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ABSTRACT: Ethanolamine and L-arginine treated wood
flour were added to polyvinyl chloride (PVC) in order to
improve the interphase between PVC and wood. The
influence of the treatment on pH-value changes and nitro-
gen fixation of the wood and mechanical properties of the
composite were evaluated. The treatments changed the pH
of wood from acidic to basic. The highest nitrogen fixation
was measured for monoethanolamine and L-arginine

treated wood flour at high concentrations. Tensile
strength, elongation at break, and unnotched impact
strength were improved by ethanolamine and L-arginine
treatments considerably. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 124: 4542–4546, 2012
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INTRODUCTION

Polyvinyl chloride (PVC) based wood flour compo-
sites become more important in research and indus-
trial applications during the last decades.1 Com-
pared to the widely used polyolefin based wood-
plastic composites (WPC), formulations containing
PVC as matrix show enhanced stiffness, creep
behavior, weatherability, and flame retardancy.2 Still,
the compatibility of the components is limited. The
poor interfacial adhesion between the hydrophilic
wood surface and the hydrophobic PVC leads to
weak mechanical properties.3,4 Several studies
showed enhanced strength values because of wood
flour pretreatment using aminosilanes.5–8 It is
reported that amino groups included in the silicon
compound are able to interact with the matrix.9 The
nature of the wood surface changes and becomes
more basic. Acid–base interactions occur between
the treated wood flour and the acidic polymer,
whereas different bonding mechanisms are possi-
ble.6,10–12 The main interaction suggested is based on
the Lewis acid–base theory, where ionic bonds are
formed between the amino groups of treated wood
flour and the chlorine atoms of the PVC.11,13–14 Fur-

thermore an improvement in flexural strength and
unnotched impact strength was achieved by wood
flour treatment using copper-amine.15,16 Copper-
amine complexes are commonly used as wood pres-
ervatives. The amine serves as a fixation agent for
the copper-ion, which has a high effectiveness
against wood decay fungi.17 The objective of this
study is to investigate the influence of various etha-
nolamines and amino acid treatments, on the me-
chanical properties of PVC based WPC. A potential
application of the composite is for window frames,
where mechanical properties, especially impact
strength are important. Several studies indicated
that, ethanolamine chemically reacts with hemicellu-
loses (carbonyl groups) and lignin.18–20 Elemental
analyses of nitrogen were used to determine the fix-
ation as an indicator of the treatment success. An
additional advantage is that ethanolamines have a
lower price than aminosilanes, and contain no heavy
metals such as copper-amine complexes. Ethanol-
amines and the used amino acid are nontoxic but
produce irritant and corrosive effects.

EXPERIMENTAL

Material

PVC with a K-value of 63 was provided by Solvin
SA in the form of powder. The K-value describes the
inherent viscosity and molecular mass of the PVC,
respectively. The K-value increases with increasing
molecular mass. Wood flour C100 (Picea abies) were
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obtained from wood milling processes and supplied
by JRS GmbH þ Co. KG. The average size of the
wood flour particles was in a range of 50–150 lm.
Monoethanolamine (MEA), diethanolamine (DEA),
triethanolamine (TEA), and L-arginine (LAR) were
used as treatment agents and were purchased from
Th. Geyer GmbH, KG. The chemicals had the purity
level ‘‘for analysis.’’ To complete the formulation,
following additives were mixed with main compo-
nents: Ca/Zn stabilizer, polyethylene based wax,
glycerin stearate, and aliphatic acid as lubricants
and calcium carbonate as mineral filler.

Methods

Wood flour treatment

The LAR and the ethanolamines were solved in dis-
tilled water and applied to wood flour in concentra-
tions of 2.5 and 5 wt % (wood flour). Solutions were
sprayed onto oven dried (48 h at 103�C) wood flour
in a mixing drum. Afterwards treated wood flour was
first dried in a vacuum heated chamber to moisture
content below 1%. Subsequently, the temperature was
raised to 110�C for 24 h in order to fix the agents. In
addition, untreated (water sprayed) wood flour was
processed in the same way (abbreviation: Ref).

Wood flour analysis

To get information about the fixation of nitrogen in
the wood flour and the changes in pH-value, a leach-
ing process was implemented. Ten gram of treated
and untreated wood flour were mixed with 500 mL
distilled water and stirred for 24 h at 80�C in a water
bath. The suspensions were filtered and oven dried.
Thus, two different groups were classified. The first
group is the nonleached wood flour samples, repre-
senting the wood flour as it behave in the composite
and the second group is the leached wood flour sam-
ples, which only contains the bound part of the
chemical. For every treatment and the reference the
pH-value and nitrogen content were measured
nonleached and leached. The pH-values were deter-
mined by mixing and stirring 2.5 g of each sample
(leached and nonleached) with 100 mL distilled
water. pH-values were measured with a calibrated
pH-meter (WTW InoLab pH Level 2 P). The nitrogen
content was measured with an elemental analyzer
(Heraeus, Elementar Vario EL). For each sample
(leached and nonleached) � 5 mg were used to load
the combustion cell. The materials were completely
oxidized at a temperature of 1000�C and the nitrogen
was quantified by a thermal conductivity detector.
The nitrogen fixation was calculated using eq. (1)

Nf½%� ¼ Ncl
Ncnl

� 100

where nitrogen fixation Nf (%) is described by nitro-
gen content (mg) of leached (Ncl) and nonleached
(Ncnl) samples.

Processing of PVC wood flour composites

Treated and untreated wood flour, PVC and addi-
tives were dry blended in a mixer (Reimelt Hen-
schel, FM L 30 KM 85) until a product temperature
of 120�C was reached. In this study the wood con-
tent was kept constant at 50% by weight. Composi-
tion details are listed in Table I. The dry blend
was compounded to granulate by counter-rotating
twin screw extrusion (Leistritz MICRO 27). Com-
pounding parameters were adjusted to obtain an
average mass temperature of 180�C at a screw
rotation speed of 65 rpm. The composites were
compression molded into panels (4 � 280 � 340
mm3) using a hydraulic press (Joos, HP-S 200LAB)
at 190�C and 60 bar for 5 min. Temperature was
slowly reduced to allow hardening of the compos-
ite under pressure.

Mechanical properties

The mechanical properties of the composite were
determined by testing impact and tensile proper-
ties. Unnotched impact strength test was per-
formed according to EN ISO 179-1/1eU by using a
Ceast, Resil Impact tester with hammer energy of 1
J for 20 replicates per formulation. The tensile test-
ing was conducted according to EN ISO 527 using
a Zwick/Roell static material testing machine,
model Z010 Allround Line. For each formulation
10 samples were tested at a cross head speed of
2 mm/min.

Statistical analysis

Origin 8G system was used for statistical analysis of
the treatment effects on the mechanical properties.
One-way ANOVA and Turkey pair wise comparison
at a 95% confidence interval were used to investigate
differences between the formulations. Significant
differences are expressed with different letters in
columns.

TABLE I
Composite Ingredients

Ingredient pph

Suspension PVC 100
Ca/Zn stabilizer 2.5
Polyethylene wax 0.15
Glycerin stearate 1.2
Aliphatic acid 0.2
Calcium carbonate 10
Wood flour (dried) 116
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RESULTS AND DISCUSSION

Wood flour analysis

The pH-values of nonleached and leached wood flour
treatments are represented in Figure 1. Compared to
the reference an increase in pH-value was detected
for all listed treatments. The nature of the wood flour
changes from acidic to basic for the nonleached treat-
ments. Independent of the agent used the pH-value
increases with increasing ethanolamine/amino-acid
concentration. The highest increase for the non-
leached treatments was measured at 5MEA, whereas
the differences to the remaining treatments at high
concentration are minor. The results suggested
that no obvious ethanolamine evaporation took place
during the treatment process.19,20 Same observation
was made for LAR treatment in this study. Leaching
of the samples considerably lowered the pH-values;
nevertheless the values were higher related to the
untreated reference. The results imply that a certain
amount of the treatment agent was not fixed in the
wood structure and therefore leached by water.
Information concerning the fixation and the nitrogen
content of nonleached and leached wood flour

treatments are illustrated in Figure 2. As expected the
nitrogen content of the nonleached wood flour
depends on the nitrogen content of the treatment
agent. LAR had the highest amount, followed by
MEA, DEA, and TEA. Thus, higher contents were
measured with increasing concentration of the agent.
With regard to the treatment success the percentage
fixation of nitrogen of each treatment had to be com-
pared. 5MEA and 5LAR had the highest nitrogen fix-
ation and TEA the lowest. With the exception of
DEA, the fixation increases with increasing concentra-
tion of the agent. However, amino groups of MEA
and LAR seemed to be more effective at wood fixa-
tion than DEA and TEA.

Mechanical properties

Tensile properties

Tensile strength of PVC/treated and untreated wood
flour composites are presented in Figure 3. Each of
the treated wood flour composites showed a signifi-
cant improvement of tensile strength compared to the
untreated reference. Same observations were made for
aminosilane treated PVC/treated wood flour compo-
sites in previous studies.5,7,11 The results suggest an
improvement of the interphase between basic modi-
fied wood surface and acidic matrix.8–10,12 With an
increase of 83%, the strongest improvement was
achieved by the treatment with 5LAR. For the ethanol-
amine treatment increases of 66 and 56% for 5MEA
and 5DEA were measured, respectively. With the
exception of TEA treatment, tensile strength increased
with increasing concentration. The LAR treatment
showed the highest increase with increasing concen-
tration. The minor increase for TEA treatment is prob-
ably related to the poor nitrogen fixation. In contrast,
5DEA showed strength values comparable to 5MEA,
although nitrogen content and fixation of 5DEA were
much lower. The wood content, mainly influencing

Figure 1 pH-values of leached and unleached wood flour
treatments.

Figure 2 Nitrogen content and fixation of nonleached
and leached wood flour treatments.

Figure 3 Tensile strength of PVC/treated and untreated
wood flour composites. Data in columns with different let-
ters differ significantly.

4544 MÜLLER ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



the tensile modulus, remained constant at 116 pph (50
wt %). The values ranged from 5679 MPa (Ref) to
6063 MPa (5MEA) without any significant differences.
Because of the low-strain at test conditions, the tensile
modulus is a rather unsuitable parameter to obtain in-
formation about the interfacial adhesion between PVC
and treated wood flour.11 The elongation at break
(Fig. 4) showed same trends as the tensile strength,
whereas the enhancements were much higher. 5LAR
showed an increase in elongation of 157%. For 5MEA
and 5DEA an improvement by 107 and 96% was
obtained. For WPC it is reported that a coupling agent
effect between wood and polymer leads to increased
elongation values as observed for amine treated com-
posites in this study.21

Changes of pH-value and fixation were similar for
5LAR and 5MEA. Nevertheless, the amino acid
showed obviously higher strength and elongation val-
ues than MEA at high concentration. LAR provides
more free amino groups than ethanolamines, which
could be a reason for a better interaction with the
polymer. In Cu-amine preservative systems MEA is a
more effective fixation agent as compared to DEA
and TEA.22 Concerning fixation in wood, similar
assumptions were made for MEA, DEA, and TEA.
However, the results indicate that the treatment with
the mentioned chemicals changed the nature of wood
from acidic to basic. Thus, chemical bonding between
the components occurs, leading to increased strength
and elongation values. In addition the fixation of
treatment agent in wood seems to be necessary to
obtain an improved interphase. Still, the detailed
reactions and interactions between basic-modified
wood flour and PVC matrix were not identified and
have to be investigated in further studies.

Impact strength

Unnotched impact strength of PVC/treated and
untreated composites are presented in Figure 5.

Each treatment showed improved impact strength
values as compared to the untreated reference. Com-
parable results were achieved for Cu-amine based
systems in a previous study.15 Except the LAR treat-
ment, no significant differences between the concen-
trations were measured. The same observation was
made for high concentrated treatments. Compared
to the tensile test values (strength and elongation)
standard deviation was higher; this explains the
reduced differences in the significance test. It is
reported that an increase in wood content leads to
decreased impact strength of the composite.23

Because of more voids, gaps, and agglomeration
occurring with increasing wood content, stress trans-
fer between matrix and wood flour is reduced,
resulting in decreased impact strength.24 The use of
a highly filled matrix (116 pph wood) in this study
could have caused the higher deviation. However,
impact strength was improved after the treatment
with the mentioned agents.

CONCLUSIONS

Various concentrations of mono-, di-, and trietha-
niolamine as well as LAR were used to treat wood
flour before compounding it with PVC. Each of the
treatments was expected to change the nature of
wood from acidic to basic in order to improve the
interphase with the polymer. Concerning fixation in
wood of the used chemicals, MEA, and LAR showed
the highest values. This could be explained by the
more effective interaction of amino groups and cell
wall components. Thus, tensile strength and elonga-
tion at break were considerably improved for LAR
at high concentration, followed by MEA and DEA
treatment. Compared to the ethanolamines, LAR
had more free amino groups to interact with the ma-
trix resulting in increased tensile strength and elon-
gation. In addition, unnotched impact strength was
improved by the treatment, whereas the differences

Figure 4 Elongation at break of PVC/treated and
untreated wood flour composites.

Figure 5 Unnotched impact strength of PVC/treated and
untreated wood flour composites.
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to the untreated reference were not as high as in the
tensile test. The study showed that it is possible to
improve mechanical behavior of PVC based WPC
with the chemicals mentioned. This is because of an
enhancement of the interphase between wood and
PVC.

The authors wish to thank Itana Radovanovic (SKZ,
Würzburg) for good cooperation.
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