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Abstract In this research, the influence of thermo-

mechanical degradation of polypropylene (PP) on water

absorption and thickness swelling of beech wood flour–PP

composites were studied. For this purpose, a virgin PP was

thermo-mechanically degraded by two times extrusion

under controlled conditions. The results showed that the

melt flow index, water absorption and thickness swelling of

PP significantly increase by extrusion and re-extrusion. The

virgin PP and degraded polypropylene were compounded

with wood flour (at 60% by weight wood flour loading) in a

counter-rotating twin-screw extruder in presence or

absence of MAPP to produce wood flour–PP composites.

From the results, the composites containing recycled PP

exhibited higher water absorption and thickness swelling.

The use of MAPP decreased water absorption and thick-

ness swelling in composites made of virgin or recycled PP.

Keywords Wood flour-polypropylene composites �
Recycling � Water absorption � Thickness swelling �
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Introduction

Wood Plastic Composites (WPCs) are a relatively new

family of composite materials. In such composites, a nat-

ural fiber/filler (such as kenaf fiber, wood flour, hemp, sisal,

etc.) is mixed with a thermoplastic (e.g., polyethylene,

polypropylene, PVC etc.) to produce a WPC. WPCs are

becoming more and more commonplace by the develop-

ment of new production techniques and processing

equipment. Generally in WPC manufacturing virgin ther-

moplastic materials are widely used. Similar to virgin

plastics, any recycled plastic which can melt and be pro-

cessed below the degradation temperature of wood or other

lignocellulosic fillers (200 �C) is usually suitable for

manufacturing WPCs [1].

Plastic waste is one of the major components of global

municipal solid waste and annually, thousands of tons of

post-consumed polymeric material wastes are generated all

over the world. For example, waste plastics accounted for

11.2% of the 82.3 thousand tones of municipal solid waste

generated in Tehran in 2006 [2]. The increasing quantities

of plastic wastes and the effective and safe disposal of them

have become serious public concerns. Reutilization of the

post-consumed polymeric materials reduces the environ-

mental impact and dependence on virgin plastics.

Because of their large volume and low cost, plastic

wastes are promising raw material sources for WPCs. By

using recycled plastics rather than virgin resin, these wood/

recycled plastic composites provide an additional market

for recycled plastics. Hence, the development of new value

added products using wood flour and recycled plastic is

assuming greater importance.

Due to the significant increase in global oil prices, using

recycled plastics for the production of WPCs has recently

attracted considerable attention and now it is a major task

for researchers and industries. The use of recycled plastics

in wood plastic campsite is increasing in developed and

developing countries. It allows producers to make more

cost-competitive products. It is obvious that the price of

recycled plastics strongly depends on logistical solutions

but the price of virgin plastics depends on the global prices

of crude oil [1].
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Although the utilization of recycled plastics has been

considered for the manufacture of WPCs by a number of

authors [3–9], studies on hygroscopic properties of wood/

recycled plastic composites are very limited [10–13].

Considering the new applications and end uses of WPCs

and their exposure to atmosphere or contact with aqueous

media, it necessary to evaluate the hygroscopic character-

istics of WPCs. Water absorption and the consequent

thickness swelling are the most important characteristics of

WPCs exposed to environmental conditions determining

their applications. Therefore, hygroscopic characteristics as

a limiting parameter have to be taken into account in the

design of WPCs for final applications.

Adhikary et al. [13] have shown that the wood plastics

composites of 50 wt% recycled HDPE have lower water

absorption and thickness swelling in relation to those made

of 50 wt% virgin HDPE. The results of Adhikary et al. [13]

research also showed that the composites made from the

recycled plastics (PP and HDPE) show comparable water

absorption and thickness swelling to the composites made

of the virgin plastics. However, the water uptake and

thickness swelling can be reduced significantly with the

incorporation of coupling agent (MAPP) in the composite

formulation. Kazemi et al. [10] found that the maximum

water absorption and diffusion coefficients of WPCs from

recycled plastics (RPP or RHDPE) are higher than those

made from virgin plastics. WPCs from the mixture of

recycled PP and recycled HDPE have the highest water

absorption and diffusion coefficients. Water absorption of

studied composites was proved to follow the kinetics of a

Fickian diffusion process. Kazemi et al. [12] have also

studied long term thickness swelling of composites made

of recycled plastics immersed in water. The results showed

that the maximum thickness swelling of composite made of

virgin and recycled plastics(PP and HDPE) are the same

but by increasing the recycled plastic contents, swelling

parameter rate considerably increases. Swelling parameter

rate depends on how fast the composites swell. It means,

composites made of recycled plastics (HDPE and PP) will

take less time to reach the maximum thickness. The com-

posites containing a mixture of recycled HDPE and PP

exhibited highest swelling parameter rate.

Because recycled plastics may be obtained from dif-

ferent sources that may be exposed to different storage and

reprocessing conditions, they may show different perfor-

mances depending on their degradation process and level.

Therefore, the effect of the degradation of plastics on long-

term hygroscopic properties of WPCs needs to be identi-

fied. Such an analysis has not been addressed in the liter-

ature so far.

Extrusion is the most frequently used process to manu-

facture polypropylene (PP) products. The high levels of

shear and heat to which the polymer is exposed during

extrusion cause thermo-mechanical degradation [14].

Extrusion causes changes in molecular structure of poly-

propylene. These changes can lead to altered physical and

mechanical properties of final product. Thermo-mechanical

degradation of polypropylene during extrusion and multi

extrusion were studied by several authors [14–16].

This investigation is an attempt to provide detailed

information concerning the role of thermo-mechanical

degradation of polypropylene on hygroscopic properties of

wood flour/recycled polypropylene composites. For this

purpose, a virgin polypropylene was thermo-mechanically

degraded by extrusion and re-extrusion under controlled

conditions, and then hygroscopic properties of the degra-

ded polymer and the resulted composites were examined.

The effect of thermo -mechanical degradation of polypro-

pylene on mechanical properties of wood flour/recycled

polypropylene composites has been published earlier by

authors [2].

Materials and Methods

Materials

Polypropylene (PP) was grade PI0800 from BIP Co.

(Bandar Imam, Iran). The MFI of the PP (as Virgin PP) was

3.1 g/10 min (measured at 190 �C under a load of

2.164 kg). The maleated polypropylene (MAPP) coupling

agent used was UNITE (R) MP G 06070 3*8 supplied by

Malaysia Co. Wood flour used in the study was obtained by

screening industrial sawdust of oriental beech (Fagus ori-

entalis) collected from local mills to ?60/-40 mesh par-

ticle size. The material was dried in an oven for 24 h at

100 ± 2 �C.

Preparation of Recycled Polypropylene

The supplied PP was a virgin homopolymer. This was

degraded thermo-mechanically under controlled conditions

in a twin-screw extruder at a screw speed of 100 rpm and

temperature of 190 �C. The virgin PP was designated VP,

and R1P and R2P represent PP extruded once and twice,

respectively. By extrusion and re-extrusion of VP, the MFI

was increased to 3.8 and 11.0 g/10 min, respectively for

R1P and R2P.

Composite Preparation

Oven dried wood flour with moisture content less than 3%,

PP (virgin or degraded), and the coupling agent (MAPP)

were weighed for each formulation according to compo-

sitions presented in Table 1. They were compounded in a

counter-rotating twin-screw extruder model WPC-4815
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(Borna Pars Mehr Company, Iran). The barrel temperatures

of the extruder were controlled at 167, 167, 172, 157, and

154 �C for Zones 1, 2, 3, 4, 5 and 6, respectively, while the

temperature of the extruder die was held at 137 and 105 �C

for zones 1 and 2, respectively. The screw rotating speed

used was 29 rpm. The wood flour and PP were premixed

for 5 min to produce a homogenous mixture in a laboratory

mixer at 1,500 rpm before being fed into the first zone of

the extruder. Strips with a cross section of 70 9 10 mm2

were produced. For control, virgin and recycled polypro-

pylene samples were prepared. All specimens were con-

ditioned at 20 ± 2 �C and 65 ± 3% relative humidity for

at least 2 week before the tests were performed.

Water Absorption and Thickness Swelling

Water absorption tests were carried out according to

ASTM D570-98 Specification [17]. Five specimens of each

formulation were selected and dried in an oven for 24 h at

102 ± 3 �C. The weight and thickness of dried specimens

were measured to a precision of 0.001 g and 0.001 mm,

respectively. The specimens were then placed in distilled

water and kept at room temperature (20 ± 2 �C). For each

measurement, specimens were removed from the water and

the surface water was wiped off using blotting paper.

Weights and thicknesses of the specimens were measured

at different times during the long time immersion. The

measurements were terminated after the equilibrium

thicknesses of the specimens were reached. The values of

the water absorption in percentage were calculated using

the following equation:

WAðtÞ ¼ WðtÞ �W0

W0

� 100 ð1Þ

where WA(t) is the water absorption at time t, W0 is the

oven dried weight and W(t) is the weight of specimen at a

given immersion time t.

Also the values of the thickness swelling in percentage

were calculated using the Eq. 3.

TSðtÞ ¼ TðtÞ � T0

T0

� 100 ð2Þ

where TS(t) is the thickness swelling at time t, T0 is the

initial thickness of specimens, and T(t) is the thickness at

time t.

Results and Discussion

Water Absorption and Thickness Swelling of PP

Figure 1 illustrates the water absorption of virgin and

recycled PPs after 2 and 24 h immersion in water.

Although the water absorption of PP is very low, statistical

analysis has indicated that there is significant difference

between the water absorption (after 2 and 24 h immersion

in water) of virgin, once and twice extruded PP. Similar

results were observed for thickness swelling of virgin and

recycled PP (Fig. 2). Generally virgin PP (VP) and twice

recycled PP (R2P) exhibited the lowest and highest water

absorptions and thickness swellings after 2 and 24 h

immersion in water. Higher water absorption in degraded

PP probably indicates some gaps which provide more water

residence sites in recycled PP which may be created during

extrusion. DSC results have also confirmed that a decrease

in the extent of crystallinity of recycled PP (R1P and R2P)

[2]. Therefore the lower crystallinity can also explain

higher water absorption in recycled plastics.

Water Absorption of Composites

Long term water absorption curves of composites made

from wood flour and virgin or recycled PP are illustrated in

Fig. 3 where the percentage of water absorbed is plotted

against time for all samples. As it is clearly seen, generally

water absorption increases with immersion time, reaching a

Table 1 Composition of evaluated formulations (wt%)

Formulation Wood flour MAPP VP R1P R2P

WVP 60 0 40 0 0

WVPM 60 2 38 0 0

WR1PP 60 0 0 40 0

WR1PM 60 2 0 38 0

WR2P 60 0 0 0 40

WR2PM 60 2 0 0 38

W wood flour, V virgin, R1 once recycled, R2 twice recycled, M
MAPP

Fig. 1 Water absorption of virgin and degraded PP after 2 and 24 h

immersion in water
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certain value at saturation point where no more water was

absorbed. From Fig. 3 and Table 2 it can be observed that

in the absence of MAPP, maximum water absorptions of

composites made from virgin PP (WVP) and recycled PP

(WR1P and WR2P) are very close. In short term (for

example after 2 and 24 h immersion time) the difference in

water absorption between composites containing virgin PP

and recycled PP is a little higher (Table 2) and at some

times it reaches to 3% but WR1P and WR2P composites

have similar water absorptions. Figure 1 also indicates that

in composites containing virgin PP, the saturation time is

relatively longer than those of recycled PP. The short time

and long term water absorption curves of composites made

from once extruded PP (WR1P) was similar to those made

from twice extruded PP (WR2P). The latter showed

slightly higher saturation time.

Because of constant content of wood flour (60%) in all

formulations, the different water absorption among all

manufactured composites can be attributed to the type of

PP. As it was shown before that thermo-mechanical

degradation increases water absorption of PP and for this

reason the composites made of degraded PP exhibit higher

water absorptions.

Figure 3 also shows that the composites containing

MAPP exhibited lower water absorption compared to those

made without MAPP. The use of MAPP decreased the

maximum water absorption by 20, 17 and 14% in com-

posites containing virgin PP, once recycled PP and twice

recycled PP, respectively (see Table 2). The saturation

time of all composites was increased by 2% MAPP. In the

presence of MAPP, it can be clearly seen that recycling of

PP increased water absorption of wood–PP composites.

Generally it is necessary to use compatibilizers or cou-

pling agents (such as MAPP) in order to improve the polar

filler/fiber and non-polar plastics bonding and in turn to

enhance water resistance. The strong interfacial bonding

between the wood wood flour and PP caused by the com-

patibilizer (the MAPP chemically bonded with the OH

groups in the lignocellulosic filler) limits the water

absorption of the composites. The free OH groups come in

contact with water and form hydrogen bonding, which

results in water absorption in the composites. The addition

of MAPP can improve the compatibility between the

polymer and the ester linkages will be formed between the

hydroxyl groups of wood flour and the anhydride part of

MAPP [18]. Therefore, the amount of free OH- in the

wood cellulose is reduced and the water absorption of

composites will be compared to the composites without

MAPP. On the other hand, the improvement in the quality

of adhesion between wood and PP by using MAPP, reduces

the gaps in interfacial region and blocks hydrophilic

groups.

The analysis of diffusion mechanism and kinetics was

performed based on the Fick’s theory by fitting the exper-

imental values to the Eq. 4 according the method described

by Kazemi Najafi et al. [10] and Espert et al. [19].

log
Mt

M1

� �
¼ logðkÞ þ n logðtÞ ð3Þ

where Mt is the water absorption at time t; M? is the water

absorption at the saturation point; and k and n are

constants.

From the n values (Table 2) it can be concluded that the

water absorption of all formulations approach the Fickian

diffusion case. A higher value of n and k indicates that the

composite needs shorter time to attain equilibrium water

absorption and absorbs higher moisture initially. The value

of k of composites containing virgin PP was found to be

lower than those containing recycled PP. With increasing

degradation level of PP, k values of composites were

increased. The k tends to be less for the MAPP coupled

wood flour–PP composites.

Fig. 2 Thickness swelling of virgin and degraded PP after 2 and 24 h

immersion in water

Fig. 3 Water absorption curves for all formulations
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The diffusion coefficient is the most important param-

eter of the Fick’s model and shows the ability of water

molecules to penetrate inside the composite structures. The

diffusion coefficients were calculated according the

method described by Kazemi Najafi et al. [10] and Espert

et al. [19].

Table 2 shows the water diffusion coefficients for all

formulations. It is evident from Table 2 that with or

without MAPP, the composites containing VP have lower

diffusion coefficients than those made of recycled PP. The

composites made from twice recycled PP exhibited the

highest diffusion coefficients. The water diffusion coeffi-

cients of all composites were decreased with applying

MAPP. Compared with composites based on virgin PP,

higher water absorption for natural filler-recycled PP

composites were reported [10, 13]. Adhikary et al. [13]

explained that diffusion coefficients of wood-recycled PP

composites may be due to the presence of some impurities

in the recycled plastic. The magnitude of the diffusion

coefficients obtained in this work is close to the reported

values in literature [10, 13, 19]. It must be considered that

the diffusion coefficient can be affected by type, virginity

and content of plastics, manufacturing method, type and

content of filler/fiber, compatibilizer, etc.

Thickness Swelling of Composites

Thickness swelling curves of different composites are

illustrated in Fig. 4 where the thickness swelling is plotted

against time for all samples. Similar to water absorption,

thickness swelling increases with immersion time, reaching

a certain value where no more swelling was observed.

From Fig. 4 and Table 3 it can be observed that in the

absence of MAPP, maximum thickness swelling of com-

posites made from recycled PP (WR1P and WR2P) is very

close to those made from virgin PP (WVP). Similar results

are observed for short term (for example after 2 and 24 h

immersion time) thickness swelling. Generally the com-

posites containing VP exhibited slightly lower thickness

swelling compared to composites containing R1P and R2P,

respectively.

Figure 4 also shows that, similar to water absorption,

composites containing MAPP exhibited lower thickness

swelling compared to those made without MAPP. The use

of MAPP decreased the maximum thickness swelling about

32, 31 and 15% in composites containing virgin PP, once

recycled PP and twice recycled PP, respectively (Table 3).

As it can be seen in Fig. 4, in the presence of MAPP,

thickness swelling of composites made from R1P is similar

to those made from VP but WR2P composites exhibit a

relatively higher thickness swelling. From the results of

water absorption and thickness swelling it can be con-

cluded that the degradation level may influence MAPP

performance. The time to reach maximum thickness

swelling for all composites was increased by adding 2%

MAPP.

For more convenient comparisons, the thickness swell-

ing rate of composites was quantified by the model

described and developed by Shi and Gardner [20]. In this

model, a swelling rate parameter (KSR), as determined

using the test data, can be used to quantify the swelling

rate. The swelling model is expressed in the following

equation:

TSðtÞ ¼ T1
T0 þ ðT1 � T0Þe�KSRt

� 1

� �
� 100 ð4Þ

Table 2 Water absorption parameters for all formulations

Formulation Water absorption (%) n k (h2) Water diffusion coefficient

(910-12 m2 s-1)
2 h 24 h Max

WVP 3.7 6.6 22.9 0.3805 0.0897 7.37

WVPM 2.0 4.2 18.2 0.4300 0.0596 6.37

WR1P 5.2 8.2 23.4 0.3565 0.1221 8.62

WR1PM 2.4 4.8 19.4 0.4208 0.0662 7.67

WR2P 5.5 8.3 23.6 0.3565 0.1586 9.87

WR2PM 4.3 7.3 20.4 0.3153 0.1338 8.08

Fig. 4 Thickness swelling curves for all formulations
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where TS (t) is the thickness swelling at time t, T0 and TC

are initial and equilibrium board thickness, respectively.

KSR is a constant referred to as the initial (or intrinsic)

relative swelling rate. The values of KSR in Eq. 4 depend

on how fast the composites swell, and also on their equi-

librium thickness swelling. The higher value of KSR indi-

cates the higher rate of the swelling and thus the composite

reaches the equilibrium TS in a shorter period of time.

Nonlinear curve fitting was used to find the swelling rate

parameter (KSR) that provides the best fit between the

equation and the data. This algorithm seeks the parameter

values that minimize the sum of the squared differences

between the observed and predicted values of the depen-

dent variable as seen in Eq. 5.

SS ¼
Xn

i¼1

ðyi � ŷiÞ2 ð5Þ

where SS is the sum of squared difference and yi and ŷi are

the observed and predicted values of the dependent vari-

able, respectively.

Swelling rate parameter (KSR) of composites is given in

Table 3. It can be seen that in the presence and absence of

MAPP, the composites containing VP exhibited lower

swelling rate parameters and degradation level increased

this parameter. The application of MAPP decreased KSR of

all composites about 50%.

Figures 5 and 6 illustrate the comparison of the pre-

dicted thickness swelling from the swelling model (Eq. 5)

and the experimental data for the virgin and twice recycled

PP composites, respectively. It can be seen that the

swelling model fits the experimental data well for com-

posites containing VP and R2P with high R2 values. It can

also be observed that the model provides better prediction

for composites containing MAPP. It is also observed that at

lower swelling rate parameters, the swelling model pro-

vides better prediction for thickness swelling process of

composites.

Conclusions

The influence of thermally degraded polypropylene (PP) on

mechanical properties of beech wood flour–PP composites

Fig. 5 Thickness swelling model fit for wood—virgin PP composites Fig. 6 Thickness swelling model fit for wood—twice recycled PP

composites

Table 3 Thickness swelling values and swelling rate parameters for all formulations

Formulation T0 (mm) T? (mm) TS (%) KSR (910-3 h-1) SS R2

2h 24 h Max

WVP 10.098 11.094 1.9 5.8 21.3 5.8 21.3 0.98

WVPM 9.97 10.641 0.5 2.6 3.9 2.6 3.9 0.99

WR1P 10.065 11.074 2.2 7.7 23.6 7.7 23.6 0.97

WR1PM 9.96 10.64 0.6 3.36 3.3 3.36 3.3 0.99

WR2P 10.052 11.081 2.2 8.2 24.0 8.2 24.0 0.97

WR2PM 9.98 10.854 1.4 4.7 14.0 4.7 14.0 0.99

T0 initial thickness, T? equilibrium thickness, TS(?) max (equilibrium) thickness swelling, KSR swelling rate parameter, SS sum of squared
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was studied and the following conclusion can be drawn

from the results and discussions provide above:

• The melt flow index, water absorption and thickness

swelling of recycled PP significantly increased by

extrusion and re-extrusion of virgin PP.

• The composites containing recycled PP exhibited

higher water absorption and thickness swelling.

• MAPP decreased water absorption and thickness

swelling in composites containing virgin or recycled

plastics.

• Water absorption of all formulations approached the

Fickian diffusion case.

• Thermo-mechanical degradation of PP increased water

diffusion coefficient and swelling rate parameter of

resulted wood–PP composites.

• Degradation of PP may influence MAPP performance

for decreasing the water absorption and thickness

swelling of wood–PP composites.
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