some

compatibilizers only have wood-binding capacities. Overall, the number of

effective compatibilizers is limited.

Poly(diphenylmethane diisocyanate) (PMDI) is a widely used adhesive in the

wood composites industry (Frink and Sachs 1981; Frisch and Rumao 1983;

Johnson 2000; Sellers 2001). PMDI penetrates wood well. The isocyanate group

in PMDI is reactive to nucleophiles such as hydroxyl groups, amino groups and
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carboxylic acid groups (Bao, Daunch et al. 2003; Frink and Sachs 1981; Frisch and

Rumao 1983). When reacted with water, the isocyanate group in PMDI

decomposes to form an amine that can further react with additional isocyanate

groups to form a urea structure. The isocyanate group also can react with hydroxyl

groups in wood to form urethane structures. When it is mixed with wood flour,

PMDI penetrates and forms a highly crosslinked network, which strengthens the

wood particles. Therefore, PMDI should be able to serve as a wood-binding

domain. Stearic anhydride contains a long hydrocarbon chain that has the identical

structure as polyethylene (PE) and may form co-crystalline structure and/or

entanglements with PE. The hydrocarbon chain of stearic anhydride may be able to

serve as effective PE-binding domain. The anhydride group of stearic anhydride

may bond to wood or PMDI-treated wood, thus linking the wood-binding domain

and the PE-binding domain together.

In this study, we investigated a combination of PMDI and stearic anhydride as

a compatibilizer for wood-PE composites. The compatibilization mechanisms of

this new compatibilizer were investigated in detail.

4.4 EXPERiMENTAL

4.4.1 MATERIALS

Pine flour (40 mesh and 2.04 wt% moisture content) was provided by American

Wood Fibers (Schofield, WI). This flour was re-dried under reduced pressure (60
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kPa, absolute) at 60 °C for 20 h prior to use. The moisture content of the re-dried

wood flour was 1.0%. HDPE (high density polyethylene) (melt flow index: 0.55

g/10 mm) was provided by BP Solvay Polyethylene North America (Houston, TX).

PMDI was provided by Huntsman Polyurethanes (West Deptford, NJ). MAPE

(maleic anhydride-grafted polyethylene, A-C OptiPak(TM) 200) was donated by

Honeywell International, Inc. (Morristown, NJ). Stearic anhydride and p-xylene

were purchased from Acros Organics(Morris Plains, NJ).

4.4.2 PREPARATION OF WOOD-PE BLENDS

Dry wood flour and HDPE powder with or without a compatibilizer were mixed in

a Brabender Plasticorder with a mixing bowl attached (C. W. Brabender

Instruments, Inc., South Hackensack, NJ). The blending procedure depended on

the composition being prepared.

Blending procedure A: This procedure was used for making wood-PE blends

without a compatibilizer. The bowl of the Brabender Plasticorder was preheated to

120 °C and the speed of the rotor in the bowl was set to 100 rpm, Wood flour

(17.60 g) was added and mixed for 10 mm. The bowl temperature was then raised

to 170 °C and HDPE (26.40 g) was added and mixed for 5 mm The contents were

then removed from the Brabender and stored for compression molding.
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Blending procedure B: This procedure was used for making wood-stearic

anhydride-PE and wood-MAPE-PE blends. The following is an example used to

prepare wood-PE composites with a wood/stearic anhydride/PE weight ratio of

40/0.5/59.5. The bowl was preheated to 120 °C and the rotor speed was set to 100

rpm. Wood flour (17.60 g) was then added to the bowl. After the bowl

temperature returned to 120 °C, stearic anhydride (0.22 g) was added and mixed for

10 mm. The bowl temperature was then raised to 170 °C and HDPE (26.18 g) was

added and mixed for 5 mm. The contents were then removed from the Brabender

and stored for compression molding.

Blending procedure C: This procedure was used for preparing wood-

PE blends with PMDI. The following is an example used to prepare wood-PE

composites with a wood!PMDI/PE weight ratio of 40/0.5/59.5. PMDI (0.22 g) was

added dropwise into wood flour (17.60 g) under a nitrogen atmosphere and mixed

well by mechanical stirring. The resulting wood-PMDI mixture was added to the

preheated Brabender bowl at 120 °C and 100 rpm, and mixed for 10 mm. The bowl

temperature was then raised to 170 °C and HDPE (26.18 g) was added and mixed

for 5 mm. The contents were then removed from the Brabender and stored for

compression molding.

Blending procedure D: This procedure was used for preparing wood-PE

blends with a PMDI-stearic anhydride compatibilizer. The following is an example
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used to prepare wood-PE composites with a woodJPMDI/stearic anhydride/PE

weight ratio of 40/1.5/0.5/58. Wood flour (17.60 g) and stearic anhydride (0.22 g)

were mixed together. PMDI (0.66 g) was added dropwise to the mixture of wood

and stearic anhydride under a nitrogen atmosphere and mixed well by mechanical

stirring. The resulting wood-stearic anhydride-PMDI mixture was added to the

preheated Brabender bowl at 120 °C and 100 rpm, and mixed for 10 mm. The bowl

temperature was then raised to 170 °C and HDPE (25.52 g) was added and mixed

for 5 mm. The contents were then removed from the Brabender and stored for

compression molding.

4.4.3 PROCEDURE FOR MOLDING COMPOSITES FROM BLENDS

A stainless steel mold with dimensions of 101.6 x 101.6 x 2 mm was used to

compression mold the wood-PE composites into boards. The platens of an

automatic benchtop press (Carver, Inc., Wabash, IN) were preheated to 185 °C.

The mold was filled with a well-mixed wood-PE sample, placed on the lower

platen of the Carver press and pre-heated for 10 mm. The press was closed slowly

allowing the wood-plastic to flow into the mold shape. The press pressure was

raised from 35 to 345 kPa in two mm and the mold was pressed at 345 kPa for an

additional 10 mm. The mold was then removed from the hot press and cooled in a

cold press at 345 kPa under ambient conditions. The resulting wood-PE board was

cut into 10 small test specimens. Each specimen was 54.50-56.50 mm long, 13.00-

14.30 mm wide, and 2.10-2.40 mm thick.



87

4.4.4 MECHANICAL TESTS

Twenty specimens were tested for each wood-PE composite prepared in section

4.4.3 in accordance with ASTM D790-02. Three-point bending test was applied on

all of the sepcimnes The specimens were tested on a Sintech hG machine (MTS

Systems Corporation, Enumclaw, WA) and the load-deflection curves determined.

The support span was 43 mm and the crosshead speed was 1.0 mm/mm. The

modulus of rupture (MOR) and modulus of elasticity (MOE) were calculated from

the load-deflection data. The MOR was defined as the first point on the load-

deflection curve to show a slope of zero. The MOE was determined from the slope

in the initial elastic region of the load-deflection curve.

4.4.5 WATER-RESISTANCE TEST

Five specimens of each WPC sample were used for the water-resistance test. All

the specimens were pre-weighed and then soaked in deionized water at room

temperature. The specimens were removed from the water, wiped with a tissue

paper, and then weighed every 24 h for the first five days. The specimens were

resoaked in the water right after weighed. And then they were weighed at longer

time intervals until day 100. The water uptake percentage was determined as the

weight gain divided by the dry weight of the specimen.

4.4.6 iNVESTIGATION OF COVALENT LINKAGES BETWEEN
COMPATIBILIZERS AND WOOD IN WOOD-PE COMPOSITES
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The following four wood-PE composites were investigated: the composite without

any compatibilizer (control), the composite with 1.5 wt% PMDI, the composite

with 0.5 wt% stearic anhydride, and the composite with 1.5 wt% PMDI and 0.5

wt% stearic anhydride. The wood-PE composites were cut into small pieces by a

fodder chopper and then wrapped in a piece of filter paper. Soluble constituents

were extracted from the wrapped wood-PE composites by p-xylene in a modified

Soxhiet extractor for 43 It The thimble holder of the Soxhiet extractor was

wrapped with a heating tape and heated to maintain the temperature of the solution

in the holder at about 120 °C. The extracted residue was dried at 103 °C for 24 h

and then was characterized by Fourier Transform Infrared spectrometry (FTIR).

FTIR spectra were recorded on a Nexus 470 FTIR spectrometer (Thermo Nicolet

Corporation, Madison, WI) equipped with a golden gate heated diamond ATR

(attenuated total reflectance) accessory.

4.4.7 ANALYSIS OF THE FRACTURED SURFACES OF WOOD-PE
COMPOSITES WITH SCANNING ELECTRON MICROSCOPY (SEM)

The fractured surfaces of the specimens from the bending test were examined with

an AmRay I000A SEM. All samples were coated with a Au-Pd film (8-10 nm)

before imaging. The SEM was operated at 10 kV on Polaroid-type 55 positive-

negative film.

4,5 RESULTS

4.5.1 EFFECTS OF TREATMENT ON PROCESSING
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At higher PMDI dosages, the wood-PE composite material did not flow well during

the compression molding, and thus a uniform composite board could not be

obtained when the PMDI dosage was 2 wt%.

4.5.2 MECHANICAL PROPERTIES

Both MOR and MOE of the resulting composites gradually increased when the

PMDI dosage was increased from 0,5 wt% to 1.5 wt% (Fig. 4.1).
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Fig. 4.1 Effect of the PMIDI dosage on MOR and MOE of wood-PE composites (C:
woodlPE weight ratio = 40/60; woodIPMDIfPE weight ratio = 40/X/Y (X+Y=60)).
Data are the means of twenty replicates and the error bars represent one standard
error of the means.
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The MOR of the wood-PE composites increased when the stearic anhydride

dosage was increased from 0.5 wt% to 2 wt% (Fig. 4.2). The MOR of the wood-

PE composites with 0.5 wt% and 1.0 wt% stearic anhydride was statistically the

same as that of the control at a 95% confidence level (Fig. 4.2). The MOR of the

wood-PE composite with 2.0 wt% stearic anhydride was higher than that of the

control (Fig. 4.2). There was no statistically significant change in the MOE

values of any of the wood-PE composites when the stearic anhydride dosage was

increased from 0.5 wt% to 2 wt% (Fig. 4.2).
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Fig. 4.2 Effect of the stearic anhydride dosage on MOR and MOE of wood-PE
composites (C: wood/PE weight ratio = 40/60; wood/stearic anhydride/PE weight
ratio = 40/XIY (X+Y=60)). Data are the means of twenty replicates and the error
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MOR

MOE

I I

C 05 1

Stearic anhydride content (wt%)
2



91

For the wood-PE composites containing 1.5 wt% PMDI, both MOR and MOE

gradually increased when the stearic anhydride dosage was increased from 0.25

wt% to 0.5 wt% (Fig. 4.3). When the stearic anhydride dosage was further

increased from 0.5 wt% to 2 wt%, the MOR gradually decreased. The MOE

decreased when the stearic anhydride dosage was increased from 0.5 wt% to 1.0

wt%. However, the MOE remained the same when the stearic anhydride dosage

was further increased from 1.0 wt% to 2.0 wt%. The highest MOR and the highest

MOE were obtained when a combination of 1.5 wt% PMDI and 0.5 wt% stearic

anhydride was used.
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58.5)). Data are the means of twenty replicates and the error bars represent one
standard error of the means.

-3.8

-3.6

-3.4

-3.2 0
rn

-3.0

2.8

2.6

2.4

2.2



92

When the wood flour was used as received, the resulting wood-PE composites

(C-a, PS-a, and M-a in Fig. 4.4) had much lower strength and stiffness than those

made from the re-dried wood flour (C-b, PS-b, and M-b in Fig. 4.4), i.e., C-b> C-a,

PS-b > PS-a, and M-b > M-a. More specifically, for the wood-PE composites

without a compatibilizer (C-a vs. C-b in Fig. 4.4), re-drying of the wood flour

increased the MOR by 20% and the MOE by 33%. For wood-PE composites

containing PMDI-stearic anhydride as a compatibilizer system (PS-a vs. PS-b in

Fig. 4.4), re-drying of the wood flour also increased the MOR by 32%, whereas the

MOE remained statistically the same. For wood-PE composites with MAPE (M-a

vs. M-b in Fig. 4.4), re-drying of the wood flour increased the MOR by 12% and

the MOE by 10%. When the wood flour was used as received, the combination of

1.5 wt% PMDI and 0.5 wt% stearic anhydride (PS-a in Fig. 4.4) resulted in

statistically the same MOR as 2 wt% MAPE (M-a in Fig. 4.4). However, the MOE

for the combination of 1.5 wt% PMDI and 0.5 wt% stearic anhydride (PS-a in Fig.

4.4) was significantly higher than that of 2 wt% MAPE (M-a in Fig. 4.4).
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Fig. 4.4 Effect of moisture content on wood-PE composites (a: wood flour was not
re-dried before use; b: wood flour was re-dried before use. C: wood/PE weight
ratio = 40/60; PS: woodIPMDl/stearic anhydride/PE weight ratio 40/1 .5/0.5/58;
M: wood/MAPE/PE weight ratio = 40/2/58). Data are the means of twenty
replicates and the error bars represent one standard error of the means.

At the 2 wt% level, the combination of 1.5 wt% PMDI and 0.5 wt% stearic

anhydride (PS-b in Fig. 4.4) resulted in an approximately 20% higher MOR and

about a 10% higher MOE than 2 wt% MAPE (M-b in Fig. 4.4). When compared to

the control (C-b), the combination of 1.5 wt% PMDI and 0.5 wt% stearic anhydride

(PS-b in Fig. 4.4) increased the MOR by 60 % and the MOE by 15 %.

4.5.3 WATER-RESISTANCE TEST

The water-uptake percentages of all wood-PE composites increased with increased

soaking time (Fig, 4.5). The wood-PE composite without a compatibilizer, i.e., the

93
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control, had the highest water-uptake percentage at the same soaking time among

all wood-PE composites investigated. At the same soaking time, wood-PE

composites with stearic anhydride (SO.5 in Fig. 4.5) had a lower water-uptake

percentage than the control. When PMDI was used alone, the water-uptake

percentage of the resulting composites (P1.5 in Fig. 4.5) at the same soaking time

was much lower than that of the composites with stearic anhydride (SO.5 in Fig.

4.5). The combination of PMDI and stearic aiihydride (Pl.5S0.5 in Fig. 4.5)

resulted in slightly lower water-uptake percentage at the same soaking time than

PMDI alone (P1.5 in Fig. 4.5). Both PMDI (P 1.5 in Fig. 4.5) and the combination

of PMIDI and stearic anhydride (P1 .5S0.5 in Fig. 4.5) yielded slightly lower water

uptake percentages than MAPE2.
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Fig. 4.5 Water-resistance test (Control: wood/PE weight ratio 40/60; S0.5:
wood/stearic anhydride/PE weight ratio = 40/0.5/59.5; MAPE2: wood/MAPE/PE
weight ratio 40/2/58; P1.5: wood/PMDJIPE weight ratio = 40/1.5/58.5; P1.5S0.5:
wood/PMDI/stearic anhydride/PE weight ratio = 40/1.5/0.5/58). Data are the
means of five duplicates and the error bars represents two standard errors of the
means.

4.5.4 iNVESTIGATION OF COVALENT LiNKAGES BETWEEN
COMPATIBILIZERS AND WOOD

p-Xylene dissolves the PE used in this study at temperature above 100 °C. Initial

studies on the wood-PE composites without a compatibilizer revealed that

extraction of the composites with p-xylene using a modified Soxhiet extractor for

48 h completely removed the PE from the composites. FTIR spectra of the

extracted wood residues are shown in Fig. 4.6. The evidence for possible covalent

linkages between the compatibilizer and wood is more apparent in the subtracted

FTIR spectra (Fig. 4.7). Hydrocarbons (CH3, CH2 or CH) have characteristic
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absorbance peaks at 2920 and 2860 cm' (Crews, Rodriguez et al. 1998). The FTIR

spectrum of S0.5-control (the spectrum of the 0.5% stearic anhydride composite

with control spectrum subtracted) showed weak absorbance peaks at 2920 and 2860

cm', indicating that some stearic anhydride had bonded to wood in the S0.5 sample

and could not be removed in the hot p-xylene extraction. Stronger absorbance

peaks at 2920 and 2860 cm' were observed when 2 wt% rather than 0.5 wt%

stearic anhydride was used (spectrum not shown). The FTIR spectrum of P1.5S0.5-

control had much stronger absorbance peaks at 2920 and 2860 cm_I, implying that

the more stearic hydride had bonded to wood in the Pl.5S0.5 sample than in the

S0.5 sample (Fig. 4.7). Both S0.5-control and P1.5S0.5-control showed a strong

absorbance peak at 1730 cm', representing the C=O ester group. Both P 1.5-

control and Pl.SSO.5-control had strong absorbance peaks at 1700 and 1600 cm',

representing C=O urea and urethane groups (Crews, Rodriguez et al. 1998).
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Fig. 4.6 FTIR spectra of extracted samples (Control: wood!PE weight ratio = 40/60;
P1.5: woodIPMDJfPE weight ratio = 40/1.5/58.5; S0.5: wood/stearic anhydridelPE
weight ratio 40/0.5/59,5; P1.5S0.5: wood/PMDllstearic anhydride/PE weight
ratio = 40/1.5/0.5/58).
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Fig. 4.7 FuR spectra of extracted samples with control spectrum subtracted (P1.5:
wood/PMDI/PE weight ratio 40/1.5/5 8.5; S0.5: wood/stearic anhydride/PE
weight ratio = 40/0.5/59.5; P1.5 S0.5: wood/PMDI/stearic anhydride/PE weight
ratio = 40/1.5/0.5/58).

4.5.5 MICROSCOPY ANALYSIS

Objective interpretation of SEM images can be complicated due to the difficulty of

observing a truly representative portion of the sample. We have included SEM

images in Figure 4.8 which we feel are representative of our observations in the

SEM. Presenting detailed images of the entire surface that was examined would

require too much space. The images included herein are not intended to be

conclusive proof, simply examples of what was observed in the SEM. Our

discussion of these images is based upon the examination of the total fractured area

of the sample, not just the images presented here. We include SEM images only as

supporting data. An SEM picture of the fractured surface of the control is shown in
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Fig 4.8a. Large gaps were observed between the wood particles and the PE matrix,

indicating poor adhesion between wood particles and the PE matrix. For the SO.5

sample, a protruding wood fiber was observed to be fairly clean, i.e. free of adhered

plastic (Fig. 4.8b). There were also voids and surface depressions that presumably

resulted from fiber pullout. For the P1.5 sample, large gaps between wood

particles and the PE matrix were also observed, along with voids created by fiber

pullout (Fig. 4.8c). For the Pl.5S0.5 sample, no visible gaps between wood

particles and the PE matrix were found, and only a few voids were observed on the

fractured surface (Fig. 4.8d).

Fig. 4.8a SEM pictures of fractured surfaces of wood-PE composite samples
(Control: wood/PE weight ratio 40/60)
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Fig. 4.8b SEM pictures of fractured surfaces of wood-PE composite samples (S0.5:
wood/stearic anhydride/PE weight ratio = 40/0.5/59.5)
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Fig. 4.8c SEM pictures of fractured surfaces of wood-PE composite samples (P1.5:
wood/PMDIIPE weight ratio = 40/1.5/58.5)
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Fig. 4.8d SEM pictures of fractured surfaces of wood-PE composite samples
(P1.5 so. 5: wood/PMDL/stearic anhydride/PE weight ratio 40/1 .5/0.5/58)

4.6 DISCUSSION

The FTIR spectrum of the p-xylene-extracted P1.5-control sample had two extra

peaks at 1600 and 1700 cm1 that correspond to C=O groups of urea or urethane.

These peaks indicate that PMDI had bonded to wood. Theory predicts that stronger

fillers enable stronger composites. The ability of PMDI to bond to wood and

thereby strengthen wood particles might explain why both MOR and MOE

increased when PMDI was used (Fig. 4.1). When the dosage of PMDI increased,

the amount of wood particles that were consolidated and strengthened might also

increase. This would explain the further increase in both MOR and MOE of the

wood-PE composites. The SEM picture of the fractured P1.5 sample shows poor

adhesion between wood particles and the PE matrix. Therefore, the improvement



102

of the strength and stiffness of the wood-PE composites by PMDI might be mainly

due to the strengthening of the wood particles rather than the improvement of the

interfacial adhesion between the wood particles and the PE matrix. The cured

PMDI networks might prevent water from penetrating the wood. This would

account for the improved water resistance of the wood-PE composites containing

PMDI.

The additional absorbance peak at 1730 cm1 (C=O group of esters) and the

weak absorbance peaks at 2920 cm' and 2860 cm' (characteristic hydrocarbon

absorbance peaks) in the FuR spectrum of S0.5-control suggest that some stearic

anhydride had formed ester linkages with wood (Fig. 4.7). The hydrocarbon chain

of the wood-bonded stearate might form entanglements or co-crystalline structures

with the PE matrix, and thereby improve the interfacial adhesion. The weak

hydrocarbon absorbance peaks (S0.5-control in Fig. 4.7) suggest that the amount of

stearate bonded to wood was small, and the SEM picture of the fractured S0.5

sample also indicats poor adhesion between the wood particles and the PE matrix.

All these agree with the fact that 0.5 wt% stearic anhydride resulted in little

increase in the MOR and MOE when compared with the control. Stronger

hydrocarbon peaks were observed for the wood-PE composites with 2 wt% stearic

anhydride (spectrum not shown), indicating that more stearic anhydride had bonded

to wood. This may explain why the wood-PE composites with 2 wt% stearic

anhydride had a slightly higher MOR and MOE than the control. The stearate
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bonded to wood makes the wood more hydrophobic, thus preventing water from

penetrating the wood. This may explain why the wood-PE composites containing

stearic anhydride absorbed less water than the control at the same soaking time.

The hydrocarbon absorbance peaks at 2920 cm' and 2860 cm1 in the

Pl.5S0.5-control FTIR spectrum were much stronger than those in the S0.5-control

FTIR spectrum (Fig. 4.7). This implies that the amount of the bonded stearate in

the P1.5S0.5 sample was much higher than that in the S0.5 sample. Why more

stearic anhydride and reacted with wood in the presence of PMDJ is still poorly

understood. One of the possible explanations is that PMDI absorbed residual

moisture in the wood, thus preventing stearic anhydride from hydrolysis by

moisture, thereby making it more available for reaction with wood hydroxyls. This

explanation is consistent with the observation that re-drying of the wood flour prior

to use greatly increased the strength of the resulting wood-PE composites for the

same compatibilizer system (Fig. 4,4). The increased concentration of wood-

bonded stearate would be expected to improve the interfacial adhesion between

wood and the PE matrix, and this was indeed observed. The SEM picture of the

fractured surface of the Pl.5S0.5 sample showed strong interfacial adhesion.

Therefore, the superior strength and stiffness of the Pl.5S0.5 sample was a result of

the strong interfacial adhesion and the strengthening of wood particles by the

compatibilizer system.
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In the presence of 1.5 wt% PMDI, the amount of the wood-bonded stearate

increased with increasing stearic anhydride dosage. This may explain why both the

MOR and MOE increased when the stearic anhydride dosage increased from 0.25

wt% to 0.5 wt% (Fig. 4.3). However, if too much stearic anhydride is added, the

excessive stearic anhydride may concentrate in the interphase between the wood

particles and the PE matrix, thus weakening the interfacial adhesion. Free stearic

anhydride may also serve as a plasticizer for the PE matrix. These suppositions

may explain why the MOR gradually decreased when the stearic anhydride dosage

was increased from 0.5 wt% to 2 wt% (Fig. 4.3).

4.7 CONCLUSIONS

Treatment of wood flour with PMDI slightly increased both MOR and MOE of the

resulting wood-PE composites. Combinations of PMDI and stearic anhydride

further increased the MOR and MOE of the composites. At the 2 wt% dosage

level, a PMDI-stearic anhydride compatibilizer system was superior to

commercially available MAPE with respect to increasing strength and stiffness.

The improved strength and stiffness of the wood-PE composites by a PMDI-stearic

anhydride compatibilizer system likely resulted from both improved interfacial

adhesion and strengthened wood particles. Analysis ofp-xylene-extracted wood-

PE composites with FTIR revealed that stearic anhydride formed ester linkages

with wood and PMDI-treated wood. The fractured surface of the composites

revealed the strong interfacial adhesion between wood particles and the PE matrix
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in the wood-PE composites containing a PMDI-stearic anhydride compatibilizer.

Moisture in the wood flour reduced the efficacy of the compatibilizers. The PMDI-

stearic anhydride compatibilizer system significantly reduced the water-uptake of

the resulting wood-PE composites when compared with MAPE.
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5.1 ABSTRACT

A commercially viable compatibilizer system containing poly(diphenylmethane

diisocyanate) (PMDI) and stearic acid was developed for improving the interfacial

adhesion between wood and polyethylene (PE). The treatment of PE with PMDI

before mixing with wood increased both the modulus of rupture (MOR) and the

modulus of elasticity (MOE) of the resulting wood-PE composites. Addition of

stearic acid further increased both MOR and MOE of the resulting composites.

The PMDI-stearic acid compatibilizer system was more effective in increasing both

the MOR and MOE of the resulting wood-PE composites than maleic anhydride-

grafied polyethylene (MAPE), a commonly used commercial compatibilizer. The

compatibilization mechanisms of the PMDI-stearic acid system were investigated

by Fourier Transform Infrared (FTIR) Spectrometry. A water-resistance test

revealed that the composites with the PMDI-stearic acid system were statistically

more water-resistant than those with MAPE.

5.2 KEYWORDS

Compatibilizer; PMDI; wood; polyethylene; stearic acid; woodplastic composites
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5.3 iNTRODUCTION

Wood-plastic composites (WPCs) have been a rapidly developing field during the

past fifteen years. They have attracted increasing attention from both the academic

and industrial communities. WPCs have many advantages when compared with

either wood or plastics. However, the interfacial adhesion between hydrophilic

wood and hydrophobic plastic is very poor due to their dissimilar properties.

Therefore, a coupling agent, generally called a compatibilizer, is added during the

production of WPCs. At present, a number of compatibilizers have been

investigated for wood-polyethylene composites, and maleic anhydride-grafted

polyethylene (MAPE) is one of the most commonly used commercial

compatibilizers (Balasuriya, Ye et al. 2002; Frink and Sachs 1981; Geng, Li et al.

2004, 2005; Li and Matuana 2003; Liao, Huang et al. 1997; Lu, Wu et al. 2005;

Oksman and Lindberg 1998; Oksman, Lindberg et al. 1998; Raj, Kokta et al. 1989;

Sedlackova, Lacik et al. 2001; Wang, Yeh et al. 2003). But the cost of MAPE is

much higher than either wood or polyethylene. This has limited its widespread

application in industry. In our previous paper, we described a new effective

compatibilizer system that consists of PMDI and stearic anhydride (Geng, Li et al.

2005). However, the PMDI-stearic anhydride compatibilizer system has limited

commercial value because stearie anhydride is not readily available in a large

quantity for commercial application. In this study, we disclosed a very effective

and commercially viable compatibilizer system that is composed of PMDI and

stearic acid.
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5.4 EXPERIMENTAL

5.4.1 MATERIALS

Pine flour (40 mesh and 2.04% moisture content) was provided by American Wood

Fibers (Schofield, WI). It was re-dried at 104 °C for 20 h prior to use. The

moisture content of the re-dried pine flour was 0.50%. HDPE (high density

polyethylene) (melt flow index: 0.55 g/l 0 mm) was provided by BP Solvay

Polyethylene North America (Houston, TX). PMDI was provided by Huntsman

Polyurethanes (West Deptford, NJ), MAPE (maleic anhydride-grafted

polyethylene, A-C OptiPak(TM) 200) was donated by Honeywell International, Inc.

(Morristown, NJ). Stearic acid and p-xylene were purchased from Acros Organics

(Morris Plains, NJ).

5.4.2 PREPARATION OF WOOD-PE BLENDS

Dry wood flour and HDPE powder with or without a compatibilizer were mixed in

a Brabender Plasticorder with a mixing bowl attached (C. W. Brabender

Instruments, Inc., South Hackensack, NJ).

The blending procedure varied with the different components in the composites.

Blending procedure A: This procedure was used for preparing wood-PE-

PMDI blends by mixing wood flour with PMDI first followed by mixing the wood-

PMDI blend with PE. This example blending procedure was used to prepare wood-
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PE composites with a wood/PMDI/PE weight ratio of 40/0.5/59.5. PMDI (0.22 g)

was added dropwise into wood flour (17.60 g) under a nitrogen atmosphere and

mixed well by mechanical stirring. The resulting wood-PMDI mixture was added

to the preheated Brabender bowl at 120 °C and 100 rpm, and mixed for 10 mm.

The bowl temperature was then raised to 170 °C and HDPE (26.18 g) was added

and mixed for 5 mm. The contents were then removed from the Brabender and

stored for compression molding.

Blending procedure B: This procedure was used for preparing wood-PE-

PMDI blends by mixing PE with PMDI first followed by mixing the PE-PMDI

blend with wood flour. The following example procedure was used to prepare

wood-PE composites with a wood!PMDI/PE weight ratio of 40/0.5/59.5: PMDI

(0.22 g) was added dropwise into HDPE (26.18 g) under a nitrogen atmosphere and

mixed for 2 mm with mechanical stirring. Then, pine flour (17.60 g) was added

and mixed for additional 2 mm. The resulting wood-PMDI-HDPE mixture was

added to the preheated Brabender bowl at 170 °C and 100 rpm, and mixed for 5

mm. The contents were then removed from the Brabender and stored for

compression molding.

Blending procedure C: This procedure was used for making wood-PE

composites without a compatibilizer. Pine flour (17.60 g) and HDPE (26.40 g) was

mixed in a 400 mL beaker by mechanical stirring for 2 mm. The bowl of the
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Brabender Plasticorder was preheated to 170 °C and the speed of the rotors in the

bowl was set to 100 rpm. The mixture of pine flour and HDPE was added and

mixed for 5 mm. The contents were then removed from the Brabender and stored

for compression molding.

Blending procedure D: This procedure was used for making wood-MAPE-PE

and wood-stearic acid-PE blends. The following example procedure was used to

prepare wood-PE composites with a wood/MAPE/PE weight ratio of 40/2/58: Pine

flour (17.60 g), MAPE (0.88 g) and HDPE (25,52 g) were mixed in a 400 mL

beaker with mechanical stirring for 2 mm. The bowl of the Brabender Plasticorder

was preheated to 170 °C and the speed of the rotor in the bowl was set to 100 rpm.

The mixture of pine flour, MAPE and HDPE was added and mixed for 5 mm. The

contents were then removed from the Brabender and stored for compression

molding.

Blending procedure E: This procedure was used for preparing wood-PE

blends with a PMDI-stearic acid compatibilizer. The following is an example used

to prepare wood-PE composites with a wood!PMDI/stearic acid!PE weight ratio of

40/1.5/0.5/58: HDPE (25.52 g) and stearic acid (0.22 g) were mixed together.

PMDI (0.66 g) was added dropwise to the mixture of HDPE and stearic acid under

a nitrogen atmosphere and mixed for 2 mm with mechanical stirring. Then pine

flour (17.60 g) was added and mixed for additional 2 mm. The resulting wood-
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stearic anhydride-PMDI-HDpE mixture was added to the preheated Brabender

bowl at 170 °C and 100 rpm, and mixed for 5 mm. The contents were then

removed from the Brabender and stored for compression molding.

5.4.3 PRESS PROCEDURE

A stainless steel mold with dimensions of 101.6 x 101.6 x 2 mm was used to

compression mold the wood-PE composites into boards. The platens of an

automatic benchtop press (Carver, Inc., Wabash, IN) were preheated to 185 °C.

The mold was filled with a well-mixed wood-PE sample, placed on the lower

platen of the Carver press and pre-heated for 10 mm. The press was closed slowly

allowing the wood-plastic to flow into the mold shape. The press pressure was

raised from 34.5 to 344.8 kPa over two mm and the mold was pressed at 344.8 kPa

for an additional 10 mm. The mold was then removed from the hot press and

cooled in a cold press at 344.8 kPa under ambient conditions. The resulting wood-

PB board was cut into 10 small test specimens. Each specimen was 54.50-56.50

mm long, l3.00-14.3Omm wide, and 2.10-2.40mm thick.

5.4.4 DETERMINATION OF THE STRENGTH AND STIFFNESS OF THE
WOOD-PE COMPOSITES

Ten specimens were tested for each wood-PE composite in accordance with ASTM

D790-02. Three-point bending test was applied on all the specimens. The small

specimens were tested on a Sintech machine (MTS Systems Corporation,

Enumclaw, WA) and the load-deflection curve determined. The support span was
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43 mm and the crosshead speed was 1.0 mm/mm. The modulus of rupture (MOR)

and modulus of elasticity (MOE) were calculated from the load-deflection data.

The MOR was defined as the first point on the load-deflection curve to show a

slope of zero. The MOE was determined from the slope in the initial elastic region

of the load-deflection curve.

5.4.5 WATER-RESISTANCE TEST

Five specimens of each wood-FE composite were used for the water-resistance test.

All the specimens were pre-weighed and then soaked in water at room temperature.

The specimens were taken out of the water, wiped with tissue paper, and then

weighed every 24 h for the first five days. The specimens were re-soaked in water

right after weighing. After that, the specimens were weighed at longer time

intervals until day 150. The water uptake percentage was determined as the weight

gain divided by the dry weight of the specimen.

5.4.6 iNVESTIGATION OF COVALENT LINKAGES BETWEEN A
COMPATIBILIZER AND WOOD IN WOOD-PE COMPOSITES

The following five wood-PE composites were investigated: the composite without

any compatibilizer, the composite made with the blending procedure A and with

1.5 wt% PMDI, the composite made with the blending procedure B and with 1.5

wt% PMDI, the composite with 0.5 wt% stearic acid, and the composite with 1.5

wt% PMDI and 0.5 wt% stearic acid. The wood-PE composites were cut into small

pieces by a fodder chopper, and then wrapped with a piece of filter paper. The
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wrapped wood-PE composites were extracted by p-xylene in a modified Soxhlet

extractor for 48 h. The thimble holder of the Soxhiet extractor was wrapped with

heating tape and heated to maintain the temperature of the solution in the holder

around 120 °C. The extracted wood-PE composites residue was dried at 103 °C for

24 h and then characterized by Fourier Transform Infrared (FTIR) spectrometry.

FTIR spectra were recorded on a Nexus 470 FTIR spectrometer (Thermo Nicolet

Corporation, Madison, WI) equipped with a golden gate heated diamond ATR

(attenuated total reflectance) accessory.

5.4.7 STATISTICAL ANALYSIS OF RESULTS

All data were analyzed with standard two-tail t-test using S-plus statistical software

(Insightful Corp., Seattle, WA).

5.5 RESULTS

5.5.1 EFFECTS OF BLENDING PROCEDURES ON THE MECHANICAL
PROPERTIES OF THE RESULTING WOOD-PE COMPOSITES

At 0.5 wt% PMDI, the MOR values of the wood-PE composites made from

blending procedure A and blending procedure B were statistically the same while

the MOE from blending procedure B was slightly higher than that from blending

procedure A (Fig. 5.1). At 1.0 wt% PMDI and 1.5 wt°/o PMDI, blending procedure

B resulted in much higher MOR and MOE than blending procedure A. For

blending procedure A, the MOR and MOE gradually increased when the PMDI

dosage was increased from 0.5 wt% to 1.0 wt% (Fig. :5.1). For blending procedure
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B, the MOR of the resulting composites significantly increased when the PMDI

dosage was increased from 0,5 wt% to 1.5 wt% (Fig. 5.1). The MOE of the

resulting composites increased when the PMDI dosage was increased from 0.5 wt%

to 1.0 wt% and remained statistically the same when the PMDI dosage was further

increased from 1.0 wt% to 1.5 wt% (Fig. 5.1).
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Fig. 5.1 Effect of the addition order on MOR and MOE of wood-PE composites (a:
blending procedure A, i.e., the mixing of PMDI with wood first; b: blending
procedure B, i.e., the mixing of PMDI with PE first; the numbers (0.5, 1.0, and 1.5)
before the letters a and b in the X axis represent the dosage of PMDI.
woodIPMDI/PE weight ratio = 40/X!Y (X+Y=60)). Data are the means of ten
replicates and the error bars represent one standard error of the means.

5.5.2 EFFECT OF STEARIC ACID ON MECHANICAL PROPERTIES OF THE
RESULTING WOOD-PE COMPOSITES
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When compared with the control, 0.5 wt% stearic acid resulted in a slightly lower

MOR, whereas the MOE remained statistically the same. When the dosage of
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stearic acid was increased from 0.5 Wt% to 1.0 wt%, neither the MOR nor the MOE

of the resulting composites were statistically different at a 95% confidence level

(Fig. 5.2).
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Fig. 5.2 Effect of the stearic acid dosage on MOR and MOE of wood-PE
composites (C: wood/PE weight ratio = 40/60; wood/stearic acid/PE weight ratio
401X/Y (X+Y=60)). Data are the means of ten replicates and the error bars
represent one standard error of the means.

5.5.3 Effect of combinations of PMDI and stearic acid on mechanical properties of

the resulting wood-PE composites

When compared with 1.5 wt% PMDI, combinations of 1.5 wt% PMDI and 0.11

wt% or 0.25 wt% stearic acid did not result in statistically different MORs or

MOEs (Fig. 5.3). However, the composite with a combination of 1.5 wt% PMDI

and 0.5 wt% stearic acid had a significantly higher MOR than those with 1.5 wt%

PMDI, whereas the combination did not increase the MOE (Fig. 5.3).
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At 1.5 wt% PMDI, the MOR of the resulting composites significantly

increased and the MOE remained statistically the same when the dosage of stearic

acid increased from 0.11 wt% to 0.25 wt% (Fig. 5.3). Both MOR and MOE

remained statistically the same when the dosage of stearic acid was further

increased from 0.25 wt% to 0.50 wt%. Further increase in the dosage of stearic

acid from 0.5 wt% to 1.0 wt% resulted in a slight decrease in both MOR and MOE

of the resulting composites. WhLen the dosage of stearic acid was increased from

1.0 wt% to 1.5 wt%, both MOR and MOE were statistically the same although the
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average value of the MOR with 1.0 wt% stearic acid was higher than that with 1.5

wt% stearic acid.

5.5.4 COMPARISON OF PMDI-STEARIC ACID COMPATIBILIZER SYSTEM
WITH MAPE

When the dosage of the compatibilizers was 2 wt% in wood-PE composites, the

MOR of the composites with P1.5SAO.5 (1.5 wt% PMDI and 0.5 wt% stearic acid)

was about 20% higher than that of the composites with MAPE2 (2 wt% MAPE)

(Fig. 5.4). The MOE values of these two systems were not statistically different.

When compared to the control, the MOR of the composites with the PMDI-stearic

acid increased by over 60%, while the MOE increased by around 20 % (Fig. 5.4).
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Fig. 5.4 Comparison of PMDI-stearic acid compatibilizer system with MAPE (C:
wood/PE weight ratio = 40/60; P1.5SAO.5: wood/PMDLlstearic acid/PE weight
ratio = 40/1.5/0.5/58; MAPE2: wood/MAPE/PE weight ratio = 40/2/58). Data are
the means of ten replicates and the error bars represent one standard error of the
means.
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5.5.5 WATER-RESISTANCE TEST

The water uptake percentage of all wood-PE composites increased with increasing

soaking time (Fig. 5.5). The wood-PE composites without any compatibilizer and

with 0.5 wt% stearic acid both had the highest water-uptake percentage. There was

no statistical difference between them. The wood-PE composites with 2 wt%

MAPE had much lower water uptake percentage than the control and the

composites with 0.5 wt% stearic acid. Both composites with 1.5 wt% PMDI alone

and with the combination of 1.5 wt% PMDI and 0,5 wt% stearic acid had lower

water-uptake percentage than those with MAPE. The water uptake percentages for

both composites with 1.5 wt% PMDI alone and with the combination of 1.5 wt%

PMDI and 0.5 wt% stearic acid were statistically the same (Fig. 5.5).
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Fig. 5.5 Water-resistance test (Control: wood/PB weight ratio = 40/60; SAO.5:
wood/stearic acid/PE weight ratio 40/0.5/59.5; MAPE2: wood/IVIAPE/PE weight
ratio = 40/2/58; P1.5: wood/PMDI1'PE weight ratio = 40/1.5/58.5; P1.5SAO.5:
wood/PMDllstearic acid/PE weight ratio = 40/1.5/0.5/58). Data are the means of
five duplicates and the error bars represents two standard errors of the means.

5.5.6 FTIR ANALYSIS OF COVALENT LINKAGES BETWEEN
COMPATIBILIZERS AND WOOD

PB dissolves well in p-xylene at temperatures > 100 °C. Therefore, the PE in

wood-PE composites should be completely removed by a modified Soxhlet

extractor after 48 h. The residue obtained from this procedure was analyzed by

FuR spectroscopy. The interactions between the compatibilizers and the wood

fiber were better illustrated by viewing subtracted FTIR spectra (Fig. 5.6). There

was a strong absorbance peak around 1740 cm_i in the FTIR spectrum of SAO.5-
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control, which was from the carbonyl groups of the ester linkages that formed

between stearic acid and the hydroxyl groups in wood. The strong absorbance

peaks at 1600-1740 em' in P1.5-control (blending procedure A), P1.5-control

(blending procedure B), and P1 .5SAO.5-control were from the carbonyl groups in

esters, urea and urethane structures. The spectrum of the P1.5-control (blending

procedure A) had no hydrocarbon absorbance peaks at 2850 and 2920 cm,

whereas the spectrum of the P1.5-control (blending procedure B) had two strong

hydrocarbon absorbance peaks at 2850 and 2920 cm. The spectrum of the

P1.5SAO.5 also had two strong hydrocarbon absorbance peaks at 2850 and 2920

cm'.
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Fig. 5.6 FTIR spectra of extracted residues with control spectrum subtracted
(control: wood/PE weight ratio = 40/60; SAO.5: wood/stearic acid/PE weight ratio
= 40/0.5/59.5; P1.5: woodfPMDI/PE weight ratio 40/1.5/58.5; P1.5SAO.5:
wood!PMDI/stearic acid/PE weight ratio = 40/1.5/0.5/58).
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5.6 DISCUSSIOJN

Mixing of PMDI with PE first resulted in much higher MOR and MOE than mixing

of PMDI with wood first (Fig. 5.1). It is somewhat surprising and still poorly

understood why the mixing order makes such a large difference in the strength and

stiffness of the resulting wood-PE composites. Comparison of P1.5-control FTIR

spectra from two different blending procedures (the procedures A and B) revealed

that some PE could not be removed from wood-composites made from the blending

procedure B using the p-xylene extraction method. Presumably, the PE was

covalently bonded to wood. We speculate that PE contains a very small amount of

functional groups such as hydroxyl groups that can react with PMDI, thus

covalently bonding the PE to wood. Because the functional groups are at such as a

small amount that efficient bonding of the PE to wood can only be realized when

PMDI and PE are mixed first.

When stearic acid was incorporated into wood-PE composites, it formed ester

linkages with hydroxyl groups in wood. The absorbance peak at 1740 cm' in the

FTIR spectrum of SAO.5-control indeed indicates the existence of ester linkages

(Fig. 5.6). However the amount of the covalently linked stearic acid may be very

low because the formation of esters between a carboxylic acid and hydroxyl groups

in wood is slow in the absence of a catalyst, which may explain why addition of
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stearic acid resulted in little increase in the MOR and MOE of the resulting

composites (Fig. 5.2).

At 1.5 wt% PMDI, addition of stearic acid at certain dosages further increased

the MOR. Stearic acid can react with both PMDI and wood. Theoretically, stearic

acid can be bonded to wood more efficiently when stearic acid is used with PMDI

than when stearic acid is used alone. The long hydrocarbon chain of the covalently

bonded stearic acid may form secondary bonds, entanglements or co-crystallizes

with the PE matrix. Therefore, increasing amounts of covalently bonded stearic

acid would further improve the interfacial adhesion. However, if too much stearic

acid is added, the excess stearic acid may act as a plasticizer for PE, thus

decreasing the strength of the resulting composites. This may explain why both

MOR and MOE slightly decreased when the dosage of stearic acid increased from

0.5 wt% to 1.0 wt% (Fig. 5.3). The gain in the MOR value by addition of stearic

acid may appear to be small; however, the gain is in addition to an already very

high MOR value. Stearic acid is thus an essential component of this new

compatibilizer system.

PMDI is widely used as a wood adhesive and is readily available. Stearic acid

is inexpensive, abundant, and readily available for commercial application. This

PIvIDI-stearic acid compatibilizer system is more effective than the most commonly

used compatibilizer for wood-PE composites, MAPE. This new compatibilizer is
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also cost-competitive with MAPE. Therefore, this compatibilizer should be viable

in commercial applications.

5.7 CONCLUSIONS

Mixing PMDI with PE first was more effective than mixing PMDI with wood first

in terms of increasing the strength and stiffness of the resulting wood-PE

composites. Combinations of PMDI and stearic acid further increased both MOR

and MOE of the resulting composites. At the 2 wt% dosage level, the PMDI-

stearic acid compatibilizer system resulted in significantly higher MOR and MOE

value for wood-PE composites than commercially available MAPE. Analysis ofp-

xylene-extracted wood-PE composites indicated that both stearic acid and PMDI

formed covalent bonds with wood. The PMDI-stearic acid compatibilizer system

greatly improved the water resistance of the resulting wood-PE composites. The

price of the PMDI-stearic acid compatibilizer system should be less than that of

commercially available MAPE.
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CHAPTER 6: GENERAL CONCLUSIONS

The wood-plastic composites (WPC) industry has made great progress during the

past ten years, but the application of WPCs is still limited due to poor interfacial

adhesion between two unlikely components: hydrophilic wood and hydrophobic

plastic. Compatibilizers have historically been used in WPCs to facilitate the

interfacial adhesion between wood and plastics. However, to date the variety and

efficacy of compatibilizers has not been sufficient to allow penetration of

significant new markets.

In this study, three novel compatibilizer systems were developed for wood-

polyethylene composites: polyaminoamide-epichlorohydrin (PAE)-stearic

anhydride, poly(diphenylmethane diisocyanate) (PMDI)-stearic anhydride and

PMDI-stearic acid.

In the PAE-stearic anhydride compatibilizer system, adjustment of the pH

value of PAE, the dosage of PAE and stearic anhydride all affected the mechanical

properties (MOR and MOE) of the resulting wood-polyethylene composites.

Under optimal conditions, the PAE-stearic anhydride system was comparable to

commercially available MAPE. Characterization of p-xylene-extracted wood-PE

composites demonstrated that stearic anhydride covalently bonded to wood and the

129
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PAE-bonded wood. The PAE-stearic anhydride compatibilizer system increased

the water-resistance of the resulting composites.

In the PMDI-stearic anhydride compatibilizer system, the dosages of both

PMDI and stearic anhydride affected the mechanical properties of the resulting

wood-polyethylene composites. At the 2 wt% dosage level, a PMDI-stearic

anhydride compatibilizer system was superior to a commercially available MAPE-

compatibilized system in terms of increased strength and stiffness of the resulting

composites. The improvement of the strength and stiffness of the wood-PE

composites by a PMDI-stearic anhydride compatibilizer system resulted from the

improvement of the interfacial adhesion and the strengthening of the wood

particles. Analysis ofp-xylene-extracted wood-PE composites with FTIR revealed

that stearic anhydricte formed ester linkages with wood and PMDI-treated wood.

The investigation of the fractured surface of the composites revealed a strong

interfacial adhesion between wood particles and the PE matrix in the wood-PE

composites containing a PMDJ-stearic anhydride compatibilizer. Moisture in the

wood flour had negative impacts on the efficacy of the compatibilizers. The

PMDI-stearjc anhydride compatibilizer system greatly reduced the water-uptake of

the resulting wood-PE composites.

In the PMDI-stearic acid compatibilizer system, treatment of polyethylene with

PMDI before mixing with wood increased both MOR and MOE of the resulting
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wood-PE composites. Addition of stearic acid to PE before treating with PMDI

further increased both MOR and MOE of the resulting composites. At the 2 wt%

dosage level, PMDI-stearic acid compatibilizer system resulted in significantly

higher strength and stiffness for the wood-PE composites compared to

commercially available MAPE. Analysis of p-xylene-extracted wood-PE

composites indicated that both stearic acid and PMDI formed covalent bonds with

wood. The PMDI-stearic acid compatibilizer system greatly improved the water-

resistance of the wood-PE composites. The price of the PMDI-stearic acid

compatibilizer system should be less than that of MAPE. This compatibilizer

system may be a feasible alternative to current products in various industrial

applications.
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