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Bivalve shell waste has the potential to be used as a bio-filler. In this work, the dispersive component (y¢)
of surface free energies of the surfaces of clam shell waste (CS) and commercial calcium carbonate (CC)
were evaluated using inverse gas chromatography with both the Dorris-Gray method and the Schultz
method. Their acid-base character was investigated as well. The mechanical properties of PP composites
filled with CS and CC were then studied. The results showed that the y¢ calculated with Dorris-Gray
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Bio-filler face energy of the CS was significantly heterogeneous and its calculated ¢ decreased drastically with

Inverse gas chromatography increasing surface coverage from 0.5% to 2%, then slightly increased with surface coverage larger than
Surface energy 2%. The K,/K}, ratio was 7.65 for CS and 1.48 for CC, indicating a more acidic character for the surfaces
Surface energy analyzer (SEA) of CS. The mechanical properties analysis showed that the inclusion of CS powder played mainly a
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toughening role in the filled PP.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Calcium carbonate (CaCOs3) is one of the most widely used inor-
ganic fillers for polymers. Adding excessive amounts of it, however,
can decrease the impact properties of polymer [1]. Furthermore, the
resulting smaller particles cause more particle-to-particle interac-
tions and consequently powder agglomeration, making the poly-
mer difficult to process and further degrading its mechanical
properties [2,3]. Bivalve shell waste, however, with its predomi-
nantly CaCO3 content and biomacromolecules, can be used as a sub-
stitute filler, yielding a polymer with unique mechanical properties
[4]. Fombuena et al. [5] for example, prepared composites from
epoxy resin with seashell waste. Lin et al. [6] reported that the
incorporation of shell powder greatly increased the impact strength
of the PP matrix. de Melo et al. [7] found that the incorporation of
mollusc shell waste could increase the degree of crystallinity and
stiffness of high-density polyethylene. And our own previous stud-
ies have indicated that adding organo-modified shell powder could
significantly increase the impact strength, the elongation at the
breaking point and the flexural modulus of the PP matrix [8].
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It has been widely recognized that the reinforcing effect of a fil-
ler depends on its nature, the polymer matrix type, and the filler
loading [9-11]. The filler nature influences the reinforcement capa-
bility via the properties of particle size, specific surface area, func-
tional groups on the surface, surface activity, etc [12]. The surface
activity, for example, influences the reinforcement capability
through its physicochemical properties, because the chemical nat-
ure of a particle’s surface determines the interactions both among
different fillers and between the fillers and the polymer. These
interactions in turn influence the filler’s dispersion in the matrix
and thus affect the performance of composites [13]. Therefore, a
better understanding of a filler’s surface properties is critical to
determining the most effective polymer reinforcement and
processing.

As an alternative to classic contact angle measurement, inverse
gas chromatography (IGC) has proved to be a reliable and sensitive
technique for the characterization of surface properties [14-16].
The surface properties of CaCO3 have been previously studied by
IGC. Jeong et al. [17] examined the surface properties of CaCOs,
both with and without stearic acid treatment. Fekete et al. [18]
reported that CaCOs; coated with stearic acid showed relatively
strong acidity. Shi et al. [19] determined the surface energy of pre-
cipitated CaCOs and the results agreed well with those derived
from other methods. However, to the best of our knowledge, there
are no reports on the surface characterization of shellfish waste.
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Thus, in this study we attempt to investigate the surface energy
and acid-base character of clam-shell waste, in hopes of providing
scientific and technical bases for recycling shell waste, especially
for use in the polymer industry.

2. IGC theory
2.1. Adsorption behavior of molecular probes

In IGC, the term “inverse” indicates that the solid state materi-
als to be characterized was packed into the chromatographic col-
umn and this material was probed by known gas mixtures which
were injected into the column [20]. The injection of known mole-
cule probes enabled us to characterize the surface properties of
the packed materials. The stationary phase characterization was
achieved by partitioning the sample between the mobile phase
and the stationary phase, indicated by the time taken to elute
the samples. The molecular probes were injected at infinite dilu-
tion in order to rule out lateral probe-probe interactions and favor
probe-stationary phase interactions only [21].

The surface partition coefficient K; of a probe between the
mobile phase and the stationary phase is expressed by Eq. (1):
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where V) is the net retention volume and A is the total surface area
of the stationary phase. Vy is related to the net retention time ty of
the injected molecular probes by Eq. (2), which expresses the level
of interaction between the solid surface and an isolated probe [22].
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where j is the James-Martin gas compressibility correction factor
[23]; m is the samples mass; F is the carrier gas exit flow rate; t,
and t, are the retention time of the adsorbing probe and the mobile
phase hold-up time (dead time), respectively; T is the column
temperature.

Since K; is an equilibrium constant, we can determine the stan-
dard free energy required to transfer a mole of vapor from the gas
phase to a standard state on the stationary phase surface using Eq.

(3):
—AG, =RT -In(Vy) + C 3)
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where AG, is the change in Gibbs free energy due to adhesion; R is
the gas constant; T is the column temperature and C is a constant
that takes into account the weight and the surface area of the sta-
tionary phase and the reference standard states of the probe in
the mobile and adsorbed phases [24].

The total surface energy of solid materials is often divided into
two components: dispersive (y¢) and specific (7). Dispersive (apo-
lar) interactions, also known as Lifshitz-van der Waals interactions,
consist of London, Keesom and Debye interactions. Specific (polar)
interactions explain all other types of interactions.

2.2. Dispersive interactions

A standard method of surface characterization is that the dis-
persive component )¢ is first determined using a series of linear
alkane liquids (n-alkanes) as molecular probes; then the acid-base
parameters can be calculated from the dispersive parameters with
acid-base liquid probes. For the calculation of yd, two different
methods-Dorris-Gray [25] and Schultz [26] - are usually used.

2.2.1. Dorris-Gray method
A standard IGC method for determining y¢ of the stationary
phase relies on a series of linear alkane molecular probes. The

adsorption energy for the n-alkanes increases with the carbon
numbers in the chain. The n-alkane line is obtained by plotting
the adsorption free energy of probes against the carbon number
n of the injected alkane probes. According to Dorris & Gray, the
slope corresponds to the increment of free energy per methylene
groups (AGcn,) and the AGey, is given by Eq. (4):

AGen, = —RT -In <%> (4)

where R is the gas constant 8.31 ] mol~! K!; T is the temperature;
Vnn and V.1 are the retention volumes of two n-alkanes probes
with carbon numbers n and n + 1. This last parameter is indepen-
dent of the chosen state of the adsorbed molecule. Thus, at constant
temperature, for a series of alkane probes, a plot of the adsorption
free energy against the number of carbon atoms should give a
straight line from which AGcy, can be found.

According to the Fowkes’s relation for the work of adhesion
(W,) by dispersive free energy between two phases [27], for one
methylene group, the work of adhesion is:

Waen, = 2\/7’? Ven, ()

where 7, is the surface dispersive free energy of a solid material
constituted solely of methylene groups, such as linear polyethylene
[Vcn, = 35.6 +0.058(293 — T)]. According to Eq. (6):

—AGen, = Na - acu, - Wacn, (6)
where N, is Avogadro’s number 6.022E23 mol~!, and acy, 1S the
cross sectional area of an adsorbed methylene group (6 A?). Thus,

the surface dispersive free energy of the solid stationary phase
can be obtained by Eq. (7):
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When combining Eq. (4) with Eq. (7), we can obtain:
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2.2.2. Schultz method

The basic principle of the Schultz method is: when a series of
liquid n-alkanes are used as probes, the y¢ of a probe with the car-
bon number n is:

94 =RT - In(Vy,,) 4+ C 9)

where Vy is the net retention volume of n-alkanes and the constant
C depends on the reference state. According to the Fowkes’s relation
for the work of adhesion by dispersive free energy between two
phases, the work of adhesion of the probe is:

Wa=2,/7¢ -7 (10)

where ¢ and y{ are the dispersive components of the surface ener-
gies of the solid stationary phase and liquid alkane (probe),
respectively.

Then, according to Eq. (11):

8 —Ny-a-Wa (1)
where a is the cross section area of the alkane molecule.
Combining Egs. (9)-(11) obtains the following equation:
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