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ABSTRACT: Composites reinforced with natural plant
fibers are currently actively researched. Inverse gas chro-
matography (IGC) is a technique that is used to character-
ize the surface energy and polar characteristics of materials.
The theoretical approaches used with IGC are reviewed
and applied to the study of 14 ligno-cellulosic fiber types
including grass fibers, bast fibers, leaf fibers, seed fibers,
and fruit fibers. This was done to provide insight into the
impact of fiber composition on the surface characteristics of
the different fiber types and explore possible correlations
among the data. The dispersive surface energy, and Ka, Kb

constants are reported for the 14 fiber types and compared
with values reported in the literature. The dispersive ener-
gies ranged from 35.5 mJ/m2 to 44.2 mJ/m2 at 20�C with Ka

from 0.01 to 0.38 and Kb from 0 to 1.05. A correlation was
found at 40�C for surface energy related to fiber composi-
tion and fiber type where the surface energy decreases with
increasing lignin and hemicellulose composition but
increased with increasing cellulose concentration. VVC 2008
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INTRODUCTION

Background

Biobased composite materials are receiving consider-
able attention for competing with composites
derived from petroleum sources. The reinforcement
of composites by natural fibers rather than com-
monly used glass fibers is a field of active
research.1–6 Much attention has been devoted to the
study of acid–base characteristics of various pulped
products7–11; however, relatively little work has been
done to characterize other nonwood fiber types. To
understand better how a matrix material interacts
with a reinforcement fiber, the surface characteristics
of both the fiber and matrix material need to be
determined. A relatively easy technique for deter-
mining surface characteristics of ligno-cellulosic
fibers is the technique of inverse gas chromatogra-
phy (IGC). Therefore, in this article the research
questions asked are as follows: (1) To which extent
are surface characteristics significantly different
among fiber types or at least fiber categories and (2)

is there any coherence between the measured sur-
face characteristics and the chemical composition of
the fibers as reported in the literature.

IGC analysis

Multiple ways to analyze IGC data have been devel-
oped in the last few decades.12–16 Because a number
of different fiber types are being analyzed in this ar-
ticle, a short review of the theoretical aspects of IGC
analysis follows.

VN ¼ 273:15

Tc
� 1

w
�Qðtr � tiÞ (1)

The retention time measured by IGC is the net
retention volume (the volume of carrier gas required
to elute a zone of solute vapor) per gram of adsorb-
ent and is determined by eq. (1). Where Tc is the col-
umn temperature, w is the mass in grams of
adsorbent packed into the column, Q is the corrected
flow rate of the helium gas, tr and ti are the retention
time of probe and inert gas. Dorris and Gray12 intro-
duced the concept of using IGC data to determine
the Gibbs free energy (GD) of a solid.

DGD ¼ R� T � LnðVNÞ þ C (2)
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and,

DGD ¼ N � a�WA (3)

Coupling eqs. (2) and (3) with the observation that
only dispersive interactions are significant for nonpo-
lar interactions,13 the work of adhesion (WA) can be
written as a geometric mean of the surface energy.

WA ¼ 2� ðcDS � cDL Þ
1=2 (4)

By combining eqs. (2)–(4), an expression relating the
eluted volume to the free surface energy is derived.

RTLnðVNÞ ¼ 2�N � ðcDS Þ
1=2 � a� ðcDL Þ

1=2 þ C (5)

Dorris and Gray12 proposed equations for calculat-
ing the London dispersive component of the surface
free energy

DGCH2

D ¼ RT

1000
ln

VNðCnþ1H2nþ4Þ
VNðCnHnþ2Þ

(6)

and,

cDS ¼ 1

4cðCH2Þ

DGCH2

D

N � aCH2

" #2

� 1012 (7)

Where DGCH2

D is the free energy of adsorption for a
methylene group, R is the gas constant, n is the
number of carbon atoms in the alkane probe mole-
cules, c(CH2) is the surface free energy of the methyl-
ene group, 35.6 mJ/m2, N is Avogadro’s number, a
is the area of an absorbed methylene group, 6 Å2,13

and the factors 1000 and 1012 are conversion factors.
Schultz and Lavielle14,15 graphed RTlnVN versus

a(cDL )
1/2 and found a linear relationship where the

slope is 2N(cDS )
1/2 and the intercept is the constant C

in eq. (5) when using alkane, (nonpolar), probes. Polar
probes were not found to lie on the linear line created
by the alkanes and the perpendicular distance from
the alkane line to the polar probe is DGAB or DGSP.

Donnet et al.16 developed an analysis where the
specific interactions on solid surfaces are determined
based on the polarizability of the gas probes. The
analysis started with the assumption that two noni-
dentical molecules that exchange only nondispersive
forces can be described by the London equation.16

The London equation relates the potential energy of
interaction, yL, to the molecules deformation polariz-
ability, a0,i, characteristic electronic frequency, vi,
distance of the absorbate to the absorbent molecules,
r1,2, permittivity in a vacuum, e0, and Plank’s con-
stant, h. The deformation polarizability for the mole-
cules was calculated from the refractive index of the
molecules using Debye’s equation. After assuming

that the harmonic mean of the molecules electronic
frequency can be substituted with the geometric
mean, (according to Donnet et al. this introduces
less then a 4% error), eq. (8) can be derived.16

hL ¼ KðhmsÞ
1
2aO;SðhmLÞ

1
2aO;L (8)

For the case of the alkane probes where DGSP is
zero, eq. (8) may be written as:

RTlnVn þ C ¼ hL ¼ KðhmsÞ
1
2aO;SðhmLÞ

1
2aO;L (9)

when polar probes are used for testing the surface
characteristics,DGSP is not zero and is added to eq. (9).

½�DGA� ¼ RTlnVn þ C ¼ hL
¼ KðhmsÞ

1
2aO;SðhmLÞ

1
2aO;L þ ½�DGSP

A � (10)

As was the case with the Schultz method, the per-
pendicular distance from the alkane line to the polar
probe is the DGSP

A . The polarization method was
developed because of temperature, partial pressure
limitations, and material limitations of the previous
methods described.16

By running experiments at different temperatures,
the free energy of absorption is measured. The Gibbs
free energy of adsorption is related to the enthalpy
of adsorption by the following expression:

DGAB ¼ DHAB � TDSAB (11)

From this equation the enthalpy of adsorption can
be determined by plotting DGAB versus T producing
a straight line where the intercept is DHAB.
Gutmann’s approach17 of using electron donors

and acceptors for the enthalpy of acid–base interac-
tions can now be applied.

� DHAB
A ¼ KADNþ KBAN (12)

The DN and AN are the acceptor and donor num-
bers related to chemical references. The donor num-
ber, DN, was defined as the negative of the enthalpy
of formation for the chemical made by the acid–base
reaction with antimony pentachloride. The corre-
sponding electrophilicity of a chemical species was
determined from the 31P NMR shifts induced by
triethylphosphine oxide, a basic probe. The KA and
the KB are constants that show how the solid differs
from the references used with the standards.17

MATERIALS AND METHODS

Sample preparation

Ligno-cellulosic fibers can be divided into several
groups depending on the location of the fibers in the
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plant, i.e., grass fibers, bast fibers, leaf fibers, and fruit
fibers.18 For grass fibers, wheat straw (Triticum sp.),
bleached wheat pulp fibers, rice hulls (Oryza sativa),
and reed (Phragmites communis) were selected. For
bast fibers, hemp (Cannabis sativa), flax (Linum usitatis-
sium), jute (Corchorus olitorius), and kenaf (Hibiscus
cannabinus) were selected. Sisal (Agave sisalana) and
the banana fiber abaca (Musa textiles) represented the
leaf-fiber group. Finally, fruit fibers were obtained
from unicellular seed or fruit hairs including cotton
(Gossypium) and poplar hairs as seed hair fibers (Popu-
lus sp.), and finally kapok (Ceiba pentandra) and coir
(Cocos nucifera) as fruit hair fibers. Most of the fiber
types were obtained commercially and the fiber sam-
ples were of high quality. With the exception of wheat
pulp, the fibers underwent regular processing steps,

such as retting, decortication, separation, cleaning,
and drying, with no additional modification treatment
done to the fibers. The bleached wheat pulp was
directly obtained from a wheat pulp mill and the pop-
lar seed fibers were delivered by a small company
that produces special blankets and other bedding
products. All fiber types were analyzed by IGC and
the results compared with fiber chemistry data
obtained from the literature.
The 14 fiber types were sheared in a Wiley Mill

until passing through a 0.5 mm diameter screen. The
chopped fibers were collected and screened using a
45 mesh screen then followed by a 60 mesh screen
for a maximum fiber size of 60 mesh. IGC columns
were packed with the fibers and the samples were
conditioned at 103�C in the IGC with 15 standard

TABLE I
Physical Constants for Probes Used in IGC Experiments54

Probe

Polarizability index
DN

(kcal/Mole)
AN*

(kcal/Mole)
Specific

characteristica0(hm)
0.5 � 1049 C3/2 m2 V�1/2

n-Octane 11.4 – – Nonpolar
n-Nonane 12.5 – – Nonpolar
n-Decane* 13.6 – – Nonpolar
n-Undecane* 14.7 – – Nonpolar
Acetone 5.8 17 2.5 Amphoteric
Chloroform 7.8 – 4.8 Acidic
Tetrahydrofuran 6.8 20 0.5 Basic
Ethyl acetate 7.9 17.1 1.5 Amphoteric

* Indicates the values were calculated by extrapolation as Donnet et al. did for n-
Nonane in their original work.16

TABLE II
Dispersive Energy as a Function of Temperature and Regressed Value at 20�C for

Various Fiber Types Calculated by the Schultz and Lavielle Method

Fiber type

Dispersive energy (mJ/m2)

40 (�C) 35 (�C) 30 (�C) 20 (�C)
Coefficient of
determination

Grass fibers
Wheat straw 35.4 37.5 38.0 40.9 0.90
Wheat pulp bleached 38.5 39.4 40.6 42.6 0.99
Rice hulls 39.4 40.2 41.9 44.2 0.96
Reed 37.2 38.3 39.6 41.9 1.00

Bast fibers
Hemp 35.9 37.8 39.5 43.1 1.00
Flax 34.9 37.0 38.7 42.7 1.00
Kenaf 36.9 38.3 40.0 43.1 1.00
Jute 43.5 42.5 41.9 40.2 0.98

Leaf fibers
Abaca 36.2 36.2 36.0 35.8 0.90
Sisal 41.2 39.8 38.4 35.5 1.00

Seed hair fibers
Cotton 38.7 38.3 39.5 40.0 0.45
Poplar seed 38.9 38.7 39.9 40.6 0.66

Fruit hair fibers
Kapok 37.7 37.9 39.5 41.1 0.85
Coir 36.4 37.7 39.1 41.8 1.00
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cubic centimeters, (sccm), of helium until the flame
ionizing detector recorded a background signal of
<5 pA at 30�C.

IGC measurements

After conditioning the fibers, experiments were con-
ducted using a fully automated Surface Measurements
Systems SMS IGC with head space temperature con-
trol. Custom silane treated glass tubes are used for the
SMS IGC at the temperature of 30�C, 35�C, and 40�C
and a flow rate of 10 sccm. Vapors of HPLC grade po-
lar and nonpolar probes were sampled with microsyr-
inge and an infinitely dilute concentration of probe
was injected into the packed column and the retention
time measured by a flame ionization detector. An
infinitely dilute sample of methane was injected to
determine the dead time in the column. The probe
retention time and the methane retention time were
entered into eq. (1) with the mass of the packed mate-
rial in the column and were used for calculating the
dispersive energy and Ka, Kb of the fibers. Calculations
were done using an Excel spread sheet and packaged
software from SMS. To calculate Ka and Kb eq. (12) is
written in y ¼ mx þ b form and AN* used where AN*
is in energy/mol because AN is a unitless value:

�DHAB
A

4:184 AN� ¼
DN

AN� Ka þ Kb (13)

values of DN and AN* were taken from the litera-
ture and are reported in Table I for the probes used
in IGC.

RESULTS AND DISCUSSION

The dispersive energies, molecular compositions,
acid–base characteristics, surface topography, and vis-
ual scans of the various fiber surfaces are presented.

Dispersive energies

Results for the dispersive component of the surface
energy, cdS , ranged from 35.5 mJ/m2 for sisal to
44.2 mJ/m2 for rice hulls at 20�C. The dispersive sur-
face energy for all fiber types are shown in Table II.

TABLE III
Medians of Measured Dispersive Energies at 40�C and Collected Cellulose,
Lignin, and Hemicellulose Contents from Literature Sources for the Five

Natural Fiber Subgroups

Fiber group
Dispersive energy
mJ/m2 at 40�C Cellulose % Lignin % Hemicellulose %

Grass fibers 37.63 32.00 14.00 25.50
Bast fibers 37.80 64.50 11.50 18.50
Leaf fibers 38.70 59.80 9.75 17.03
Seed fibers 38.80 87.00 0.95 4.00
Fruit fibers 37.05 24.20 29.75 25.83

Figure 1 Dispersive surface energy as a function of (a)
percent cellulose, (b) percent lignin, and (c) percent hemi-
cellulose composition and dispersive surface energy values
from Table III.
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Explanations for differences in the surface energies
may be determined by looking at the chemical com-
position of the fibers. With the exception of poplar
seed hairs and the wheat pulp fibers an extensive
data collection was acquired from literature for all
fiber types featuring cellulose, hemicellulose, and
lignin percentages.

Statistical analysis

Nonparametric medians were calculated for each
fiber group (Table III) and these values were rank-

correlated with each other by Spearman’s rank cor-
relation coefficient.
Significant rank correlations were found between

cellulose (r ¼ 0.9, P < 0.05), lignin (r ¼ �1.0), and
hemicellulose (r ¼ �1.0), respectively, and dispersive
energy measured at 40�C. Dispersive energies at the
other temperatures did not show significant rank
correlations. The data found to correlate by Spear-
man’s analysis are presented in Figure 1.

Figure 2 Relationship for determining Ka and Kb using
data from the polarization method at 30�C, 35�C, and 40�C
for the flax fiber with chloroform l, ethyl acetate ~, ace-
tone ^, and tetrahydrofuran x.

TABLE IV
Ka and Kb for All 14 Fiber Types

Fiber type Ka Kb

Coefficient of
determination

Flax 0.17 0.49 1.00
kenaf 0.07 0.32 0.95
kapok 0.14 1.05 0.97
cotton 0.06 0.50 0.98
hemp 0.16 0.49 0.99
Rice 0.21 0.38 1.00
Poplar seed hair fibers 0.10 0.42 1.00
Wheat pulp bleached 0.10 0.47 0.92
Wheat straw 0.15 0.70 1.00
Reed 0.15 0.61 1.00
Coir 0.19 0.20 1.00
Sisal 0.38 0.74 1.00
Abaca 0.12 0.59 0.99
Jute 0.01 0.00 0.98

Figure 3 SEM images of the measured grass fibers. (a) wheat straw fibers, (b) bleached wheat pulp fibers, (c) rice hulls,
and (d) reed grass.
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In Figure 1(a), the surface energy increases as a
function of cellulose as a component in the composi-
tion of the fibers, R2 ¼ 0.73. This is consistent with
results found by Parades et al.,19 where hemicellu-
lose extract was removed from red maple and the
crystallinity and surface energy increased with
increased cellulose surface content. Mills et al.20

reported results for IGC with a hemicellulose extract
from red maple comprised of approximately 70
weight percent hemicellulose and 15 weight percent
lignin of 34.7 mJ/m2 at 40�C consistent with both
part B, R2 ¼ 0.80, and C, R2 ¼ 0.70, of Figure 1

where as the content of lignin and hemicellulose
increases the dispersive surface energy decreases.
Although there was a clear association between the

fiber chemistry and the measured dispersive energy
levels, we also hypothesize that only certain func-
tional groups contribute to the surface energy of the
fibers. The energy of the surface is dependent on how
long since the material has been through surface con-
ditioning processes. A freshly sanded or mechanically
conditioned surface should have the highest surface
energy and the energy decreases over time since last
surface conditioning event due to low-molecular

Figure 4 SEM image of the measured bast fibers. (a) hemp, (b) flax, (c) kenaf, and (d) jute.

Figure 5 SEM image of the measured leaf fibers. (a) abaca and (b) sisal.
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weight extractives migrating to the surface inactivat-
ing the surface21 or deactivating by thermal drying.22

Although significant, the dispersive energy differen-
ces among fibers are not considered to be of high prac-
tical impact. Further, fibers were sheared in a Wiley
mill passing through a [1/2] mm screen until a 60
mesh particle size was achieved and then packed and
weighed in the IGC column and conditioned. There-
fore, the highest energy values for the materials
should be achieved if the material is processed, condi-
tioned, and tested within a 3 day period. Also, as IGC
is a method using infinitely dilute gas phase probes, it
is generally accepted that probes preferentially select
the highest energy sites of a heterogeneous surface as
the low concentration of probe molecule selects the
highest energy sites on the material first for bonding,
this might give more weight to the argument that the
surface energy calculated is the highest to be
expected. More expressed surface energies would be
found for the various fiber types had no surface modi-
fications occurred, either mechanical or chemical,
which would have been more indicative for the vary-
ing molecular compositions.

These surface energy values were compared with
results in the literature. Gulati and Sain,23 reported a
dispersive energy for hemp at 40�C being 38 mJ/m2

(35.9 mJ/m2) Reutenauer and Thielmann24 report a
dispersive energy for cotton of 35.18 mJ/m2 (39.5 mJ/
m2) at 30�C; and Tshabalala reports a value of 40 mJ/
m2 (36.9 mJ/m2) at 40�C for Kenaf.25 The reported
Kenaf and Hemp values are slightly higher than
found in this study and the cotton values are lower.

Donor acceptor analysis

Graphs were made and regressed for each of the 14
fiber types as is shown in Figure 2 using flax fiber as
an example. Table IV contains all the Ka and Kb val-
ues determined from the regressions with the coeffi-
cient of determination presented. Because of space
constraints, all 14 graphs are not shown and the coef-
ficient of determination should be sufficient to evalu-
ate linearity. From the regression and eq. (13), the
values of Ka and Kb for the fibers were determined.

Surface scans and molecular compositions

SEM images were made from all investigated fiber
types (Figs. 3–7).
The grass-fiber group has a strongly structured sur-

face with thick epicuticular wax layers. These wax-cu-
ticle layers are rather thick and might experience

Figure 6 SEM image of the seed hair fibers. (a) cotton and (b) poplar.

Figure 7 SEM image of the measured fruit hair fibers. (a) kapok and (b) coir.
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some mechanical removal during processing.26 Indi-
vidual wheat fibers are seen with the pulped version
[Fig. 3(b)] and surfaces are much smoother.

Bast-fiber surfaces are generally smoother with
epicuticular wax layers mostly removed during the
retting process.27 The leaf-fibers abaca and sisal have
very similar rippled surfaces with visible epicuticu-
lar wax and fat layers.

With the exception of coir, the two fruit-fiber types
exhibit thin fibers with poplar seed hairs being the
thinnest (under 10 lm). Surfaces are much smoother
than the other natural fiber types and the extent of
epicuticular wax layers is limited. Coir fiber surfaces
are much thicker (>100 lm) but also smooth with a
slight rippled structure that include pit formations.27

In general, most of the fibers displayed similar
Ka’s and Kb’s; however, looking at kapok and cotton,
as examples, kapok has both a higher Ka and Kb this
result could be related to kapok only containing 13%
cellulose and cotton having 92% cellulose. Perhaps,
extractives on the surface or the aromatic nature of
lignin may be contributing to the large electron do-
nor nature of the kapok versus the cotton. Jute dis-
played rather a nonreactive surface. This may be
due in part to no pretreatment other then mechani-
cal shearing in a Wiley mill but leads to interesting
questions about the surface of the fibers. Many fiber
types are covered with waxy coatings that may
deactivate the surface. In Figure 8(a–c), it is apparent
that there is a wide range in lignin and cellulose
composition; however, the hemicellulose concentra-
tion stays relatively constant. The only large changes
in the acid–base characteristics are seen in the
extreme cases of cotton and kapok. This indicates
that there may be a sizable amount of surface area
of the fiber comprising hemicellulose as this compo-
nent changes the least amount from fiber to fiber.
Also, Figures 3–7 show the topography of the fibers
and it’s apparent that the surfaces are very different
on a micrometer scale and although this should not
impact interactions on a molecular scale, the interac-
tions between a matrix material and the fibers may
be significantly impacted by the surface geometries.
More analytical work needs to be done to determine
the exact nature of the fiber surfaces to correlate
with this work.

Suggestions for composite fabrication

• Most of the fiber types have a waxy layer that
may act as a weak boundary layer in the cohe-
sion and adhesion interactions in a composite
and as such should be either mechanically or
chemically removed before use in a composite
material.

• Hemicellulose and lignin tend to lower the sur-
face energy of fiber surfaces and some chemical

treatments to lower there surface concentrations
may be needed.

• Mechanical treatments of the surface of fibers
may create significant increases in surface area
that may lead to better bonding and cohesion in
a composite material.

CONCLUSIONS

Fourteen different fiber types were tested using IGC.
From these data, dispersive surface energies were

Figure 8 Literature values for composition of fibers. (a)
cellulose, (b) hemicellulose, and (c) lignin.18,28–52,55
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calculated and compared and found to be between
35.5 mJ/m2 and 44.2 mJ/m2 for all the fiber types at
20�C. There is a clear association between the fiber
composition and the measured dispersive energy lev-
els at 40�C as was found by Spearman’s rank correla-
tion coefficient and is displayed in Figure 1(a–c). The
only large changes in the acid base characteristics are
seen in the extreme cases of cotton and kapok. This
indicates that there may be a sizable amount of sur-
face area of the fiber comprising hemicellulose as this
component changes the least amount from fiber to
fiber. The SEM micrographs show that the grass-fiber
group has a strongly structured surface with thick
epicuticular wax layers on the surface. Bast-fiber sur-
faces are generally smoother then the other fiber
types. Fruit-fiber types exhibit thin fibers. The leaf-
fibers abaca and sisal have very similar rippled surfa-
ces with visible epicuticular wax and fat layers.
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