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Abstract The physicochemical surface properties of
cellulose and lignocellulosic materials are of major
importance in the context of the production of
composites, in papermaking, and textile area. These
properties can be evaluated by using inverse gas
chromatography (IGC), a particularly suitable tech-
nique for the characterization of the surface properties
of fibrous materials and powders. At infinite dilution
conditions of appropriate gas probes, IGC may
provide important parameters including the dispersive
component of the surface energy of the material under
analysis, thermodynamic data on the adsorption of
specific probes, and Lewis acid-base interaction
parameters between the matrix and the filler of
composite materials. This paper critically reviews
the most relevant results available in the literature
concerning the characterization of cellulose and
lignocellulosic materials using IGC. Emphasis will
be put into the cellulose and nanocellulose surface
properties, changes in the surface properties of
cellulose and lignocellulosic materials after chemical
and physical modifications, and in the compatibility of
cellulose-based materials with polymeric matrices.
The surface properties of non-woody fibers will also
be considered. Before discussing the results available
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in the literature, the theoretical background and the
main approaches used for the calculation of parame-
ters accessed by IGC will be given. It is expected that
this review can contribute to a better knowledge of the
physicochemical surface properties of cellulosics.

Keywords Inverse gas chromatography -
Surface energy - Acid—base properties -
Cellulose - Polymers - Composites

Introduction

Inverse gas chromatography (IGC), firstly introduced
in the sixties (Kiselev 1967; Smidsrod and Guillet
1969), has gained an increasing interest in the last two
decades as a powerful tool to characterize the surface
properties of solid materials: a search made on the
Web of Science in 2013 provided ca. 2,300 articles
reporting the application of IGC in diverse areas.
Inverse gas chromatography is especially appropriate
to study the thermodynamics of adsorption and the
surface properties of organic and inorganic materials
(Saint Flour and Papirer 1982; Belgacem et al. 1996;
Belgacem and Gandini 1999; Belgacem 2000; Santos
and Guthrie 2005). A wide range of materials can be
analysed including polymers, fibers, fillers, pigments,
building materials, coatings, supported catalysts, and
microporous materials (Santos and Guthrie 2005).
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While in conventional gas chromatography the
sample (mobile phase) is injected into a specific
column (stationary phase) and the sample components
are separated and quantified, in inverse gas chroma-
tography the column is typically packed with the solid
sample under investigation and a single gas or vapour
(probe molecule) is injected into the column. This
technique is based on the physical adsorption of well-
known probes by the sample’s solid surface. From the
retention time, f,, for a given probe, the free energy,
enthalpy, and entropy of adsorption may be deter-
mined. The London dispersive component of the
surface free energy (Dorris and Gray 1980; Schultz
et al. 1987; Schultz and Lavielle 1989; Kamdem and
Riedl 1992) and the acid-base surface properties
(Saint Flour and Papirer 1982; Mukhopadhyay and
Schreiber 1995), among other parameters, of the
stationary phase can also be obtained by IGC. It should
be noted that the dispersive and polar components of
the surface energy can also be obtained from classical
contact angle measurements. However, the surface
roughness, the presence of pores, and surface energy
gradients of some materials make the contact angle
measurements less appropriate for surface energetics
determinations (Riedl and Kamdem 1992). In fact, it
has been reported that methods based on contact angle
measurements (Wilhelmy and sessile drop methods,
for instance) can lead to unrealistic results, particu-
larly those concerning acid—base characteristics of the
surface of the analysed material (Shen et al. 1999;
Walinder and Gardner 2002). These limitations can be
overcome using IGC, which is an accurate and
versatile technique, enabling to obtain a wide range
of surface physicochemical parameters of a solid
material, not accessed by other techniques.

Cellulose and lignocellulosic materials belong to a
class of materials that has been thoroughly studied
using IGC, because of the importance of their
physicochemical surface properties in the context of
papermaking, textile area and, particularly, in the
production of composites with polymeric matrices
(Felix et al. 1993; Chtourou et al. 1997; Gauthier et al.
1998a; Matuana et al. 1998; Gulati and Sain 2006a;
Gulati and Sain 2006b; Tze et al. 2006a, b; Domin-
kovics et al. 2007; Wang and Sain 2007; Gregorova
et al. 2009; Rocha et al. 2009; Tonoli et al. 2010;
Gamelas et al. 2012, 2013). The purpose of this article
is to critically review and discuss the most relevant
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results available in the literature about the use of IGC
to characterize the surface of cellulosics. This paper
also aims to complement other reviews published
before (Belgacem 2000; Shen 2009).

Assessment of the surface parameters by IGC
technique: theoretical background

Determination of the dispersive component
of the surface free energy

The retention of a gas or vapour probe molecule in
the IGC column is quantified by the net retention
volume, V,,, which is the volume of inert carrier gas
that is necessary to push the probe molecule through
the chromatographic column containing the solid
sample under analysis. At infinite dilution condi-
tions, V,, depends on the sample—probe interactions
and can be calculated from IGC data using Eq. (1).
Here, ¢, is the retention time of the injected probe
through the column, f, is the retention time of the
non-interacting probe (methane), F is the flow rate
of the inert carrier gas (measured with a digital flow
meter), and J is the James—Martin compression
correction factor, determined by Eq. (2). Here, P, is
equal to P, (atmospheric pressure) plus the pressure
drop in the column. It should be noted that the
retention time may be calculated from the peak
maximum (for chromatograms with symmetric
shapes) or by using the Conder and Young method
for less symmetric peaks (Conder and Young 1979;
Kamdem and Riedl 1992).

Vo= (t —t,).F.J (1)

3[t-epy]
T ] ?

V., is directly related to the adsorption equilibrium
constant, K, for the partitioning of the probe (adsor-
bate) between the mobile gas phase and the stationary
phase (adsorbent), as shown in Eq. (3). Here, A is the
specific surface area of the adsorbent, I is the surface
concentration of the probe expressed in mol/m? and ¢
is its concentration on the gas phase (Dorris and Gray
1980; Gurnagul and Gray 1987; Mukhopadhyay and
Schreiber 1995).
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dr
Vo = AK, =A. (—) (3)
de c—0

Under infinite dilution conditions, Henry’s Law is
obeyed and thus:

dr r
K=(&) =& 4
(dc)c—>0 ¢ ( )

Assuming ideal gas behaviour, Eq. (5) is valid,
where P is the partial pressure of the probe, R is the gas
constant and 7 is the column absolute temperature.

P
- 5
¢=pr (5)
Thus,
RT
K,=I— (6)
P

I is related to the surface pressure, 7, through the
Gibbs’ equation (Eq. 7).

1 dn
I'=—p|— 7
RT? <dp) @
At infinite dilution,
p [n i
F = —| — = —
RT (p> RT ®)
And thus by combining Egs. (6) and (8),
n

The standard free energy of adsorption of the probe
on the stationary phase (per mole), AGY, from a
reference gas phase to a reference adsorption phase
defined by its equilibrium partial pressure, P, is
expressed by Eq. (10).

P
AG? = RTIn— (10)
PS
g
In this equation, P is the probe vapour pressure in
the reference gas phase. Thus, by combining Egs. (3),
(9) and (10), Eq. (11) is obtained.
PS
" g
11
T.A (11)
Assuming that the experiments take place at infinite
dilution, the free energy of adsorption of the probe on
the stationary phase surface, per mole, AG,, can be

determined from the retention volume, V,, according
to Eq. (12). The constant K is dependent on the chosen

AG? = —RT In

reference state (Dorris and Gray 1980; Mukhopadhyay
and Schreiber 1995).

AG, = —RTIn(V,) + K (12)

On the other hand, the free energy of adsorption can
be related to the work of adhesion, W,, according to
Eq. (13), where N is the Avogadro number and a is the
molecular surface area of the probe (Mukhopadhyay
and Schreiber 1995).

~AG, = N.a.W, (13)

If only dispersive interactions occur, the work of
adhesion can be given by Eq. (14) (Fowkes 1964),
where 7¢ and 7§ are the dispersive components of the
surface free energy of the interacting solid and probe,
respectively.

Wa =2y/785} (14)

Thus, based on Egs. (12), (13) and (14), the net
retention volume, V,,, can be related to the dispersive
components of the surface energy, y¢ and y{, by Eq.
(15).

RT In(V,) = yﬂZN.a\/%—F K (15)

According to Eq. (15), it is possible to estimate the
dispersive component of the surface energy of a
sample from the slope of the linear fit of RTIn(V,)) as a
function of 2 N-a(y{)°?, using the IGC data obtained
with the apolar probes (Schultz et al. 1987; Schultz
and Lavielle 1989). It should be noted that the
dispersive component of the surface energy represents
the potential of materials to undergo London disper-
sion interactions. The main weakness of the Schultz
and Lavielle approach is the uncertainty of the
molecular surface area values of the adsorbed species.
Molecular areas of non-spherical adsorbed molecules
may change depending on the orientation of the
molecules on the material surface. In addition, the
temperature influence on the molecular areas is not
usually taken into account. Several corrections to the
molecular areas values have been proposed to solve
this problem (Mukhopadhyay and Schreiber 1995;
Santos and Guthrie 2005).

A related approach to calculate the dispersive
component of the surface energy was proposed by
Dorris and Gray (1980) (Eq. 16). In this equation,
RTIn[V,(Cp11Hon14)/Va(CrHap 1 2)] corresponds to the
difference in the free energy of adsorption due to the
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Fig. 1 Determination of AG, of a polar probe

introduction of an additional —-CH,— group into the
carbon chain of a n-alkane probe. acy, is the
molecular area of the -CH,— group, which is usually
taken as 0.06 nm?. This may not be the most accurate
value and corrections for the Dorris and Gray
approach have been proposed by Goss (1997). ycy,
is the surface energy of a solid entirely composed of
methylene groups, known to be 35.6 mJ m~?2 at 20 °C
(Dorris and Gray 1980; Mukhopadhyay and Schreiber
1995). Typically, the 7¢ values obtained by the Dorris
and Gray approach do not differ much from those
obtained using the Schultz and Lavielle approach.

V(Cn+lH2n+4> 2
RTIn—-—- )
d Vn nH2n+2
Vs = 5 2 (16)
4N?(acw,) vcn,
The Schultz/Lavielle and the Dorris/Gray

approaches have been by far the methods most
employed to calculate the dispersive component of
the surface free energy of cellulose and lignocellulosic
materials. However, other methods are available to
calculate yS (Santos and Guthrie 2005). The Donnet
approach (Donnet et al. 1991, 1992) based on the use
of a polarizability index of the probe has also been
applied to analyse lignocellulosics. Another interest-
ing approach is that of Brendlé and Papirer (1997a, b)
suggesting the use of a topological index that accounts
for the geometry of the probe.

Specific parameters related to acid—base properties

If a Lewis acid—Lewis base interaction occurs, as is the
case with polar probes, there will be a corresponding
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specific component contribution, AG;, in addition to
the dispersive component, to the overall free energy of
adsorption, AG, (Mukhopadhyay and Schreiber
1995). The overall free energy of adsorption, AG,, is
related to the net retention volume by Eq. (12).
Therefore, the free energy of adsorption that is caused
by specific interactions, AGj;, can be estimated by
calculating the difference between the values of
RTIn(V,,) obtained for the polar probe and the corre-
sponding estimation for the apolar probe. The graph-
ical method is represented in Fig. 1.

If the experiments take place at different temper-
atures, it is possible to calculate the specific
component of the enthalpy of adsorption, AH;, and
the specific component of the entropy of adsorption,
AS;, by plotting AG,/T versus 1/T (Eq. 17). On the
other hand, the specific component of the enthalpy
of adsorption, AH;, can be related to the electron
acceptor and electron donor parameters of the
sample’s solid surface, K, and K, respectively, by
Eq. (18) (Schultz et al. 1987; Chtourou et al. 1995;
Mukhopadhyay and Schreiber 1995). K, is the
Lewis acidity constant and Kj, is the Lewis basicity
constant. DN and AN* are the Gutmann’s electron
donor and electron acceptor numbers, respectively,
of the acid-base probe (Gutmann 1978; Riddle and
Fowkes 1990). The donor number (DN) parameter is
defined as the negative enthalpy value for the
reaction of the liquid under test with the acceptor
SbCls. The acceptor number (AN) parameter is
defined as the relative *'P NMR chemical shift of
triethylphosphine oxide (Et;PO), when this donor
substance is dissolved in the liquid under evaluation
(when the liquid is hexane, AN is set to zero)
(Gutmann 1978). AN* is obtained from AN after
correcting from the London dispersion forces con-
tribution to the chemical shift, in order to obtain the
true acid-base contribution (Riddle and Fowkes
1990). The physical properties of a few apolar and
polar probes commonly used in IGC, including the
Lewis donor and acceptor numbers, are listed in
Table 1. According to Eq. (18), K, and K}, can be
graphically determined by plotting —AH/AN* ver-
sus DN/AN*: K, is obtained as the slope of the
linear fit, whereas Kj, is the origin of such plot.

AGS  AHS
=3 ASS 17
—AHS = K,DN + KyAN* (18)
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Table 1 Properties of common probes used in the calculation of surface parameters by IGC

Probe Type a (A% W (mJ m™?) DN (KJ mol™") AN* (KJ mol™")
n-Hexane Apolar 51.5 18.4

n-Heptane Apolar 57.0 20.3

n-Octane Apolar 63.0 21.3

n-Nonane Apolar 69.0 22.7

n-Decane Apolar 75.0 23.4

Trichloromethane Acid 44.0 25.0 0 22.7
Dichloromethane Acid 31.5 27.6 0 16.4
Tetrahydrofurane Base 45.0 22.5 84.4 2.1
Ethyl acetate Amphoteric 48.0 19.6 71.8 6.3
Acetone Amphoteric 42.5 16.5 71.4 10.5

Riddle and Fowkes (1990), Kamdem et al. (1993), Santos and Guthrie (2005)

In Eq. (18), the parameter AH; obtained from the
plot of AGY/T versus 1/T at several temperatures may
be substituted by AG3;, obtained at a single temperature
(=AG; = K,DN + KyAN*) (Saint Flour and Papirer
1983; Chehimi et al. 1999). The absolute values of the
Lewis acidity and basicity constants obtained by the
latter process are then quite different from those
obtained by using —AHj; in Eq. (18). Thus, when
considering Lewis acid-base constants from different
literature reports it must be checked which of the
aforementioned calculation methods has been used for
their determination.

On the other hand, the straight comparison of the K,
values with the K}, values in terms of the prevalence of
the acidic or basic properties should be made with due
caution since it may not be possible to compare the
scales of acidity (K,) and basicity (K}) (Chehimi et al.
1999; Walinder and Gardner 2002). Whereas the
donor number (DN) scale uses SbCls as reference
which is a soft acid, the acceptor number (AN*) scale
is based on the 3'P NMR chemical shift of Et;PO,
which is a hard base. DN is a scale of softness whereas
AN* is a scale of hardness.

Lewis acid-base interaction numbers from IGC

The determination of interaction parameters (Igp)
related to surfaces adhesion may be used as a tool to
predict the compatibility of two different materials to
produce composite structures. The values of these
parameters may be correlated with the physical/
mechanical properties of the ensuing materials. These
interaction parameters may be calculated by different

ways as follows from Eqs. (19) and (20) (Chtourou
et al. 1997; Matuana et al. 1998).

Iy = KIK™ + KPK! (19)
Iy = 2(P" (KPKY) +2(P') (KIK})
1 . X X
5 (P (P) (KIKS + KIKD) (20)

In these equations, the superscripts m and frepresent
the matrix and the filler, respectively, of the compos-
ite. Equation (20) takes also into account the propor-
tion of the matrix (P™) and the filler (P') in the
composite and the different possible interfaces,
namely matrix—matrix, filler—filler, and matrix—filler.
Stronger interactions between the matrix and the filler
are expected for higher interaction numbers.

The use of IGC to analyse the surface properties
of cellulose and lignocellulosic materials

Cellulose analyses by IGC

The surface properties of cellulose have been thor-
oughly studied. The dispersive component of the
surface energy and the acid-base properties were
assessed by IGC (Dorris and Gray 1980; Lee and
Luner 1989, 1993; Felix and Gatenholm 1993a, b;
Felix et al. 1993, 1994; Garnier and Glasser 1994,
1996; Jacob and Berg 1994; Belgacem et al. 1995,
1996; Tshabalala 1997; Botaro and Gandini 1998;
Trejo-O'Reilly et al. 1998; Papirer et al. 2000; Borges
et al. 2001; Peng and Zou 2007; Steele et al. 2008;
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Peterlin et al. 2010). Regarding the dispersive com-
ponent of the surface energy (y?) the majority of
the reported values fall within the range of
40-50 mJ m~2, although other values have been
published. For instance, at 40 °C, cotton cellulose
was reported to have a 74 value of 50 mJ m~? (Dorris
and Gray 1980), purified hardwood o-cellulose
showed a yg value of 47.4 mJ m~> (Belgacem et al.
1995, 1996), and cellulose powder presented a 7% of
48 mJ m—? (Tshabalala 1997). Recently, the disper-
sive component of the surface energy of microcrys-
talline celluloses was assessed by IGC at 0 and 44 %
relative humidity (RH) (Steele et al. 2008). Values
were in the range of 41-46 mJ m~2 for the determi-
nations carried out at 44 % RH. Interestingly, the
results obtained under these conditions were in
reasonable agreement with those obtained by capillary
intrusion method. Somewhat larger values of 7¢
(5-10 mJ m™> higher) were obtained at 0 % RH
suggesting the inhibition of high-energy adsorption
sites by water molecules at 44 % RH.

Although cellulose has a well-defined molecular
structure, the fact that this material is difficult to obtain
in pure chemical form (i.e., without surface contam-
inants) should greatly account for some variety of the
reported IGC results. It has been proposed that,
besides the chemical composition of the cellulose
surface, other factors such as crystallinity, diffusion of
probes into the bulk volume and surface morphology
also play an important role in the interaction between
the probes and the cellulose surfaces and thus influ-
ence the IGC data (Chtourou et al. 1995; Papirer et al.
2000). Concerning crystallinity, it has been reported
that microcrystalline cellulose shows a significantly
higher yﬁl value at 50 °C (40.9 mJ m_z) than that
calculated by an empirical method for “amorphous”
cellulose (28 mJ m_z) (Belgacem et al. 1996; Papirer
et al. 2000). Overall, for the analysis of the effects of
chemical and physical treatments on the cellulose
surface (discussed below) care must be taken when
considering a single value for the dispersive compo-
nent of the surface energy of cellulose.

The adhesion and surface properties of nanocellu-
lose are a very important issue due to the increasing
interest in this nanomaterial (Gardner et al. 2008). The
surface properties of nanofibers obtained by enzymatic
treatments were analysed by IGC (Siddiqui et al.
2011). The authors reported 72 values in the range of
37-45 mJ m~? (at 40 °C), which are not very different
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from those expected for cellulose fibers. A 7 value of
42 m] m_z, comprised in the same range, was also
reported for hemp cellulose nanofibers (Wang and Sain
2007). Bacterial cellulose was found to have arelatively
high y‘sj value, i.e., 61 mJ m 2 in comparison to other
cellulose types (Pommet et al. 2008). The authors
proposed that this could be due to its high degree of
crystallinity compared to plant derived cellulose.

Regarding the acid—base properties of cellulose, it
has been found by IGC that the cellulose surface has an
amphoteric behaviour, i.e., both acidic (electron
acceptor) and basic (electron donor) properties (Lee
and Luner 1989; Felix et al. 1993; Jacob and Berg
1994; Belgacem et al. 1995; Tshabalala 1997; Trejo-
O'Reilly et al. 1998; Papirer et al. 2000; Borges et al.
2001). In addition, it is predominantly acidic rather
than basic. These conclusions have been drawn from
the determination of —AG; (or W3) with several polar
probes, being the greatest values obtained with
amphoteric probes, such as acetone. Moreover, when
comparing the —AGj values obtained with represen-
tative basic and acidic probes (e.g., tetrahydrofurane
and trichloromethane, respectively), these are higher
with the basic probes, indicating a more acidic than
basic character of the cellulose surfaces. Typically, the
K, values are also higher than the K}, ones (this may
confirm a prevalence of the acidic character, although,
as mentioned above the scales of these constants are
not directly compared).

A K, value of 0.11 and a K}, of 0.41 have been
reported for bacterial cellulose (Pommet et al. 2008).
This result seems to indicate that in comparison to
conventional plant cellulose, the surface of bacterial
cellulose has enhanced basic properties. The reason
for this is not clear but it can be speculated to be a
consequence of the different morphology and surface
area of the bacterial cellulose fibers. Comparable
results have been obtained for hemp cellulose nanof-
ibers (K, = 0.19 and K, = 0.31, calculated using
Eq. 18) (Wang and Sain 2007).

Functionalization of cellulose
and lignocellulosics: changes in the surface
properties measured by IGC

A great number of studies concerned the functional-
ization of cellulose and lignocellulosics and its effect
on the surface properties of these materials. The
surface modification of microcrystalline cellulose
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(Avicel) with reagents containing anhydride and
isocyanate reactive moieties (including alkenyl succi-
nic anhydride, styrene-maleic anhydride copolymer,
copolymers involving isocyanate and styrene or o-
methylstyrene, monomeric isocyanates) has been
carried out (Botaro and Gandini 1998; Trejo-O'Reilly
et al. 1998; Belgacem 2000). The most important
finding obtained by IGC analyses was the great
enhancement of the Lewis basic character of the
cellulose surface after these surface treatments. This
was proposed to result from the formation of urethane
or ester moieties derived from the coupling reactions
(Bach et al. 2005). The substitution of some of the
hydroxyl groups in cellulose beads (regenerated
cellulose) by trifluoroethoxyacetate functionalities
also greatly increased the basic character of the
material surface and decreased the acidic one (Garnier
and Glasser 1996).

The esterification of cellulose (powder) by acyl
chlorides, namely valeryl (Cs) and palmitoyl (Ce)
chlorides was performed aiming to obtain products
with a higher compatibility with polypropylene than
the unmodified fibers (Gauthier et al. 1998b). The
dispersive component of the surface energy
decreased greatly after the esterification reactions,
achieving a value close to that of polypropylene.
Moreover, the yf values of the cellulose palmitate
products were lower than those of the cellulose
valerates and, for the latter, when the degree of
substitution (DS) increased, the yf value decreased
(Table 2). The Lewis basic character as measured by
the —AGj, (trichloromethane) increased after esteri-
fication and the Lewis acidic character as measured
by the —AG; (diethyl ether) decreased, as expected
for the substitution of hydroxyl groups by ester bonds
(Gauthier et al. 1998b). Similar results have been
obtained regarding the trends of the 7 and the Lewis
acid properties when using several C;; and C,g fatty
acids for the cellulose esterification (Jandura et al.
2002). However, in this case, the Lewis basic
properties of the cellulose surface, as measured by
the K, constant, did not show any significant change
with the chemical modification. No explanation has
been offered for this fact. The sizing of filter paper
(mostly o-cellulose) with alkenyl ketene dimer,
which is thought to introduce ester functionalities
in the cellulose chain, also reduced the yS values,
increased the Lewis basicity (—AG; of trichlorome-
thane) and decreased the Lewis acidity (—AGj; of

diethyl ether) (Shen et al. 2000). Different results had
been obtained previously by Lee and Luner (1989).

Cellulose and lignocellulosic fibers were treated
with maleated polypropylene, dichlorodiethylsilane
(or dichlorodimethylsilane), y-aminopropyltriethoxy-
silane, and phthalic anhydride, and analysed by IGC
(Felix and Gatenholm 1993b; Felix et al. 1993;
Kazayawoko et al. 1997, 1999; Coupas et al. 1998;
Matuana et al. 1998, 1999). Significant changes of the
fiber’s acid-base properties have been found, as
summarized in Table 3 for newsprint fibers. The basic
character of the pulp fibers was enhanced by the
treatments with maleated polypropylene, probably due
to the formation of ester bonds between the cellulose
hydroxyl groups and the anhydride groups from
maleated polypropylene (Coupas et al. 1998; Matuana
et al. 1998). Dichlorodiethylsilane produced a strong
acidic surface attributed to the highly electronegative
nature of the chlorine atoms of dichlorodiethylsilane
(Felix et al. 1993; Matuana et al. 1998). For the fibers
treated with y-aminopropyltriethoxysilane, the basic
characteristic of the fiber surface increased due to the
presence of attached amino groups (Felix et al. 1993;
Matuana et al. 1998).

When chemithermomechanical pulp fibers were
modified by phenol-formaldehyde resins, the 7 value
increased from 27.5 mJ m ™~ for the untreated fibers to
42.5 mJ m~? for the fibers treated with 20 wt% high-
molecular weight phenol—formaldehyde resin (PFR).
For fibers modified with different types and amounts
of PFR and the unmodified fibers an inverse relation-
ship between 7¢ obtained by IGC and the O/C atomic
ratio estimated by X-ray photoelectron spectroscopy
(XPS; this surface sensitive technique gives informa-
tion of the chemical composition of the surface up to
approximately 10 nm depth) was found, that is, the ¢
value increased when the O/C atomic ratio decreased
(Kamdem and Riedl 1991). On the other hand, the
modification of bleached softwood kraft fibers via
adsorption of organo-nanoclay afforded a decrease of
the dispersive component of the surface energy from
44030 mJ m~? (at 60 °C) (Chen and Yan 2012). The
3 also increased after subjecting aqueous suspensions
of thermomechanical pulp fibers to ultrasonic radia-
tion (Gadhe et al. 2006).

The surface properties of cellulose acetate butyrate
and cellulose ethers were also assessed by IGC (Sasa
et al. 2006; Rani et al. 2011). Cellulose acetate

butyrate was found to have a y¢ value of 18 mJ m ™2 at
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Table 2 Esterification of cellulose powder: surface parameters assessed by IGC

Material 73 —AG; (TCM) —AG:j (ether) AG; (TCM)/
(mJ m™?) (KJ mol™h) (KJ mol™h) AG; (ether)
Cellulose 43.7 1.40 6.39 0.22
Cellulose valerate, Cs (DS = 0.15) 36.2 1.62 3.84 0.42
Cellulose valerate, Cs (DS = 0.41) 32.1 4.00 3.18 1.26
Cellulose palmitate, C;¢ (DS = 0.15) 28.5 3.77 3.12 1.21
Cellulose palmitate, C; (DS = 0.45) 28.4 3.20 2.03 1.58

Gauthier et al. (1998b); all determinations made at 70 °C; TCM = trichloromethane

Table 3 Lewis acid-base characteristics of newsprint fibers
after chemical modification

Fibers K, Ky

Untreated newsprint fibers 0.65 0.16
Maleated polypropylene-treated fibers 0.68 0.35
Dichlorodiethylsilane-treated fibers 1.41 0.05
Aminosilane-treated fibers 0.57 0.96
Phthalic anhydride-treated fibers 0.87 0.20

Matuana et al. (1998); K, and K}, values have been obtained
from the AH;, of several probes

50 °C. For this material, a higher interaction was
observed with amphoteric probes than with acidic or
basic ones, as measured by the —AH; parameter with
different probes (50-120 °C temperature range). In
addition, —AH;, (trichloromethane or dichlorometh-
ane) > —AH; (tetrahydrofurane) indicating a preva-
lence of basic character. The K, and K, values were
0.126 and 1.109 confirming that the surface of the
cellulose derivative is predominantly basic (Rani et al.
2011). This is in accordance with the expectations
from the structure of the compound which presents
Lewis basic oxygen atoms in the ester moieties. The
specific interactions of cellulose ethers, namely
hydroxyethylcellulose (HEC), hydroxypropylcellu-
lose (HPC) and hydroxypropylmethylcellulose
(HPMC) with several polar probes were evaluated
using a similar approach (based on the calculation of
—AH}) and the authors found that the interactions
increased in the order HPC < HPMC < HEC (Sasa
et al. 2006). These results correlated well with water
adsorption on these cellulose derivatives and with
their swelling ability. Moreover, the release rate of
water-soluble drugs, pentoxifylline and vancomycin,
from cellulose ether matrices followed the same order
predicted from the ethers polarity.
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Effects of organic solvent extraction, recycling,
hot water extraction, beating, and bleaching
on the surface of cellulose-based materials

Several researchers have studied the effect of organic
solvent extraction on the surface properties of cellu-
lose and lignocellulosic materials. For instance, Bel-
gacem et al. (1995, 1996) reported that the acetone
extraction of a-cellulose fibers increased the disper-
sive component of the surface energy from 31.9 to
47.4 mJ m~> (at 40 °C). This was attributed mainly to
the removal of low molecular weight components at
the fiber surface, such as fatty acids, which possess
lower 7¢ values than cellulose. Similar results have
been obtained after extraction of Avicel cellulose
fibers with acetone or dichloromethane (Borges et al.
2001).

The influence of organic solvent extraction and
recycling on the surface properties of bleached kraft
pulps, namely on the dispersive component of the
surface energy and on the surface acid—base character
was reported (Shen et al. 1998a; Tze and Gardner
2001). It was confirmed the dominant acidic character
of a bleached eucalypt kraft pulp, taken as reference
pulp (that is, not extracted and not recycled) since
higher work of adhesion was obtained with basic
probe (Table 4). However, for fines separated from the
reference pulp, the basic character was clearly more
pronounced than the acidic one. The extraction with
ethanol-benzene led to an increase of the ¢ and the
works of adhesion with polar probes (Table 4), mainly
due to the extractives removal from the pulp surface
and higher exposure of the cellulose macromolecules
to the IGC probes. Pulp recycling afforded less polar
pulps’ surfaces (Table 4). Subsequent extraction of
recycled fibers had effects similar to those obtained for
the extraction of the reference kraft pulp (Shen et al.
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Table 4 Effects of the

. . Eucalypt kraft pulps y‘; Wi(trichloromethane) ~ Wi(diethyl ether)
organic solvent extraction e ) 5
. (mMJm ) (mJm ) (mJ m™ )
and recycling on the surface
properties of eucalypt kraft A. Bleached pulp (reference) 38.4 24 112
pulps, assessed by IGC .
Fines separated from A 34.7 6.9 0.3
A extracted with ethanol/benzene 42.8 11.3 23.4
B. Reference recycled 33.7 1.6 3.7
Shen et al. (1998a, b), Shen B after extraction with ethanol/toluene  43.3 2.6 19.9
and Parker (1999); C. Unbleached E. Globulus pulp 41.8 4.4 8.9
measurements made at 40 C extracted with methanol 50.7 9.9 24.6
or 37 °C
1998a). Still regarding recycling, Tze and Gardner 30 1[0 sugar maple control pulp
(2001) found by IGC that the surface of recycled kraft B sugar maple extracted pulp
fibers and virgin fibers had similar electron donating/ 25 1|0 eucalypt control pulp
electron accepting capacities. The effect of recycling __ 5o | eucalypt extracted pulp
on the fibers surface properties certainly deserves £
additional studies. £ 157
When (unbleached) eucalypt pulps obtained by T 104
kraft cooking, neutral sulphite semichemical (NSSC)
and cold soda processes were extracted with methanol, 5
an increase of the yg value was found, from 36.2-41.8 o
72 1 T T
to 50.7-62.2 mJ m™~ (Table 4, kraft pulp) (Shen and TcM THE ETA Acetone

Parker 1999). Similar trend was also observed for
spruce and white pine wood particles after extraction
(Liu et al. 1998; Walinder and Gardner 2000).
Concerning the acid—base properties, the magnitude
of the works of adhesion was found to increase with
the extraction for the several pulp types studied, being
the acidic character more enhanced than the basic one
(Table 4, kraft pulp). The extractives removal on the
pulp surface unblocked some high-energy sites,
mainly from cellulose and hemicelluloses chains,
which possess more acidic than basic character, setting
free these sites to interact with the polar probes (Shen
and Parker 1999). When wood was extracted with
organic solvents the acid-base characteristics were
also enhanced (Liu et al. 1998). Moreover, a correla-
tion between the K, (or K},) values and the O/C atomic
ratio determined by XPS was found, showing that the
removal of extractives (that have low O/C) exposes the
more acidic and basic groups of lignocellulose, thus
enhancing the acid-base properties of the material
surface.

The effect of preliminary hot water extraction on
the surface properties of eucalypt and sugar maple
(Acer Saccharum) kraft pulps was also considered:
kraft pulps with kappa number of 15 obtained from
Acer saccharum and Eucalyptus globulus prepared

Fig. 2 Works of adhesion of A. saccharum and E. globulus
kraft pulps with several polar probes at 40 °C as determined by
IGC (TCM trichloromethane, THF tetrahydrofurane, ETA ethyl
acetate) (Gamelas et al. 2013)

with and without hot water extraction (HWE) before
cooking were analysed by IGC and XPS (Duarte et al.
2012; Gamelas et al. 2013). It should be noted that
HWE is used to extract hemicelluloses from the
material (the xylan amount is reduced from about
16 % in the reference pulp to ca. 3 % in the extracted
pulp). In the case of A. saccharum pulps, the dispersive
component of the surface energy at 40 °C determined
by IGC was 39.8 mJ m ™2 (control pulp without HWE)
and 36.7 mJ m~2 (HWE pulp). Eucalyptus globulus
pulps resulted in ¢ values of 30.8 mJ m~? (control)
and 34.9 mJ m~> (HWE). The higher values of 74 for
sugar maple pulps were interpreted as resulting from
the influence of lower amounts of extractives or lignin
at their surfaces, as revealed by XPS. Interestingly,
and in line with the yf results, the acid—base character
of the sugar maple pulp surface was slightly reduced
with previous HWE, whereas, for E. globulus, it was
greatly enhanced (Fig. 2). In this context, it should be
noted that y¢ data of 38-39 mJ m™* were reported for
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Table 5 Effect of the beating on the surface properties of bleached pulps

Pulps 4 (mJ m~?)? Wi(THF)/W(TCM)* AH(THF)/AHY(TCM)® K./KD
Bleached eucalypt pulp before beating 45.0 8.7 17.5 2.0
Bleached eucalypt pulp after beating 48.2 11.4 21.6 3.1
Bleached softwood pulp before beating 41.7 4.1 23 0.35
Bleached softwood pulp after beating 44.7 4.6 3.8 0.45

Carvalho et al. (2005a), Gamelas et al. (2011); THF = tetrahydrofurane; TCM = trichloromethane

? Measurements made at 40 °C

b K, and K}, values have been obtained from the AH; of several probes

red maple (Acer rubrum) wood after extraction at
160 °C for 90 min, whereas those values of the
original wood samples were 36-37 mJ m~> (Mills
et al. 2009; Paredes et al. 2009).

The effect of the beating process on the surface
energetics of bleached pulp fibers was studied. Firstly,
it was claimed that this process did not affect the
dispersive component of the surface energy of
bleached spruce kraft pulp (Gurnagul and Gray
1987). However, later results on eucalypt kraft pulps
(Carvalho et al. 2005a), as well as on softwood pulps
(Gamelas et al. 2011), have typically showed an
increase of the yf values after beating (Table 5). The
acid-base character of the fibers surface was also
enhanced after beating with a higher increase of the
acidic feature. The increase of the Wi(tetrahydrofu-
rane)/W5(trichloromethane), —AHj(tetrahydrofurane)/
—AH;(trichloromethane) and K,/K,, ratios after beat-
ing (Table 5) indicates that there is a larger number of
highest-energy acidic sites relative to that of highest-
energy basic sites upon the beating operation. This was
interpreted as being due to an increase of the
accessibility on the fibers surface of the OH functional
groups (acidic) relatively to that of the oxygen atoms
(basic) not bound to hydrogen as a consequence of the
beating action (Carvalho et al. 2005a, Gamelas et al.
2011).

It is accepted that the pulp bleaching promotes an
increase of the dispersive component of the pulp
surface energy. This has been attributed to the removal
of components from the pulp surface, with a surface
energy lower than cellulose: mainly residual lignin or
fragments of lignin (Lundqvist et al. 1995; Boras et al.
1997). The introduction of an oxygen delignification
stage prior to bleaching by conventional DEDED
sequence (D and E are chlorine dioxide and alkaline
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extraction stages, respectively) of eucalypt kraft pulp
resulted in a decrease of the ¢ value (Carvalho et al.
2005b). Interestingly, the Lewis acidic character of the
fibers surface was greatly enhanced by the incorpora-
tion of the oxygen stage in the bleaching process. The
oxygen stage was suggested to cause a stronger
oxidation of the fiber surface, increasing the amount
of carboxylic groups.

Surface properties of non-woody plant fibers
measured by IGC

Recently, some attention has been paid to the study of
the surface properties of non-woody fiber types using
IGC (Gassan et al. 2000; Gulati and Sain 2006a; Heng
et al. 2007; Mills et al. 2008; Cordeiro et al. 2011a, b,
2012; Ramires and Frollini 2012). Non-woody fibers
can be classified according to the part of the plant from
where they are collected, namely in leaf, bast, fruit,
seed, grass and stalk. These naturally occurring
materials, similarly to wood fibers, are mainly com-
posed of cellulose, lignin and hemicelluloses (Mills
et al. 2008; Cordeiro et al. 2011a). However, the
relative amounts of the different components are much
different from those of wood fibers and differ widely
within the various types of vegetable fibers. A list of
the 7¢ values reported for non-woody plant fibers is
given in Table 6. The systematization of the data has
shown to be quite difficult due to the several factors
involved. In addition, quite different values for the
same plant have been reported in different studies
(e.g., hemp, flax, and sisal fibers, Table 6). Notwith-
standing, it has been proposed by Mills that as the
lignin and hemicelluloses content decreases and the
cellulose content increases higher values are obtained
for p¢ (Mills et al. 2008). This correlation, however,
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Table 6 Values of the

dispersive component of the Mills et al. (2008)

Cordeiro et al. (2011a) Cordeiro et al. (2011b)

surface energy (32, mJ m™>) (40 °C) (25°0) (25°C)
Fiber
Grass fibers
Wheat straw 354 - -
Wheat pulp bleached  38.5 - -
Rice hulls 39.4 - -
Reed 37.2 - -
Bast fibers
Hemp 359 - 46.7
38*
40.7°
Flax 349 - 514
43.1°
Kenaf 36.9 - 42.8
Jute 43.5 38.8 -
41°¢
Ramie - 44.5 -
Leaf fibers
Abaca 36.2 - -
Sisal 41.2 48.3 37.5
49.3¢
38.3°
Agave - - 42.0
Agave hybrid - - 37.2
Pineapple - - 39.6
Curaua - 46.7 -
Pita Mexicana - 45.5 -
Piassava - 38.4 -
Sorghum - 414 -
Seed hair fibers
* From Gulati and Sain Cotton 38.7 B B
(2006a) Poplar seed 38.9 - -
® From Heng et al. (2007) Fruit hair fibers
(30 °O) Kapok 37.7 - -
¢ From Gassan et al. (2000) Coir 36.4 45.0 -
(35 °C) Assai - 52.4 -
¢ From Ramires and Silk floss _ 47.8 _

Frollini (2012) (30 °C)

was not so obvious for the several vegetable fibers
studied by Cordeiro et al. (2011a, b, 2012). As
mentioned in “Cellulose analyses by IGC” section
of the present review, other parameters such as
crystallinity and morphology of the surface (crystal-
linity is due to cellulose structure since lignin and

hemicelluloses are amorphous) can influence the value
obtained for ys (Papirer et al. 2000).

In most of the reported studies concerning non-
woody fibers, the authors focused in searching corre-
lations between the yf value, which is a IGC surface
parameter, and the chemical composition or
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Table 7 Values of the Lewis acidity (K,) and basicity (K;) constants and of the AG; (tetrahydrofurane)/AG; (dichloromethane)

ratios for non-woody fibers obtained by IGC

Fiber type Fiber Mills et al. (2008) Cordeiro et al. (2011a) Cordeiro et al. (2011b)
K, Ky AGy ™ K, Ky AG; ™ K, Ky AG; ™°
Grass fibers Wheat straw 0.15 0.70 -
Wheat pulp bleached  0.10 0.47 -
Rice hulls 0.21 0.38 -
Reed 0.15 0.61 -
Bast fibers Hemp 0.16 0.49 - 0.11 0.27 1.1
0.11*  0.12%
0.05*  0.24°
Flax 0.17 0.49 - 0.12 0.22 1.0
0.12*  0.10°
Kenaf 0.07 0.32 - 0.09 0.14 1.1
Jute 0.01 0.00 - 0.10  0.17 1.1
Ramie 0.10 0.18 1.1
Leaf fibers Abaca 0.12 0.59 -
Sisal 0.38 0.74 - 0.09 0.12 1.0 0.08 0.26 1.2
0.11*  0.07*
Agave 0.11 0.15 1.2
Agave hybrid 0.09 0.33 1.1
Pineapple 0.10 0.28 1.0
Curaua 0.11 0.14 1.0
Pita Mexicana 0.09 0.36 1.1
Piassava 0.09 0.15 1.1
Sorghum 0.10  0.15 1.1
Seed hair fibers  Cotton 0.06 0.50 -
Poplar seed 0.10 0.42 -
Fruit hair fibers  Kapok 0.14 1.05 -
Coir 0.19 0.20 - 0.10  0.19 1.1
Assai 0.10  0.31 1.1
Silk floss 0.11 027 09

K, and Ky, values have been obtained from the AH;, parameter (Mills et al. 2008; Heng et al. 2007; Gulati and Sain 2006a) or from the
AG;, parameter at 25 °C (Cordeiro et al. 2011a, b); AG; ratio refers to AG; (tetrahydrofurane)/AG;, (dichloromethane)

* From Heng et al. (2007)
® From Gulati and Sain (2006a)

crystallinity indexes of the materials, which are
actually bulk parameters. It is known that IGC is
sensitive only to the material surface and, in particular,
to the highest-energy sites of the surface. Thus, the
correlation with bulk parameters, such as those
mentioned, may not be the most correct approach in
order to understand the results obtained by this
technique. For instance, minor fibrous components,
such as extractives, are often present in high concen-
tration at the fiber surface, although they may
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represent an insignificant amount of the sample bulk.
Its presence should have a major influence on the
surface properties, including the potential to establish
London forces and acid-base interactions. In this
context, a special attention could be paid to comple-
mentary results provided by XPS. This has been
clearly demonstrated in the work of Rjiba et al. (2007)
for unextracted and ethanol-extracted cotton fibers.
Cotton fibers are composed mostly of a-cellulose
(88-97 wt%) and non-cellulosics such as waxes,
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proteins, pectins, inorganics and other substances,
with typically less than 2 wt% of each minor compo-
nent. However, XPS results showed that the surface of
the analysed unextracted cotton fibers was essentially
constituted by waxes (very low O/C atomic ratio and
high Cl1 (C-H; C-C) percentage). After ethanol
extraction, both the O/C atomic ratio and the oxy-
gen-containing chemical groups (C2 percentage)
largely increased but were still low in comparison to
the values usually obtained for the surface of cellulosic
materials (Belgacem et al. 1995). This study clearly
illustrates that for cellulosic materials, the chemical
composition of the surface can be indeed much
different from that of the bulk. Regarding the IGC
data, the y¢ values (at 30 °C) were of about 40 mJ m ™~
for raw cotton and 30 mJ m ™ for the extracted cotton
fibers showing that the presence of waxes plays a
major role on the surface energy of cotton fibers (Rjiba
et al. 2007).

The acid-base parameters, K, and K;, of the
mentioned non-woody fibers have also been obtained.
These were calculated from Eq. (18) by taking the AH;
parameter obtained from the plot of AGY/T versus
I/T at several temperatures (Gulati and Sain 2006a;
Heng et al. 2007; Mills et al. 2008) or by using the AG;,
parameter obtained at a single temperature (Cordeiro
et al. 2011a, b, 2012). The results are summarized in
Table 7. In general, the K, values have been higher
than the K, ones, suggesting, at first glance, that the
surfaces are predominantly basic. In fact, this seems
very likely for untreated hemp fibers for which —AGj;
(trichloromethane) > —AG; (tetrahydrofurane or
ethyl ether) (Gulati and Sain 2006a). The authors
have attributed this result to the presence of extractives
like triglycerides rendering the fiber’s surface more
basic than acidic. However, the majority of the
analysed non-woody fibers showed a AG; (tetrahy-
drofurane)/AG; (dichloromethane or trichlorome-
thane) ratio >1 (Table 7). Thus, it cannot be
concluded, based only on the K, and Kj, values, that
the studied non-woody fibers have a predominant
basic character as proposed (Cordeiro et al. 2011a, b),
as the direct comparison of K, with Kj, is misleading.
On the other hand, the amphoteric character of the
surfaces is confirmed, since higher AG; values have
been obtained for acetonitrile (among other measure-
ments with tetrahydrofurane, dichloromethane, ethyl
acetate and acetone), which is an amphoteric probe
(Cordeiro et al. 2011a, b).

Flax fibers were submitted to two different treat-
ments, acetylation and stearation, and analysed by
IGC. Typically, the acetylation greatly increased the
dispersive component of the surface energy while in
the case of the stearic acid treatment a reduction in the
¢ value was found (Zafeiropoulos et al. 2002). The
polar characteristics of the fibers surface (evaluated by
the measurement of —AG; with acetone, ethanol and
ethyl acetate) were also enhanced during acetylation
due to the substitution of hydroxyl groups by the more
polar ester bonds, while the opposite occurred for the
stearic acid treatment. The surface properties of flax
fibers after scouring followed by bleaching were also
evaluated by IGC (Abdel-Halim 2012). It was found
that the 7¢ values follow the order bleached
fibers > scoured fibers > raw fibers. This was attrib-
uted to the removal of non-cellulosic components
(lignin, hemicelluloses, waxes, pectins, proteins) from
the fiber surface in the course of the scouring and
bleaching treatments, increasing the exposure of the
cellulose molecules for interaction with the apolar
probes. Experiments were also carried out at different
relative humidity values namely 0, 30 and 70 %. It was
found that the dispersive component of the surface
energy is almost independent of the humidity content
of the fibers. In contrast, the —AG; values with polar
probes (ethanol, ethyl acetate, acetone) generally
increased by increasing the humidity level (Abdel-
Halim 2012). Similarly, the bleached cotton wool
showed a significantly higher 7¢ value than the
unbleached (Reutenauer and Thielmann 2003). The
specific component of the free energy of adsorption of
ethanol and ethyl acetate were also significantly higher
for the bleached cotton in comparison to the
unbleached sample. The authors argued that this could
result from an increase in the surface roughness caused
by the bleaching process, thus increasing the available
sites for interaction (Reutenauer and Thielmann
2003). However, the chemical changes occurring at
the fibers surface during bleaching cannot be
disregarded.

Megiatto et al. (2007) chemically modified sisal
fibers by ClO, or dichromate oxidation and reaction
with furfuryl alcohol (FA) or polyfurfuryl alcohol
(PFA) and determined the dispersive component of the
surface energy and the acid-base character of the
surface. The ¢ value greatly increased with the
modifications from 21 mJ m 2 (untreated fibers) up
to 63-70 mJ m~2 (at 30 °C). The acidity of the
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Table 8 Specific interaction parameter (Iy,) and tensile
strength for composites of newsprint fibers with PVC

Fibers I, Tensile strength
(MPa)
Untreated newsprint fibers 0.70 285+ 0.8
Maleated polypropylene-treated 0.74 293 £22
fibers
Dichlorodiethylsilane-treated fibers 0.72 300+ 1.9
Aminosilane-treated fibers 0.85 383 x3.1
Phthalic anhydride-treated fibers 0.72 29.4 £ 0.8

Matuana et al. (1998)
 Calculated following Eq. (20)

surface as measured by the value of —AG; of
tetrahydrofurane (donor probe) decreased with the
modifications. Besides, in all cases the —AG) of
tetrahydrofurane was higher than the —AG; of
trichloromethane (acceptor probe), showing that both
the untreated and the treated fibers had a more acidic
than basic character. Overall, the grafting of PFA and
FA chains on the sisal fiber surface resulted in a
decrease of the more accessible OH polar groups from
the cellulose and lignin structures and in the introduc-
tion of non-polar moieties which could contribute to
the increase of 7¢ and to the diminishing of the acidic
character of the fiber surface. The 7¢ value also
significantly increased after the modification of sisal
fibers with methylolated lignins (Megiatto et al. 2008).
In addition, with the modification there was a decrease
in both the —AG; (tetrahydrofurane) and —AG;
(trichloromethane) values, but more pronounced with
tetrahydrofurane. These results were attributed to the
grafting of lignins to the surface of sisal fibers.

Compatibility of cellulose-based materials
with polymeric matrices to produce composites

The compatibility of unmodified/modified cellulose
fibers and lignocellulosic fibers with polystyrene
matrix was considered (Felix et al. 1993; Simonsen
et al. 1997; Rials and Simonsen 2000; Tze et al. 2006a,
b). Based on the calculation of IGC matrix—filler
Lewis acid-base interaction parameter (following
Eq. 19) between fibers and polystyrene, it was
predicted that aminopropyl-silanated cellulose (lyo-
cell) fibers have higher potential than the unmodified
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Table 9 Specific interaction parameter (Iy,) and tensile
strength  for composites of hemp nanofibers with

polyhydroxybutyrate
I,  Tensile E-modulus
strength  (GPa)
(MPa)
Untreated hemp 020 17.7 1.55
nanofibers
Styrene maleic anhydride- 0.41 20.7 1.93
coated hemp nanofibers
Polyhydroxybutyrate® - 15.3 1.41

Wang and Sain (2007); composites contained 5 wt% loading of
nanofibers

# Calculated following Eq. (19)

° Results of polyhydroxybutyrate, solely, are given for
comparison

or the phenylaminopropyl-, phenyl- or octadecyl-
silanated fibers for bonding with polystyrene in a
composite system (Tze et al. 2006a, b). This was
confirmed from measurements of the maximum inter-
facial shear stress in the resultant composites.

The compatibility of untreated/treated newsprint
fibers with PVC matrix was also examined (Matuana
et al. 1998). Newsprint fibers treated with y-amino-
propyltriethoxysilane showed higher I, values with
PVC than those treated with dichlorodiethylsilane,
maleated polypropylene or phthalic anhydride
(Table 8). The prediction of a better compatibility
between the aminosilane-treated fibers and PVC,
based on the calculation of the I, values, was
confirmed by the measurement of a higher tensile
strength in the composite with the aminosilane-treated
fibers (Table 8). The compatibility of PVC and PVC-
b-PHPA-b-PVC (PHPA = poly(hydroxypropyl acry-
late)) block copolymers with pine wood flour has been
studied based on the calculation of I, parameter
(following Eq. 20) for composites with 40 wt% of
pine wood flour and PVC, or different block copoly-
mers, as the matrix of the composite (Rocha et al.
2009). The results showed that the chemical adhesion
between the wood flour filler and the polymeric matrix
should increase when using the copolymer instead of
PVC. Among the considered matrices, the copolymer
with the higher molecular weight was proposed to give
the greater degree of adhesion to wood flour.

The surface of wood flour was modified by
benzylation and composites of the neat and the treated
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wood flours with polypropylene block copolymer (PP)
were produced. The authors found an interesting direct
correlation between the dispersive component of the
surface energy of the wood flour samples and the
tensile strength of the PP/wood composites containing
20 wt% of filler (Dominkovics et al. 2007). The very
close linear correlation confirms the relationship of
adhesion and strength. On the other hand, Chtourou
and co-authors (Chtourou et al. 1997) have found
linear correlations between the values of the specific
interaction parameter (calculated using Eq. 20) and
the strength properties (breaking length, burst index
and tear index) of composite sheets made of explosion
pulp/kraft pulp from hardwood and pre-treated poly-
ethylene. In this way, they have proposed that IGC
could be a useful technique for evaluating surface
treatment in order to maximize inter-fiber adhesion.

Hemp nanofibers were modified by several chem-
ical treatments and their compatibility with poly(lactic
acid) (PLA) and polyhydroxybutyrate (PHB) esti-
mated based on IGC measurements (Eq. 19). The IGC
results indicated that styrene maleic anhydride coated
and ethylene acrylic acid coated hemp nanofibers had
higher potential to interact with PLA or PHB than the
untreated fibers (Wang and Sain 2007). This was
confirmed by measurements of the mechanical prop-
erties of the composites incorporating the styrene
maleic anhydride-coated hemp nanofibers (Table 9).

Interestingly, hemp fibers treated with Ophiostoma
ulmi (a fungus obtained from elm tree infected with
Dutch elm disease) showed better acid—base compat-
ibility (Eq. 19) with an unsaturated polyester resin
than the untreated fibers. In agreement with the IGC
supposition, composites prepared using the treated
fibers (12 wt%) and the polyester showed improved
flexural strength and flexural modulus, which measure
the strength of the composite (Gulati and Sain 2006b).
The relatively larger acid—base interactions between
the treated fibers and the resin must have improved the
interfacial adhesion in the composite.

Recently, it was proposed that for the same type of
filler the mechanical properties of the composites
increased when the ratio of the work of adhesion
(matrix—filler) to the work of cohesion (matrix—matrix
or fillerfiller) increased (Oporto et al. 2011). How-
ever, a careful reading of this article shows that this
trend was valid only in a small number of cases. The
Lewis acid-base matrix—filler interaction parameter
(Isp), determined using Egs. (19) or (20), is probably

more appropriate to predict the compatibility between
components in composite structures.

Conclusions

Inverse gas chromatography (IGC), at infinite dilution
conditions, is an appropriate tool to study the phys-
icochemical surface properties of cellulose and ligno-
cellulosic materials, overcoming the problems
typically found in the surface analyses of the latter
materials by methods based on contact angle mea-
surements (e.g., surface roughness, the presence of
pores, surface energy gradients, etc.). Relevant infor-
mation including the dispersive component of the
surface free energy, thermodynamic data on the
adsorption of polar and apolar probes, acid—base
character of the material surface, and matrix—filler
specific acid-base interaction parameters, can be
accessed by this technique.

The theoretical background of inverse gas chroma-
tography is well established. However, due to the
several approaches available within IGC, care must be
taken when interpreting the obtained results. In
particular, the acid-base constants, K, and Kj,, depend
largely on the type of physical probes used for their
determination and on the employed -calculation
method (i.e., based on AH; parameter, obtained from
the plot of AG3/T versus 1/T at several temperatures, or
from AG3;, obtained at a single temperature). On the
other hand, regarding the calculation of the dispersive
component of the surface energy (y), the most
employed methods (Schultz/Lavielle and Dorris/
Gray) typically afford comparable results at a given
temperature. Anyway, it must be stressed that only the
highest-energy sites of the surface are measured by
IGC. Finally, it is recommended the concomitant use
of other surface sensitive methods, such as XPS, in
order to corroborate the IGC results and get a better
understanding of the surface physicochemical proper-
ties of the materials under analysis.

The use of IGC as a tool to predict the compatibility
of functionalized cellulosic fibrous materials with
polymers for the production of composites deserves a
special attention. From the standpoint of the optimi-
sation of the performance properties of solid compos-
ite mixtures, specific interaction numbers can give
important leads with respect to optimising the adhe-
sion in a range of compositions.
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