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CHAPTER 1 

INTRODUCTION

The rapidly changing economic and environmental needs of today’s 

society are putting ever-increasing pressures on the forest products industry to 

increase the efficient use of the wood fiber resource as well as to use 

environmentally friendly processes and technologies. Meanwhile, the disposal 

of solid waste has become a worldwide problem which also puts pressure on the 

need to recycle valuable resources from wastes. McKeever and coworkers 

(McKeever 1995, McKeever et al. 1995) identified three major sources of wood 

waste in the United States: (1) municipal solid waste (MSW), (2) new 

construction and demolition wastes, and (3) primary timber processing mill 

residues. In 1993, the total amounts of wood wastes and paper products 

generated under these three categories summed up to 83.0, 29.2, and 74.5 

million tons, respectively. These figures indicated that wood wastes, so 

abundant in the waste stream, should be retrieved and reused.

One way to reuse wood waste is to combine it with plastic materials, which 

comprise 8% of the MSW (EPA 1990). Wood fibers, strong, lightweight, 

abundant, nonabrasive, and nonhazardous, are excellent fillers and reinforcing 

materials for the plastics industry; therefore, wood fibers can be combined with 

plastics to make wood-plastic composites.

Melt-blending and air-forming methods are commonly used to fabricate 

composites including wood-plastic composites. Conventional fiberboards are

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2

made largely by the air-forming method. Since the interface of fiberboards is 

discontinuous, poor stress transfer between the interfaces limits the use of 

fiberboard as load-bearing materials. However, if recycled wood waste and 

plastics can be incorporated into fiberboard without significant reduction in 

strength properties, the resulting wood fiber-plastic composites can sen/e as low- 

cost substitutes for conventional wood composites.

In melt-blended composites, where reinforcing fillers and matrix materials 

form continuous interfaces, stress transfer is critical to the mechanical properties 

of the final product. Problems associated with these types of composites are 

primarily due to poor dispersion of wood fibers in the plastic matrices and poor 

compatability between the hydrophillic wood fibers and the hydrophobic plastics. 

Several methods have been developed to enhance interfacial bonding, such as 

the use of compatibilizer as a processing aid. Therefore, it is important to 

understand the interfacial adhesion between wood and plastic.

On the other hand, the deterioration of fiber induced by repeated kneading 

and blending of two components at elevated temperatures and the agglomeration 

of wood fibers caused by interfiber hydrogen bonds should also be taken into 

account. A wood fiber-plastic laminate, made by interleaving treated or untreated 

paper sheets with plastic films, can eliminate these problems. This type of 

composite can be fabricated to preserve the interfiber hydrogen bonding, avoid 

reduction in fiber aspect ratio, enhance interface adhesion by means of 

interpenetration, and eventually to serve load-bearing purposes.
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This research is composed of three interrelated projects to address the 

aforementioned issues. The major purposes of this research are presented as 

follows.

Chapter 2 examines the feasibility of introducing recycled fibers and 

plastic powder for the manufacture of conventional fiberboard. The chemical 

composition and fiber length distribution of recycled and virgin fibers from four 

sources were characterized. Furthermore, a series of air-laid composites were 

fabricated to investigate the effects of virgin fiber ratio, panel configuration, and 

some processing factors on the strength properties of wood-polyethylene 

composites.

Chapter 3 investigates the interfacial adhesion between wood and 

plastics. The effects of compatibilizer and adhesive type on the wettability of 

birch plywood and polyolefin polymers were studied. In addition, compatibilizer 

and adhesive effects on the bulk interfacial shear strength of wood and plastics 

were investigated, using a modified single-fiber pullout method.

Chapter 4 describes the development of wood fiber-plastic laminates with 

various schemes. Feasibility of such composites as load-bearing material was 

assessed by evaluating the effects of fiber loading on strength properties of the 

final products.

From air-laid composites to laminates, wood fiber-plastic composites 

provide a broad spectrum of end-use applications. Potential uses range from 

commodity products of large quantity, with minimum performance requirements,
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to high value-added specialty products with rigorous performance requirements 

(Rowell et al. 1993).
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CHAPTER 2 

EFFECTS OF CONFIGURATION AND PROCESSING VARIABLES ON THE 
PROPERTIES OF WOOD FIBER-POLYETHYLENE COMPOSITES

2.1. INTRODUCTION

Paper and paper products account for as much as 40% of the municipal 

solid waste (MSW) generated annually in the United States (EPA 1990). 

Corrugated boxes, newspapers, and office papers are three major waste 

sources, the total weight generated summed up to approximately 23.1,13.3, and 

7.3 million tons respectively in 1988. The Environmental Protection Agency 

estimated that in 1988 nearly 45% of all corrugated boxes were recovered, while 

newspaper and office papers were recycled at a rate of approximately 33 and 22 

percents, respectively.

In addition, vast quantities of wood waste are generated in the United 

States each year. McKeever and coworkers (McKeever 1995, McKeever et al. 

1995) identified three major sources of wood waste in the United States: (1) 

municipal solid waste (MSW), (2) new construction and demolition wastes, and 

(3) primary timber processing mill residues. In 1993, the amount of wood waste, 

paper and paperboard, and yard trimmings constituted 7%, 38%, and 16%, 

respectively, of all MSW. New construction and demolition wastes totaled of 28.8 

million tons. Primary timber processing mill residues, in the form of sawdust, 

planer shavings, and chips (Youngquist et al. 1990), amounted to 74.5 million 

tons.

5
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These figures imply that fiber sources are abundant in the waste stream. 

The pulp and paper industry has been the largest user of recycled paper. The 

forest products industry has also endeavored to reuse these recyclable fiber 

resources. Some attempts have been made to reuse these materials alone to 

make panel products. The strength properties of the resulting products, 

however, either failed to meet commercial standards (Laundrie and McNatt 1975, 

Walters etal. 1977, Rowell and Harrison 1992, Krzysik etal. 1992, Rowell and 

Lange 1994) or marginally passed the standards (Krzysik et al. 1992). 

Therefore, virgin fibers were later blended with recycled fibers to improve panel 

strengths (Deppe 1985, Krzysik et al. 1992, Krzysik etal. 1993).

Another alternative to the reutilization of cellulosic materials from the 

waste stream is to combine them with nonwood materials to make composite 

products (Hamilton and Youngquist 1991, Rowell etal. 1991, Youngquist etal. 

1992, Wenger et al. 1992, Rowell et al 1993, Youngquist et al. 1993). Wood flour 

has been used as filler and reinforcing material in the plastic industry. Therefore, 

it is technically possible to use these two components to manufacture wood- 

plastic composites. In addition, since plastics comprise about 8 percent of the 

MSW (EPA 1988, EPA 1990), it is economically and environmentally desirable 

to use recycled plastics.

Not all thermoplastics are suitable for fabricating wood-plastic composites. 

The selection of plastic matrices is critical, because of the thermal degradation 

of hemicellulose, lignin and sometimes cellulose at elevated temperatures.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7

Among all thermoplastics, polyethylene (PE), polypropylene (PP), polyvinyl 

chloride (PVC), and polystyrene (PS) are most frequently used, due to their 

compatibility in processing temperature with wood (Sanadi etal. 1997).

Depending on manufacturing method, wood-plastic composites can be 

divided into melt-blended composites and air-laid composites; the latter also 

includes nonwoven mat composites (Hamilton and Youngquist 1991, Youngquist 

et al. 1993). The major differences between these two composite products are 

their fiber loadings. In melt-blend composites, the maximum fiber loading is 

generally less than 50% of the total volume; whereas in nonwoven mat 

composites, fiber loading can be as high as 90%.

Numerous researchers have concentrated on developing and improving 

the properties of composites. The Center for Research in Pulp and Paper at the 

University of Quebec-Trois-Rivieres in Canada has conducted studies on a 

number of factors affecting the performance of wood fiber-polystyrene 

composites. The factors investigated include wood species ( Maldas et al. 

1989a), processing variables (Sean etal. 1991), coupling agents (Maldas etal. 

1988, Maldas et al. 1989b, Maldas and Kokta 1990a), aging and recycling 

conditions (Maldas and Kokta 1989, Maldas and Kokta 1990b, Maldas et al. 

1990) and hybrid fibers (Maldas and Kokta 1990c, Maldas and Kokta 1991).

Voluminous research projects have also been conducted to study the 

effects of several factors affecting wood fiber-polyolefin composites. The factors 

studied are filler types (Klason et al. 1984, Woodhams et al. 1984, Clemons
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1995, Hon 1993, Sanadi et al. 1994), processing variables (Takase and Shiraishi, 

1989, Yam et al. 1990, Myers et al. 1993), coupling and/or dispersing agents 

(Dalvag etal. 1985, Kishi et al. 1988, Raj etal. 1989, Raj et al. 1990, Raj and 

Kokta 1989, Gatenholm etal. 1993, Caulfield etal. 1993), and aging conditions 

(Raj and Kokta, 1995).

All of the above-mentioned wood-plastic composites were melt-blended 

composites. The overall results of these studies showed that with appropriate 

surface modification and proper processing conditions, wood fibers can sen/e as 

satisfactory fillers in thermoplastic materials, resulting in enhanced stiffness, 

comparable strength properties and, most of all, lower cost.

However, studies on nonwoven mat composites are less abundant. 

Research projects conducted by the USDA Forest Products Laboratory reported 

that combining western hemlock fibers with polyester as well as phenolic resin 

showed better overall mechanical and physical properties than using wood fibers 

and thermoplastics alone (Youngquist etal. 1992). Using this technique, second- 

generation panels made from recycled materials showed favorable strength 

properties (Youngquist et al. 1995).

Even though wood fiber-filled thermoplastics have promising features 

which can be tailored to a broad spectrum of applications (Youngquist et al. 

1992), wood fibers have been used mainly as low-cost fillers, i.e., additives, to 

the plastic industry. A nonwoven technique is an alternative option of using 

wood fiber as the major component. However, it requires special machinery to
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fabricate the product. Wu et al. (1994) fabricated an air-laid panel product to 

serve as a substitute for conventional particleboard which resulted in improved 

dimensional stability without using special machinery. They devised a series of 

two-component systems containing wood particles and thermoplastic additives 

to examine the effect of various fiber compositions on the properties of wood- 

plastic composites. Their results showed a reduction in bending properties (MOE 

and MOR) and bonding strength (IB) with increase in thermoplastic content. In 

comparison between the two plastic types, the reduction was less in polystyrene 

than in polyethylene; in comparison among the three adhesive types, the 

reduction was less in isocyanate than in urea-formaldehyde and phenol- 

formaldehyde.

Rowel et al. (1993) stated that more information is needed to understand 

the basic properties of recycled materials. Therefore, this study was undertaken 

to optimize the processing factors of wood fiber-plastic composites with 

structured experimental designs and to investigate in detail more complicated 

formulations. This research was divided into two parts. Part I was designed to 

determine chemical and physical properties of recycled wood fibers from three 

sources and one type of virgin fiber. Part II involved three experiments: (1) 

investigation on the effect of recycled fiber on properties of hardboards, (2) 

enhancement of properties of wood fiber-polyethylene composites by various 

panel configurations, and (3) determination of the effect of some processing 

variables on properties of wood fiber-polyethylene composites.
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2.2. MATERIALS AND METHODS 

2.2.1. Part I. Characterization of Wood Fibers from Four Sources

2.2.1.1. Materials

In this study, four types of fibers were used: (1) OCC1 -  Old corrugated 

cardboard from local recycled industry, (2) OCC2 -  Old corrugated cardboard, 

(3) ROP -  Recycled office paper (mainly waste Xerox paper), and (4) VIR -  

Southern pine virgin fibers from fiberboard manufacturing. OCC2 and ROP were 

reclaimed from residue office waste at the LSU campus and were shredded to 

manageable sizes without deinking.

2.2.1.2. Methods

2.2.1.2.1. Chemical Analysis

Characterization of chemical composition of the four fiber sources was 

conducted in accordance with ASTM standards, including alcohol-benzene 

extractive content (ASTM D 1105-84), holocellulose content (ASTM D 1104-56), 

alpha-cellulose content (ASTM D 1103-60), and Klason lignin content (D 1106- 

84) (ASTM 1994). These tests contained replications of 24, 12, 6, and 6, 

respectively, in a completely randomized design. An analysis of variance was 

performed to compare differences in chemical components among the four fiber 

types.

2.2.1.2.2. Fiber Length Measurement

From each of the four fiber sources, fifteen dry fiber sample were 

collected. Each sample weighed 70 g, and was saturated in 2500 ml water
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overnight. These samples were then further divided into three groups, each

containing five samples. These five samples within one group were placed

separately in a disintegrator (Hermann Manufacturing Co., rpm=120) to randomly

disintegrate at 100, 200, 300, 400, and 500 revolutions. From each sample, six

subsamples weighing 20 g, were randomly selected. Each subsample was

placed in a water classifier (The Bauer Bros. Co.), which divided the fibers into

four fractions determined by mesh size of four screens, i.e., 14(A), 28(B), 48(C),

and 80(D). The six subsamples, each containing four fractions, were then

divided into two subgroups. Each of the fractions of one subgroup was oven-

dried and weighed to estimate its weight proportion. Fractions from the other

subgroup were stained by 1% safranin aq. solution, and their fiber lengths were

measured using a microscopic projector (Haas Instrument Co.). A total of 9,000

fibers was measured. Based on the weight proportion and the average length

of each fraction, weighted fiber lengths were calculated and compared in

accordance with the principle of two-way factorial treatment arrangement.

2.2.2. Part II. Effects of Recycled Materials on the Properties of Wood Fiber- 
Polyethylene Composites

2.2.2.1. Material

Virgin southern pine fibers (VIR) and recycled fibers (OCC1) were 

obtained as described in Part I. Urea formaldehyde (Chembond UF), with 65% 

solid content, pH 8.0, was supplied by Neste Co. The polyethylene (PE) plastic 

was obtained from commercial garbage bags (about 8 mil). These bags were 

shredded into squares approximately 1x1 -inch with a paper cutter. The squares
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were then ground to powder using a conventional disk refiner. The size 

distribution of PE powder is listed in Table 2.1.

2.2.2.2 Methods

2.2.2.2.1. Effect of Recycled Fiber on the Properties of Hardboards

A completely randomized design was employed to investigate the effect 

of adding recycled fibers to the southern pine hardboard. The amounts of 

recycled fibers added were 0%(A), 20%(B), 40%(C), 60%(D), 80%(E), and 

100%(F) by weight.

For panels containing both virgin and recycled fibers, the two types of 

fibers were first hand-mixed to achieve better fiber distribution, then blended with 

UF resin (10% by weight) in a laboratory-scaled propeller glue spreader (Figure 

2.1). The mixture was then air-laid in a specially designed automatic air-forming 

system (Figure 2.2). In panels containing only one type of fibers, no hand-mixing 

was performed.

The furnish was compressed in a hot press at 350°F for 5 minutes, 

according to the schedules shown in the second column of Table 2.2. A total of 

18 panels with nominal dimensions of 12x12x1/4 -inch were made with three 

replicates for each virgin fiber level. After hot pressing, the panels were stored 

in the laboratory at room temperature until equilibrium, then cut into various test 

samples to determine their physical and mechanical properties.

Properties investigated include (1) Internal bond (IB), (2) 3-point bending 

modulus of rupture (MORb) and bending modulus of elasticity (MOEb), (3) water
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absorption after 2 (WA2) and 24 hours (WA24), (4) thickness swelling after 2 

(TS2) and 24 hours (TS24), and (5) contact angle measurement. All the strength 

property test procedures were done in accordance with ASTM D-1037-94 (ASTM 

1994). Two specimens were extracted from each panel for bending test, 3 for IB, 

and 1 for both WA and TS. Contact angles were measured by the direct optical 

method. Three wetting liquids(UF, PF, and water) were selected to determine 

the wettability of hardboards with various virgin fiber contents. An analysis of 

variance was performed to examine the influence of recycled fibers on the 

properties of hardboard.

Table 2.1. Size distribution of polyethylene powder.

Mesh Average %

< 18 1.62 (0.30)1
1 8 - 4 5 30.65 (2.16)
1 4 - 6 0 21.24 (1.59)
60 -80 18.16 (1.43)
>80 28.32 (2.82)

1. Numbers in the parentheses represent standard deviations.

Table 2.2. Hot pressing schedules for manufacturing of wood fiber-plastic 
composites.

Pressure ------Hot pressing time (min.) ----------

(pound) 5 min. schedule 7.5 min. schedule

250 1 2.5

150 2 2
75 1 2
25 1 1
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Figure 2.1. Schematic presentation of laboratory-scaled propeller glue 
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Figure 2.2. Schematic presentation of laboratory-scaled automatic 

air-forming system.
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2.2.2.22. Effect of Configuration on the Properties of Wood Fiber-Polvethylene 
Composites

Five configuration schemes of wood fiber-polyethylene composites 

containing virgin fiber, recycled fiber and recycled polyethylene were fabricated. 

Among five schemes, three were homogeneous and two were layered structures 

(Table 2.12). To obtain satisfactory distribution, in treatments which contained 

PE, fibers were hand-mixed with PE before spreading with UF resin in a propeller 

glue spreader. In treatments which contained both virgin and recycled fibers, the 

two fibers were first hand-mixed prior to adding PE.

In the fabrication of homogeneous hardboard, analogous forming plots 

described in the previous section were used. In the manufacturing of layered 

panels, the face layer was air-formed on the bottom of the forming box and then 

topped with the core and another face layer. The layered structures contained 

10% virgin fibers on each face layer. Furnishes were compressed and 

consolidated in a similar manner as shown in Figure 2.3. Each panel 

configuration contains four 12(W)x12(L)x1/4(T)-inch panels in a completely 

randomized design. Previously described analysis methods were conducted to 

evaluate the effects of layer structure and addition of PE on the physical 

properties of hardboards.

2.2.2.2.3. Effects of Some Processing Factors on the Properties of Wood Fiber- 
Polvethylene Composites

Panels with compositions consisting of virgin fiber (V IR ): recycled fiber 

(OCC1): polyethylene (PE)=4:4:2 were fabricated in a manner conformed to a
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previously mentioned manufacturing process. The dimensions of the panels 

were 12(W)x12(L)x1/4(T)-inch, and each treatment combination contained three 

replicates. The testing for strength properties and contact angles of wood fiber- 

polyethylene composites was done in the same manner as described previously.

A completely randomized design with factorial treatment arrangement was 

adopted. The hot pressing schedules and levels of factors investigated are 

presented in Tables 2.2 and 2.3, respectively. A three-way ANOVA was 

performed to investigate the effects of hot press temperature (TEMP), nominal 

panel density (PCF), and hot press time (TIME) on the properties of wood fiber- 

polyethylene composites. The effect of wetting liquid (LIQUID) was also included 

in the contact angle measurements, therefore a four-way ANOVA was performed.

Table 2.3. Processing variables in investigating properties of wood fiber- 
plastic composites.

Variables Level Description

Hot press temperature (TEMP) 3 350, 400, 450 °F

Density (PCF) 2 50 and 60 pounds per cubic foot

Hot press time (TIME) 2 5 and 7.5 min.

2.3 RESULTS AND DISCUSSION

2.3.1. Part I. Characterization of Wood Fibers from Four Sources

2.3.1.1. Chemical Analysis

The contents of alcohol-benzene extractive, holo-cellulose, alpha- 

cellulose, and lignin in wood fibers from the four different sources are
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summarized in Table 2.4. Results of Tukey’s test among the four types of fibers 

for each chemical component are also presented in Table 2.4. Alcohol-benzene 

extractive and lignin contents showed the same ranking with respect to the four 

fiber types. Virgin fibers (VIR) had the highest contents of alcohol-benzene 

extractive and lignin, followed by two old corrugated cardboards (OCC1 and 

OCC2), and then recycled office paper (ROP). The ranking for holo- and alpha- 

cellulose contents were ROP = or > OCC1 > OCC2 > VIR.

The average contents of alcohol-benzene extractive, holo-cellulose, and 

lignin in VIR are comparable to the results obtained by Shupe (1996). The 

lowest holo- and alpha-cellulose contents and highest extractive and lignin 

contents in virgin fiber is due to VIR is from thermomechanical pulp. Whereas 

the opposite trends found in ROP is because Xerox paper is mostly made of 

bleached softwood kraft pulp. Corrugated cardboard, on the other hand, is 

generally made of unbleached kraft pulp as the liner board, and mixed hardwood 

semichemical pulp as the corrugating medium (Koning 1983).

The discrepancy between OCC1 and OCC2 may be due to the complexity 

of cardboard composition, variation among different products, addition of 

recycled fibers, and/or the method of recycling. Old corrugated cardboard can 

be a good recyclable fibrous material, since it comprised roughly 13% of the 

MSW, or 23.1 of 179.6 million tons in 1988. However, using old corrugated 

cardboard as a source of low-cost fillers of thermoplastics may result in lack of 

uniformity during processing and in the final products.
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Table 2.4. Chemical compositions of four wood fiber types.
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Fiber
type

Alcohol-benzene
extractive
content

Holo-cellulose
content

Alpha-
cellulose
content

Lignin
content

___ 0/

OCC1 3.69
(0.94)1

B 81.82 A 
(0.57)

75.47 B 
(0.51)

16.01 B 
(0.42)

OCC2 2.04
(0.60)

C 74.52 B 
(0.96)

73.75 C 
(1.01)

11.17 C 
(0.98)

ROP 0.41
(0.34)

D 82.78 A 
(0.37)

80.72 A 
(1.05)

0.73 D 
(0.13)

VIR 5.85
(1.06)

A 71.30 C 
(1.35)

61.46 D 
(1.05)

27.56 A 
(0.37)

1. Numbers in the parentheses are standard deviations.

2.3.1.2. Fiber Length Measurement

The average weighted fiber lengths of the four fiber types at different 

disintegrating revolutions are presented in Table 2.5. In VIR, the average fiber 

length was about 3 mm, whereas, in OCC1, OCC2, and ROP, the fiber lengths 

were about 2mm. The results of two-way ANOVA (Table 2.6) indicate that fiber 

type (FT) and disintegrating revolution (DR) main effects were significant at 

a=0.05 level. The interaction (FT*DR), however, was not significant, indicating 

that the changes in average fiber length with respect to changes in DR among 

the four fiber types were consistent.

The dependence of fraction on number of disintegrating revolutions for the 

four fiber types is shown in Figures 2.4 to 2.7. These figures show different 

patterns. In VIR (Figure 2.7) and OCC2 (Figure 2.5), portion A remained the
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dominating fraction for all disintegrating revolutions. However, in VIR each of the 

four portions was the same with respect to number of revolutions. In contrast, 

in OCC2, the portion A trended downward and the portions B, C and D upward 

with an increase in disintegrating revolution. Fractions of VIR were unaffected 

by disintegration. In both OCC1 (Figure 2.4) and ROP (Figure 2.6), portion A 

was the major fraction at lower disintegrating revolutions. As the number of 

revolutions increased, portions B and C became more prominent. These 

patterns indicate that OCC1 and OCC2 behaved differently to disintegration. 

OCC2 was more resistant to disintegration than OCC1.

Tukey and contrast tests were performed to clarify the influences of FT 

and DR, respectively. Results of the Tukey’s test show that by combining all 

revolution levels, the average fiber length of VIR was significantly higher than 

those of OCC1, OCC2, and ROP (Figure 2.8). This suggests that, in this study, 

recycled fibers had shorter lengths than virgin fibers, and the fiber lengths of all 

the three types of recycled fibers were the same. On the other hand, results of 

contrasts reveal that there was a linear relationship between fiber length and 

number of disintegrating revolutions.

From these results, we can conclude that recycled fibers from different 

origins tend to have different chemical compositions even though their fiber 

lengths may not be significantly different. The mechanical properties of individual 

fibers, however, are also important factors in the utilization of recycled fibers, but 

our understanding of these properties is still limited.
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