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ABSTRACT

The properties of the interphase in wood-polymer composites are important determinants of thl:
properties of the final composite. This study used inverse gas chromatography (IGC) to measun:
interphasal properties of composites of polystyrene and two types of wood fiber fillers and an inorgani~:
substrate (CW) with varying amounts of surface coverage of polystyrene. Glass transition temperatures,
thermodynamic parameters, and the London component of the surface free energy (YsL)were deter.
mined. Values for YSLbecame constant at higher coverages, allowing the thickness of the interphasc:
to be estimated.
Keywords: Inverse gas chromatography, wood, plastic, polystyrene, interphase, interface, composite
INTRODUCTION

Wood-plastic composites have been intensively studied in recent years (Woodhams et
al. 1984; Takase and Shiraishi 1989; Yam et
al. 1990; Maldas and Kokta 199l), particularly
the development of composites made from
wood and polypropylene (PP), polyethylene
(PE), polystyrene (PS), poly(viny1 chloride)
(PVC), and polyester (Yam et al. 1990). Woodplastic composites manufactured from these
materials offer many potential benefits, such
as low cost, increased stiffness, recyclability,
ease of processing, flexible design of properties,
and higher strengths than unreinforced plastics. These composites also provide the opportunity to use recycled plastics and recycled
wood as raw materials (Rowel1 et al. 1993).
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A fiber-reinforced plastic can be conr idered
to consist of three phases: the bulk plaslic matrix, the fiber filler, and the interphase between
the two. The strength of the interphase depends on the extent of bonding between the
plastic and the filler. That bonding may include mechanical, covalent, ionic, and :lydrogen bonds and van der Waals forces. The van
der Waals force includes dipole-dipole interactions, induced dipole interactions, and London dispersion forces.
Although many technological advances have
improved the material properties of these
composites, problems still remain, pri narily
the lack of adhesion between the wood and the
plastic (I(lshi et al. 1988). Wood fiber i!; a hydrophilic material that contains cellulose,

76

WOOD AND FIBER SCIENCE, JANUARY 1997, V. 2 9 ( 1 )

hemicellulose, lignin, and other extractive
compounds. Most plastics, such as PS, PE, and
PVC, however, are hydrophobic materials. The
different polarities of the fibers and the plastics
lead to incompatibility and, therefore, poor
bonding in the interphase region between them.
This prevents the necessary stress transfer from
the plastic matrix to the load-bearing fiber,
relegating the function of the fiber to that of a
nonreinforcing filler (Hon and Chao 1993).
Typically, little of the strength and stiffness of
the fiber is translated to the final material properties of the composite when the wood and
plastic are poorly bonded. Under stress, the
poorly bonded composite will fail when the
fibers pull out from the plastic matrix. Thus,
the properties of the composite, especially the
ultimate properties, are largely determined by
the interphase.
The problem of limited adhesion has been
extensively addressed in numerous reports on
the effects of compatibilizers and coupling
agents on the mechanical properties of composites (Woodhams et al. 1984; Maldas et al.
1989; Liang et al. 1994; Sanadi et al. 1994;
Youngquist 1995).Although those studies have
provided considerable insight into potential
solutions, their evaluation of composite performance has been primarily focused on secondary properties rather than on the specific
characteristics of the interphasal region within
the material system. Therefore, very little understanding has been gained on the fundamental physicochemical parameters that control the structure and properties of the wood
fibers/polymer matrix interphase. In this study,
we used inverse gas chromatography (IGC) to
investigate the interphasal properties of two
types of wood-plastic composites.
INVERSE GAS CHROMATOGRAPHY

There are few experimental techniques which
yield data that can be mathematically related
to the properties of the interphase. One such
technique is IGC (Braun and Guillet 1976;
Schreiber and Lloyd 1989), which was developed on the basis of conventional gas chromatography (GC) in the late 1970s (Smidsrod

and Guillet 1969). The instrumentation of GI,"
and IGC is similar. In IGC, a nonvolatile material to be investigated is packed in a GI,"
column. This stationary phase is then characterized by injecting known volatile chemic;tl
compounds, called probes, into the columi~.
The time required for the probe to pass through
the column is called the retention time, t,,,
which can be translated into a number of in(portant thermodynamic parameters. The 01)tained thermodynamic data can be related to
the properties of the stationary phase (Bolvari
et al. 1989).
Retention times can be normalized by illjecting a marker, for example methane, which
gives a marker retention time, t,. Net retelltion volume (V,) is then calculated from the
following equation (Demertzis and Kontomibas 1989):
V,

=

F j (t, - t,)

(1)

where F is a corrected flow rate of the carri:r
gas and j is a pressure-gradient correction factor for gas compressibility given by (Braun artd
Guillet 1 975; Conder and Young 1979):

where Pi and Po are the inlet and outlet pressures of the GC column (Braun and Guillet
1975).
At small concentrations of the probe, tne
retention volume obeys Henry's law at zero
coverage (infinite dilution) (Dorris and Gray
1980):
where Ks = the surface partition coefficient jor
the adsorbate (m), and A = the total surfsce
area of adsorbent in the column (m2).
It is normal practice to express V, as a qjecific net retention volume at O°C and per grzrm
of adsorbent;

where W = the weight of the adsorbent in 1 he
column and T, = the column temperature.
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The retention behavior of probes changes as
the temperature rises through T, (Braun and
Guillet 1975, 1976). Below the T,, the retention time of the probe arises mainly from adsorption of the probe onto the surface of the
stationary phase, and ln(V,O)decreases linearly
with increasing temperature. When the temperature reaches T,, probe molecules begin absorption into the PS because of the increased
mobility in the PS molecular backbone, resulting in an inflection point on the 1n(Vg0)vs.
1/T plot. Thus IGC data can be used to determine the T, in our simulated interphase,
which may then be tracked as a function of PS
loading, or equivalently, interphase depth.
Gray and coworkers (Mohlin and Gray 1974)
extended the IGC technique to the study of
fibers. Further development of the theory allowed thermodynamic functions of adsorption
to be derived from retention volume data
(Kamden and Reidl 199 1):

AS;

= -

(qd +
T

where qd = the differential heat of adsorption
of the injected probe (kJ/mol); at zero coverage, q, = AHA0; T = column temperature (K);
P,, = adsorbate vapor pressure at the standard
state; n,= the reference two-dimensional surface pressure, defined by De Boer (Dorris and
Gray 1981).
In the case of a nonpolar liquid adhered to
a solid surface, the work of adhesion can be
separated into two terms (Kamden and Reidl
199 1):
WA = 2(7 yk)'"
(8)
where y = the surface tension of the nonpolar
liquid, and ySL= the London component of
the solid surface free energy.
Doms and Gray (1980) used this concept

for an homologous series of alkanes. They assumed WA to be equal to the free energy of
adsorption per unit area of the surface, or

,

where N = Avogadro's number and a,. = the
surface area occupied by an incremental CH,
group on an alkane. AGoA(CH,), the surface
free energy of adsorption of an incremental
methylene group, is obtained by measu 'ement
of the free energy of adsorption at infi~litedilution for an homologous series of alkanes.
Thus the value for the surface free ener,;y may
be obtained from IGC data.
Using a value of 0.06 nm2 for a,,,, and the
known value for the surface tension of 2 methylene unit, the London component of the surface free energy may be calculated from:

Kamdem and Riedl (1991) used this technique to study the surface of chemitliermomechanical pulp (CTMP) fiber onto which
methyl methacrylate (MMA) had been grafted
through the xanthate procedure of Maldas et
al. (1989).
Gamier and Glasser (data presented at the
ACS National Meeting, August 1992) demonstrated that IGC may be useful for characterizing the surface of model cellulosic: beads
that were modified by grafting. Determining
the acid-base components of the surface energy
allowed the estimation of an adhesion ?arameter for various combinations of polynler matrix and modified filler. From that approach,
combined with dynamic mechanical xlalysis,
they were able to identify an interphas 11 layer
of immobilized polymer chains and rclate its
influence to composite properties.
Inverse gas chromatography has bee11useful
in characterizing the surface of modifled lignocellulosic material as it affects adhesion to
thermoplastic polymer matrices. In OUI.
study,
IGC was used to monitor the deve1opm:nt and
structure of the interphase region by zharac-
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TABLE
1.

Column parameters.

Ps

loadlng
(%)

TABLE
2.

Probes used for IGC.

Specific surface area (m2/g)

CW1

T14'

TMP~

Designator

Name

C8 n-octane
C9 n-nonane
Clo n-decane
C I 1 n-undecane

' Column temperatures: 50°, 55", 60;

659 and 70°C.
Column temperatures: SOo, 60°,70'. SO9, 90'. LOO0, and l lO"C
20% PS-CW was not prepared.

terizing the energetics of wood particles coated
with different amounts of polymer. This approach provides fundamental information on
the nature and depth of the interphase.
MATERIALS AND METHODS

Column stationary phases
Chromasorb W (CW) for the columns was
obtained from Applied Science Labs, State
College, Pennsylvania. The CW was coated
with PS product 846 from Scientific Polymer
Products, Inc., Ontario, New York, by mixing
the CW with a 1% solution oSPS in toluene,
then allowing the solvent to evaporate. This
was repeated several times to ensure a uniform
coating and to build up a series of PS loadings
on different samples of the CW.
Wood flour from Douglas-fir (Pseudotsuga
menziesii (Mirb.) Franco) ground to pass an
80- to 100-mesh screen was contributed by the
Menasha Wood Corporation, Olympia, Washington, as product T14. The TI4 was dried
overnight in vacuo at 60°C, then stored over
a silica-gel desiccant. The filler was analyzed
with an optical measuring system and found
to have an average fiber length of 0.9 mm with
a standard deviation (SD) of 0.6 mm. The average aspect ratio was 9 (SD 5). The product
was then soaked in toluene overnight, filtered,
and dried in vacuo at 60°C. The technique used
for CW was also used to coat T14 with PS
product 846 from Scientific Polymer Products,
Inc.
Thermomechanical pulp (TMP) consisting
primarily of western hemlock (Tsuga heterophylla (Raf.) Sarg.) and a mixture of firs was

crossMolecu- Boiling sectionlar
point, al area y~~
Formula weight
'C
A2 ' d l d 2

CBHll
C9Hio
CIOH22
CllH24

114.2
128.2
142.2
156.2

125.6
150.8
174.1
195

63
69
75
81

21.3
22.7
23.4
24.6

obtained from the Smurfit Newsprint Corpc ration pulp mill in Newburg, Oregon. The fiber
was removed from the slurry stream prior to
bleaching and was air-dried, ground in a Wile y
mill to pass a 16-mesh screen, dried overnight
in vacuo at 60°C, and stored over a silica-gc:l
desiccant. The TMP was analyzed optically
and the average fiber length was found to tie
1.0 mm (SD 0.6 mm). The average aspect ratio
was 22 (SD 4). The TMP also contained dust,
which was not included in the optical analysis.
Polystyrene (PS*) product 685D from D O N
Chemical Company, Midland, Michigan, w;~s
used to coat the TMP using the same proccdure as for CW and T 14.
Standard GC Teflon tubing sections, 6 mln
in diameter by 1 m long, were filled with coat6 d
or uncoated samples of either CW, T14, or
TMP. Each column was conditioned in the GC
for a minimum of 2 h at 60°C under flowi~lg
nitrogen that had passed through a gas drit r.
The substrates and temperatures of the cc~lumns are listed in Table 1.
The gas chromatograph used for these studies was a Hewlett-Packard 5840A equipp:d
with a flame ionization detector. Nitrogen was
used as the carrier gas. The injector was set at
150°C and the detector at 200°C. Sample volumes were taken from the air space above t he
sample in the sample container, which had been
purged with methane. The injection volu~ne
was reduced systematically until the retention
time became independent of injection volunie.
At that point, the sample size was assumed to
be in the Henry's law region. A minimum of
Sour injections were made for each probe, te mperature, and column.
The alkane series used as probes are shown
in Table 2. All products were obtained from
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Aldrich Chemical Company, Milwaukee, Wisconsin, and were used without further purification.
Sample surface areas were measured with N,
BET adsorption (Table 1). Due to limited resources and equipment difficulties, only a limited number of samples were measured.

ESCA surface analysis
Selected samples were analyzed with a Surface Science model SSX- 100 ESCA spectrometer. An aluminum X-ray anode was used with
a quartz monochromator and a 600p spot size.
Charge neutralization was conducted on all
samples with an electron flood gun and an Ni
screen stabilized at ground potential 0.5 mm
above each sample. Results were plotted as
total oxygen to total carbon (O/C,,,,,) and, additionally for CW, total silicon to total carbon
(Si/C,,,a, ).
RESULTS AND DISCUSSION

Inverse gas chromatography
The retention times of the probes were obtained directly from IGC chromatograms. The
coefficient of variability was typically less than
3O/o .

-2
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14

PS Loading, %

FIG. 1. Silic~n/carbon,,,~and oxygen/carbon ,d from
ESCA scans of CW and T14 columns.
Column Temperatures, C

ESCA analysis
The ESCA scans of the samples show the
progressive PS coverage of the CW and T14
columns (Fig. 1). In the CW column, the Si/
C,, and O/C,,,, ratios appeared to show some
leveling off from 4 to 12% PS loading. The
T 14, however, showed an approximately linear decrease in O/C,,,, with increased PS loading, suggesting that coverage may not be complete even at 12% PS loading. The IGC results
presented below support these observations.

110
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Glass transition temperatures
The T, for PS* coated on TMP was determined with n-decane (Fig. 2). In the temperature range from 50°C to 70°C, below the PS*
T,, plots of ln(Vgo)vs. 1000/T were linear. Linear regressions of these values were used to
form baselines for each PS* loading. The measurement of T, required determining the in-

I

2.5

2.6

2.7

2.8

2.9

3.0

3.1

3.2

10001T, O K - '

FIG.2. Glass transition temqeratures for PS*-co ited TMP
from plots of In(Vg) vs. 1000/T.

80

WOOD AND FIBER SCIENCE, JANUARY 1997, V. 29(1)

TABLE3. Estimated Tgfrom IGC.
Column

Tg ("4

TMP-2%PS*
TMP-4%PS*
TMP-8%PS*
TMP-12%PS*
TMP-2O0/0PS*

8 5-9 5
85-95
65-75
65-75
65-75

tersection of the plotted data line and the regression (Table 3). The T, transition observed
here was broader than that observed on other
substrates (Lipatov and Nestorov 1975). This
may be due to the variability of the wood solid
phase, which resulted in a variety of PS* morphologies on the surface with a correspondingly broad distribution of T,'s. While this
broad transition did not allow for precise comparisons between different PS* loadings, the T,
appeared to be > 80°C for 2 and 4% PS* loading and -70°C for 8, 12, and 20% loadings.
On other substrates, T, has appeared higher at
low surface loadings (Lipatov 1967). This is
presumably caused by the restricted mobility
of the initially adsorbed polymer layers. As the
thickness of the adsorbed polymer layer increases, surface effects should diminish, and
the T, would be expected to approach that of
the bulk matrix. The 10°C temperature interval for determination of T, limited the accuracy of the measurement.

Values for thermodynamic parameters
Enthalpies were obtained from Van't Hoff
plots (Eq. 6) for 0% PS-CW and 12% PS-T14.
Enthalpies of adsorption, which include the
enthalpy of vaporization of the probe at 60°C,
were derived for CW, T 14, and TMP from the
linear regressions of plots of ln(V:) vs. 10001
T using Eq. (6) for the temperature range SO0
to 70°C (Fig. 3). The enthalpies for CW decreased from 0 to 4% PS loading and then
became relatively constant. This may have been
caused by the increasing coverage of the substrate surface by the PS. If the only surface
OO
/
PS Loading ( w h )
available to the probe is PS, the enthalpy should
be constant. Further additions of PS will add
to the depth of the PS layer on the CW, but FIG.3. Enthalpy of probe adsorption on CW, TMP, :.nd
TI4 substrates as a function of PS loading.
will not alter the enthalpy.

Simonsen et a[.-IGC OF WOOD-POLYSTYRENE INTERPHASE

TABLE4.
TMP.

Comparison of enthalpy values for CW and
-AHAO, kJ/mole

Probe

I2%PS-CW

ZO%PS*-TMP

34

81

,

Difference
(To)

The results for the wood solid phases were
more variable: the TMP results showed a maximum and the T14 showed a minimum enthalpy. The reasons for this are unclear, but
may reflect the formation of energy sites different from either the uncoated wood substrate
or the bulk matrix PS (or PS* for TMP) phase.
Another possibility is that adsorption was not
the only interaction between the probe and the
solid phase. If the probes were being absorbed
to some extent, and that adsorption was a function of probe size, then we would expect to see
irregular results. Even so, comparison with the
monotonically decreasing shape of the CW
graph suggests that there was some interaction,
as determined by enthalpy measurements, between the wood substrate and the PS that
changed the behavior of the probes.
The enthalpies ofthe CW and TMP columns
tended toward the same value at higher (12
and 20°/0, respectively) PS loadings (Table 4).
We would expect the enthalpy to become constant at higher loadings because the solid phase
should be completely covered with PS; therefore, the probe would be interacting only with
PS (or PS*). The enthalpy of the T14 column
did not level off with increasing PS loading, as
did the CW and TMP columns. Since the surface areas were similar (see Table l), we expected the depth of the PS layer to be similar
also. There are several possible explanations
for this behavior, such as absorption of the
probe into the PS, migration of Douglas-fir
extractives from the T14 into the PS, or PST14 interactions that gave rise to an altered
PS morphology on the surface. Additional research is required to explain this behavior.
Both of the wood solid phase columns appeared to show more variability in the values

Carbon Number (n)
FIG.4. Free energy as a function of probe carboll number
for PS-coated CW and T14 substrates.

of the measured thermodynamic par2 meters
than did the CW column, probably reflecting
the greater variability of the wood sul~strate.
The free energy of adsorption was calzulated
from the retention volume via Eq. (5). 1,imited
data were available because this function requires a value for the surface area. The coated
and uncoated CW columns showed decreasing
free energy with increasing carbon nun: ber (n)
(Fig. 4); the values seemed to be independent
s
of the PS loading. The T14 c o l u m ~ ~also
showed decreasing AGAOvalues with i lcreasing n. The PS-coated T14 showed a greater
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TABLE5. Depth of the interphase.
Selected PS
loading for
interphase depth

CW, entropy
Substrate

(19), Oh

8
CW
> 20
TI4
12
TMP
* Assumed value

Surface area,
m2/g

0.71 1
1.026
1*

In terphase
depth, r

0.12
>0.23
0.13

did the uncoated column with respect to carbon number. At this point, we lack sufficienl
012%PS
data to draw any conclusions about the causc
of the nonlinearity in the entropy-carbon num.
ber relationship of the 12% PS-TI 4.
The slope of plots of AGAOvs. n yielded tht:
free energy of adsorption of a single methylenc:
unit (AGO,(CH,)). That free energy may bc:
converted to the London component of the
surface free energy, ysL, via Eq. (10). This pa.
rameter was compared among different substrates as a measure of their surface energ:/
(Fig. 6). For the CW columns, +ySLrose initially,
then leveled off after about 8% PS loading,
indicating that, from the perspective of surfac:
energy, additional increments of PS beyon~i
8% added to the bulk matrix phase and intelactions with the CW substrate decreased. The
TMP showed different behavior, as ySL dccreased with increased PS* loading, then le\ eled off at about 12% PS*. The final ysL valucms
for CW and TMP were similar, again indica tCarbon Number
ing that the PS coating was not influenced t y
the underlying surface at higher loadings. y ,L
FIG. 5 . Entropy as a function of probe carbon number
for T14 showed very different behavior from
for PS-coated CW and T14 substrates.
that of either CW or TMP; ysL increased .o
12% PS loading, then decreased at 20%. Le i slope than the uncoated column, reflecting the
eling of the curve was not observed, indicating
differences in adsorption energy for the two
that the TI4 surface continued to affect the I'S
different surfaces.
coating even at the higher loadings.
Entropy values were calculated from free energy and enthalpy values via Eq. (7) (Fig. 5).
The coated and uncoated CW columns showed
Depth of the interphase
similar slopes of entropy vs. carbon number,
The depth of the interphase was estimatzd
with the PS-coated columns showing less negative entropy values. Reflecting the enthalpy by selecting the PS loading that defined the
results, the CW columns appeared to present extent of the interphase (P), assuming that the
only a PS surface to the probes at PS loadings PS density in the interphase was the same as
greater than 4%. The 12O/o PS-T14 column, the bulk density of 1.04 g/cc, and modeling
however, showed a more varied response than the surface as a flat sheet. If the surface is 3s-
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sumed to be approximated by a flat sheet of
the same area as the measured surfa:e area,
then the thickness of the interphase wi 1be the
volume of the interphase divided by the surface area (Table 5).
depth

=

-

interphase volume
surface area

P
surface area

* density

(1 1)

The interphase depth appeared to be similar
for CW and TMP, but noticeably larger for
T14. Although our artificially prepared sequences of surfaces may not accuratel!~reflect
reality in filled polystyrene composites, they
do provide an approximation of the interphase
depth. These data support a model of 1: olymer
deposition on a substrate surface of constrained polymer backbones in the inii ial layers, with a gradual transition to bulk polymer
backbone morphologies. In this study, 1he T 14
appeared to promote longer range interactions
than did either the CW or the TMP.
CONCLUSIONS

The T, for PS on the various substrates was
shown to be a function of the PS loading, i.e.,
the depth of the interphase. The use ~f IGC
allowed the determination of T, und1:r conditions difficult or impossible to measure with
other techniques. Enthalpy values showed a
leveling for CW, a maximum for TMF, and a
minimum for T 14. Entropy values in iicated
different interactions between PS and CW or
T 14. On the basis of ySLvalues, the d:pth of
the interphase was shown to be approximately
0. lp. This study demonstrates that invt:rse gas
chromatography can be a powerful tool for the
study of interphases in filled polyme - composites.

TMP

O/o
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