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Transport Characteristics of Benzene through Palm Mesocarp

Fibre/Low Density Polyethylene Composites

Henry C. Obasi*, Innocent C. Madufor, Bibian C. Aharanwa, Placid I. Anyanwu, Lilian C. Azubuike,
and Wisdom O. Egbujo

Abstract- The transport characteristics of benzene through
palm mesocarp fibre (PMF)-reinforced low density
polyethylene (LDPE) composites have been studied in the
temperature range 40-80 °C. The diffusion behavior of
benzene through these composite samples was studied, with
special reference to the effect of filler content, filler particle
size, and temperature. Transport coefficients including
diffusion, permeation, and sorption coefficients were
estimated. The effect of alkali treatment on the solvent uptake
and swelling parameters was also analyzed. All the composites
showed a decrease in the uptake of solvent, but the effect was
more in the case of alkali-treated composites. The solvent
uptake decreased more so with particle size decreasing. The
transport mechanism of diffusion was found to be close to
Fickian and may be regarded as “less Fickian”. The van’t
Hoff’s relationship was used to determine the thermodynamic
parameters. The energy of activation and transport kinetics of
the composites have been evaluated.

Keywords: palm mesocarp fiber, benzene, transport
coefficients, swelling parameters, alkali treatment, transport

Kinetics

I. INTRODUCTION
owadays, polymeric filled systems including natural
fiber filled polymer composites are being extensively
used in a variety of applications because of their good
physical and barrier properties.

Their utilization in composite systems offers several
advantages, such as low density, low price, renewability,
and biodegradability compared to those of synthetic
fibers [1,2]. Natural fibers like coir [3], sisal [4], kenaf
[5], jute [6], pineapple leaf fiber [7], oil palm mesocarp
[8,9], and oil palm empty fruit bunch [10,11] have
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been extensively studied for the fabrication of polymer
filled fiber composites. Several authors in the past have
reported the blending of palm mesocarp fiber (PMF) with
polycaprolactone [12], poly(butylene succinate) [13],
epoxy [14], and polypropylene [15], to prepare polymer/
fiber composites.

To find suitable application in high-performance
areas like coatings, packaging, gas separations, etc., the
knowledge of transport of solvents through filled polymers
is considered essential. Solvent transport properties such
as diffusion, sorption and permeation through polymers
and their composites have been used in the design of
food packaging materials [16], solvent reservoirs [17],
pervaporators [18], and controlled release devices [19].

The study of diffusion, sorption and permeation in
blend structures provides valuable means for additional
characterization of polymer composites [20]. Transport
properties in filled polymers are generally governed by
the nature of fillers and the extent of their interaction with
the polymer matrix. Obviously, the addition of inert fillers
results in the filling of free volume of polymer matrix and
creates a tortuous path for the penetrant [21]. The transport
mechanisms and properties of natural and synthetic
polymers, particulate filled blends and composites have
been extensively studied and reported in literature by
several researchers [21-26]. Transport of organic fluids
through polymer and polymer filled membranes has been
the subject of investigations over the past several years,
with a view to understanding the internal structure as well
as the commercial benefits of these membranes [27,28].
Unnikrishnan and Thomas [29] studied the molecular
transport of benzene and methyl-substituted benzenes
through filled natural rubber sheets. Ahmed et al. [30]
have investigated the swelling properties of filled NR/
linear low-density polyethylene blends in toluene. On their
own, Lawandy and Helaly [31] reported the diffusion of
chloroform in neoprene rubber vulcanizates containing
different types of carbon black and observed that the
penetration rate decreased with increase in the particle
size of carbon black. Mesrobian and Ammondson [32]
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reported the diffusion of n-heptane and methyl salicylate
through polyethylene/nylon blends. Stephen et al. studied
the transport properties of nano-structured layered silicates
reinforced natural rubber, carboxylated styrene butadiene
rubberandtheir70/30blendsusingsolvents, suchasbenzene,
toluene and p-xylene [21]. These nanocomposites exhibited
reduced absorption rate. This is because of increased
polymer/filler interaction, which resulted in tortuosity
of the path and the reduced transport area in polymeric
membrane. Mathew and Kuriakose [33] investigated the
extent to which the addition of lignin reduced the swelling
of conventionally vulcanized natural rubber in aromatic
solvents. The swelling behavior of isora/natural rubber
composites was investigated by Mathew et al. [34]. They
reported that solvent uptake in the composites was higher
for aromatic solvents compared to that for aliphatic ones.
Joesph et al. [35] reported that solvent uptake in palm
microfiber filled natural rubber composites decreased with
fiber content in NR composites. They observed also that
the microfibers chemically modified by a silane coupling
agent, benzoylation and resorcinol treatments exhibited
lower solvent uptake than the unmodified fibers due to the
increased interfacial adhesion.The transport coefficients of
diffusion, sorption and permeation of PSP/NR composites
have been studied by Sereena et al. [36] and were found
to decrease with increase in PSP content due to increased
stiffness imparted to the matrix by the addition of the filler.
They also reported that composites containing the modified
fibers had lower transport coefficient values. This behavior
is obvious from the fact that the untreated PSP-filled NR
composites have

-OH groups on the surface which lower the rubber-
filler interactions giving rise to higher solvent uptake than
their alkali-treated counterparts. Furthermore, Sonia and
Dasan [37] have reported a similar behavior as mentioned
above when cellulose microfiber was used to reinforce
poly(ethylene-co-vinyl acetate) with and without alkali
treatment.

In the years past, tremendous efforts have been made
to develop, characterize, and utilize bio-based materials
owing to their biodegradability, biocompatibility, and
environmental friendliness. However, the main problem in
the use of these fibers in polymer composites is the fiber-
matrix adhesion. The matrix helps to transfer the load to
the fibers through shear stresses at the interface. This could
be achieved if adequate interfacial bonding exists between
the matrix and the fibers. Inadequate interfacial adhesion at
the interface means that the resulting composites have poor
properties and their advantages cannot be fully utilized.
These properties can be enhanced through chemical
treatment using maleic anhydride, silanes, isocyanates,
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alkali, permanganate and peroxide [38]. The significance
of alkali treatment is the alteration of hydrogen bonding,
and removal of lignin and other extractives from the
fiber surface, resulting in a fiber with improved surface
roughness and crystallites exposure [39]. Many researchers
had reported on the improved interfacial bonding by the
surface modification of the fibers through alkali treatment
which enhanced the overall performance of the composites
[40-43].

Solvent diffusion through bio-based polymer composites
is expected to be influenced by polymer chain entanglement
densities, the composition, and morphology of the
composite. Another factor that could influence the diffusion
process is the free volume of the polymer composite which
is a function of the interaction between the polymers matrix
and the reinforcement. Cates and White [44-46] were among
the foremost to investigate the sorption behavior of water in
blends of polyacrylonitrile and cellulose acetate, cellulose
and silk, respectively. Angellier et al. [47] studied the
swelling behavior of natural rubber reinforced with waxy
maize starch nanocrystals. They observed that the solvent
uptake of natural rubber decreased upon the addition of
starch nanocrystals. Gopalan and Dufresne have reported
natural rubber-based nanocomposites reinforced with
chitin whiskers, produced by the solution casting method
[48]. Molecular transport of aromatic solvents through oil
palm microfiber-filled natural rubber composites have been
investigated by Joseph et al. [35]. They reported that the
solvent uptake was found to decrease with fiber loading
in NR composites and that microfibers treated with the
silane coupling agent showed a lower solvent uptake due
to strong interfacial adhesion between fibers and silane
coupling agent. Understandably, several researchers have
reported the diffusion and sorption behavior of solvents in
natural filler-filled polymer composites [36,37,49-52]. The
influence of these natural fillers on the transport properties
through polymeric membranes still needs additional
information because of their environmental, industrial, and
technological importance. Palm mesocarp fiber is one of
oil mill industry wastes and its use as polymer filler will
help in the proper management of the wastes.

The objective of the present study deals with the effort
to understand the behaviour of the diffusion and transport
properties of an aromatic solvent, benzene through palm
mesocarp fiber (PMF)-filled polyethylene. The transport
phenomenon of PMF/LDPE composites is studied at three
different temperatures. The effects of filler content, filler
particle size and alkali treatment are also studied. From
the swelling data, matrix/solvent interaction parameter,
mechanism of swelling, thermodynamic and activation
parameters of swelling were estimated.
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II. EXPERIMENTAL

A. Materials

Low density polyethylene (LDPE) granules (density:
0.915 g/em?; melt flow index: 8 g/10 min measured at
190 °C using 2.16 kg standard weight; melting temperature:
110 °C) were purchased from Ceeplast Industries Ltd,
Aba, Abia State, Nigeria. Palm mesocarp fiber (PMF) was
obtained from Ada Palm Industry, Ohaji, Imo State, Nigeria.
The solvent, benzene used in this study was purchased from
a chemical vendor at Onitsha Main Market, Anambra State,
Nigeria. Benzene was an analytical grade with a density of
0.865 g/cm?, which was used without further purification.

B. Purification/Treatment of Palm Mesocarp Fiber

To get rid of the remaining residual oil from the PMF which
was retained after processing, a wet extraction method
that uses hot water as described elsewhere, [53] was used.
The fibers were thoroughly washed with distilled water
to further remove impurities followed by sun drying for
five days. The dried fibers were then mercerized with 5%
solution of NaOH for about 2 h to avoid fiber degradation.
Finally, the fibers were severally washed with distilled
water to remove excess NaOH and dried at 80 °C for 12 h.
The dried PMF was then pulverized and sieved to obtain
different particle sizes.

C. Fabrication of PMF/LDPE Composites

Different mixtures of alkali treated palm mesocarp fiber
(APMF) and untreated of palm mesocarp fiber (PMF) and
low density polyethylene (LDPE) were melt blended in
an injection machine with a screw speed of 50 rpm and
at a temperature of 105-130 °C to obtain APMF/LDPE
and PMF/LDPE composites. Composites with different
fiber contents (10, 20, and 30 wt%) were prepared. After
injection molding, the sheets were conditioned for 24 h at
70 °C and stored in a desiccator for further use.

D. Swelling Experiments

The swelling behavior of PMF/LDPE composites for both
alkali-treated and untreated, prepared at three different
particle sizes of PMF, namely; 425, 500, and 600 um was
studied at three different temperatures (40, 60, and 80 °C).
Uniform size cut samples of dimensions 25x25 mm
were used in swelling experiments. Initially, the samples
were dried in a vacuum oven at room temperature for
about 24 h. The original weight and thickness of the
samples were measured before the experiments. Then, they
were immersed in benzene (20 mL) in closed diffusion
bottles, kept at a temperature in a thermostatic water bath.
Periodically, the samples were removed from the bottles

and damp dried between filter papers to remove excess
solvent on the sample surface. They were then weighed
immediately using an electronic balance that measured
to the nearest 0.0001 g. The samples were immediately
placed back into the test bottles. The process was repeated
until equilibrium sorption was reached.

III. RESULTS AND DISCUSSION
A. Swelling Data Analysis

A.1. Determination of Q,
The equilibrium solvent uptake (Q, mol %) was calculated
using the following equation:

Q, (mol %) = Mass of solvent sorbed at a given time/
Molecular mass of the solvent/Initial mass of the polymer
sample x 100 (1)

The experimental analysis was carried out using benzene
and the sorption curves were obtained by plotting the
percent solvent uptake, (Q, %) against the square root
of time. The solvent uptake of a polymer composite has
been observed to be controlled by many factors, such
as segmental mobility of the matrix, availability of free
volume in the polymer matrix, the molecular weight of the
solvent, nature of the filler, temperature, etc. [54].

B. Effect of Filler Content on Q,

The effect of filler content on the transport properties of
palm mesocarp fibre/low density polyethylene composites
has been investigated in aromatic benzene and the results
are displayed in Fig. 1. It is observed from the figure that
there is a gradual decrease in solvent uptake with an increase
in palm pressed fiber content. This may be attributed to
the decrease in segmental mobility and reduction in the
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Fig. 1. Effect of filler content on Q, of PMF/LDPE composites at 80 °C

for 425 pum particle size.
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Fig. 2. Effect of temperature on Q, of PMF/LDPE composites (10 wt%)
for 500 um particle size.

free volume of the matrix because of the addition of filler.
With the increase in fibre content, there will be strong
interaction between the fiber and matrix thus lowering the
solvent penetration rate into the matrix. The decrease in
solvent uptake in the filled polymer systems could also
be explained in terms of the tortuosity of the path and the
reduced transport area in the polymeric membrane in the
presence of fillers. The degree of tortuosity is tied to the
volume fraction of the filler and the shape and orientation
of the particles [26].

C. Effect of Temperature on Q,

The effect of temperature on the molecular transport through
PMF/LDPE composites has been studied using benzene
and it is presented in Fig. 2. The sorption experiments
were conducted at 40, 60 and 80 °C. The rate of sorption
uptake has been found to increase with the increase in
temperature. This can be attributed to the increase in free
volume because of the increase in segmental motion of the
polymer matrix as well as the gain in kinetic energy by the
solvent molecules which resulted in an increased number
of collisions at the matrix phase.

Again, at a higher temperature, the viscosity of the
solvent is reduced which in turn increases the rate of flow
of solvent into the composites. It is reasonable to say
that the rate of solvent uptake by the composite is time
and temperature dependent. The increase in the solvent
uptake by polymers and filled polymers with an increase
in temperature had been reported by several researchers
[36,55-57]. However, in some cases, there could be an
opposite trend, that is, a decrease as the temperature
increases. This decrease in equilibrium mol% uptake with
increasing temperature could be attributed to the increasing
rate of desorption at higher temperatures. Even if, there
is an increase in free volume and segmental mobility at
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Fig. 3. Effect of particle size on Q, of PMF/LDPE composites (10 wt%)
at 40 °C.

higher temperatures, the rate of desorption overcomes the
sorption process as it approaches equilibrium. The high
desorption value could also be associated with the leaching
out of additives.

D. Effect of Particle Sizes on Q,

The benzene uptake by the different compositions of PMF/
LDPE composites as a function of filler particle sizes is
shown in Fig. 3. For the given blend composites, the solvent
uptake was found to increase with an increase in particle
size in the order: 600 um > 500 um > 400 um. Probably
the low viscous polyethylene provided better wetting of the
smaller filler particles, which have larger surface area per
unit volume, and thus more filler surface area is available
for the matrix.

It is obvious that for a given polymer composite, solvent
ingression depends on the variation in the interparticle
spacing, filler distribution, presence of filler agglomeration
and clusters, as well as the quality of filler adhesion to the
matrix. Decreased interparticle spacing caused by reduced
filler size may lead to a reduction in strain localisation
around the filler, and enhanced interfacial adhesion between
the polymer and filler is expected due to thestrongly
increased surface area.

E. Effect of Alkali Treatment on Q,

The effect on the transport properties due to alkali treatment
of the fibers of the composites in benzene is given in
Fig. 4. The results show that the composites containing
treated fibers has lower solvent uptake. Undoubtedly,
alkali treatment improves the filler surface adhesive
characteristics by removing natural waxy materials,
hemicellulose, and artificial impurities by producing a
surface topography [58], thus reducing the rate of transport
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Fig. 4. Effect of filler treatment on Q, of PMF/LDPE composites
(20 wt%) at 60 °C.

of solvent through the interface. In the presence of a strong
interface, fewer voids in the interfacial region and tighter
packing with in the fiber/matrix network are possible which
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make it difficult for solvent ingression. Hence, the distance
travelled by the diffusing solvent molecules between two
consecutive collisions decreases, resulting in a lowering of
solvent uptake.

F. Swelling Properties

The swelling properties of low density polyethylene
composites containing alkali treated and untreated oil palm
fibers in terms of swelling coefficient and swelling index
were determined as a function of benzene uptake using
Egs. (2) and (3), respectively.

Swelling coefficient (B)=(Mass of sample at equilibrium-
Initial mass of sample)/(Initial mass of samplexDensity of
solvent) 2)

Swelling Index (%)=(Mass of sample at equilibrium-Initial
mass of sample)/(Initial mass of sample )x100 3)

TABLE I
SWELLING PARAMETERS AND PENETRATION RATE OF PMF/LDPE COMPOSITES AT DIFFERENT TEMPERATURES
AND PARTICLE SIZES

Swelling parameters and penetration rate of PMF/LDPE composites

Temperature  Filler . . :
©C) (Wi%) Swelling index (%) Swelling coefficient, B
425 um 500 um 600 um 425 um 500 um 600 um
APMF PMF APMF PMF  APMF PMF APMF PMF APMF PMF APMF PMF
10 10.53 11.31 11.08  11.93 11.70 12.56 1.54 1.65 1.62 1.75 1.71 1.84
40 20 10.14 1092 10.69 1147 11.31 12.01 1.48 1.60 1.56 1.68 1.65 1.76
30 09.91 10.69 1037 11.15 10.92 11.70 1.45 1.56 1.53 1.63 1.60 1.71
10 10.92 11.70 1147 1232 12.09 13.03 1.60 1.71 1.68 1.80 1.78 1.91
60 20 10.53 11.39  11.08  11.93 11.62 12.56 1.54 1.67 1.62 1.75 1.70 1.84
30 10.14 11.00  10.61 11.51 11.54 12.17 1.48 1.61 1.55 1.69 1.63 1.78
10 11.39 12.48 11.93 13.18 12.48 14.04 1.67 1.83 1.75 1.93 1.82 2.05
80 20 10.92 12.01 11.47 1271 11.93 13.57 1.60 1.76 1.68 1.86 1.75 1.99
30 10.69 11.62 11.15 12.17 11.70 12.79 1.56 1.70 1.63 1.78 1.71 1.87
Penetration rate (<107 ¢cm s)
Temperature  Filler 425 um 500 um 600 um
QY (Wt%)
APMF PMF APMF PMF  APMF PMF
10 2.37 2.45 2.49 2.56 2.62 2.69
40 20 233 2.41 2.45 2.51 2.59 2.64
30 2.24 2.28 2.37 2.41 2.51 2.55
10 2.32 242 2.45 2.54 2.59 2.67
60 20 2.28 2.34 2.41 2.47 2.55 2.60
30 221 223 227 2.37 2.49 2.51
10 2.32 2.38 2.46 2.34 2.59 2.65
80 20 2.26 232 2.39 2.46 2.51 2.60
30 2.20 2.23 2.33 2.37 2.46 2.49
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Table I shows the values of the swelling properties of
benzene uptake by PMF/LDPE composites. It is clear
from the table that the benzene uptake by the composites
decreased as filler content increased in both modified and
unmodified fiber systems. However, upon alkali treatment,
the degree of swelling is further reduced. This may be
linked to enhanced interfacial adhesion between the matrix
polymer and the fiber. It is observed also that the swelling
parameters are inversely related to decreasing in particle
size and are temperature dependent. There is no doubt that
small particle sizes offer good composite mix with improved
interfacial bonding which promotes diffusion barrier of
benzene into the PMF/LDPE composites. On the other
hand, the increase in swelling properties with temperature
observed is possible because at elevated temperature the
cohesive forces of the solvent are reduced and the rate of
molecular interchange is increased, leading to high rate of
diffusion of solvent molecules into the composites.

G. Kinetic Parameters

Diffusion coefficient (D). The diffusion process is a
kinetic phenomenon related to many other factors, such as
size and shape of the solvent, the segmental mobility of
the polymer, temperature, etc. The diffusion coefficient of
a polymer sample kept in an excess amount of solvent can
be calculated using Eq. (4), [21]:

- 8 —(2x+1)? nz(%)

Q./Q. =1—ZX_OW @)

where D is the diffusion coefficient, h is the thickness of
the sample, t is the time and n is an integer. For short period
of swelling a modified short-time equation can be used as
shown below [59]:

Q,/Q, =(4/h)(Dt/m)" ()

A plot of Q, vs. t'? gives a curve with the initial linear
portion. Thus, D can be calculated on the rearrangement of
Eq. (5) as shown in Eq. (6):

D:"(h%Qj ©

where h is the initial sample thickness, 0 is the slope
of the linear portion of the sorption curve of the plot of
Q% against t'> and Q_ is the equilibrium absorption. The
variation of diffusion coefficient for the different fiber
contents at all the temperatures studied is given in Table II.
The diffusion coefficient generally decreases as the
temperature and fiber content increase. A small diffusion
coefficient indicates that only a small amount of solvent
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can be absorbed by the sample. The diffusion coefficient is
lower for treated fiber and is the lowest for 400 pm particle
size reinforced composites. The low diffusion coefficient
values have been attributed to the low void content and
high fiber/matrix adhesion. It is reasonable to state that
there is no interaction between hydrophilic fibers and non-
polar solvents, but fiber resistance, and hence low diffusion
can be observed at high fiber contents. Diffusion coefficient
is also related to penetration rate as shown in Eq. (7).
The penetration rate may be expressed by the rate of the
advancing swollen fronts which could be calculated from
the linear portion of the sorption curve.

Pr:2><\/§ (7)
n

The penetration rate of the solvent benzene decreases with
the increase in filler content as given in Table I. This is
similar to the results obtained for diffusion coefficients
calculated for the composites at various filler contents.
However, penetration rate did not show any temperature
dependence. This might be attributed to the fact that with
increasing filler content and alkali treatment the penetration
of solvent among macromolecular chains is prevented.

The variations of the diffusion and permeation with
filler content and particle sizes in the composite were also
evaluated and are presented in Figs. 5 and 6, respectively.
The 10 wt% content has the highest diffusion and
permeation values. This may be attributed to the difference
in polarity between the solvent and filler used, which
favored diffusion rate at low filler content (Fig. 5). The
diffusion and permeation values were highest for 600 pm
particle size (Fig. 6).

Sorption Coefficient (S). The sorption coefficient, which
is the maximum saturation sorption value, is calculated
using the equation [59,60]:

M,
=M ®)

where S is the sorption coefficient, M_ is the mass of
polymer sample at equilibrium, and M is the initial mass
of polymer sample.

The sorption coefficient (S) values were obtained from
the plateau regions of the equilibrium sorption plots and
are presented in Table II. From the table, it is evident
that the sorption coefficient increases with fiber content,
filler particle size and temperature in the composite but
decreases with treatment, indicating that sorption is
somewhat restricted by the alkali treatment of filler. This
observation agrees with the findings of Michaels ef al. [61]
who reported that the solubility of solvents in polymers
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TABLE II
SORPTION VALUES OF PMF/LDPE COMPOSITES AT DIFFERENT TEMPERATURES AND MESH SIZES

Kinetic parameters of PMF/LDPE composites at different temperatures and particle sizes

Temperature Filler
(°C) (Wt%) Diffusion coefficient (x10~ cm? s') Sorption, S (%)
425 pm 500 um 600 um 425 um 500 um 600 um
APMF PMF APMF PMF APMF PMF APMF PMF APMF PMF APMF PMF
10 442 471 488 5.16 540 567 351 3.79 3.68 395  3.87 4.15
40 20 426 446 472 493 527 547 3.59 3.87 3.79 406 401 4.26
30 3.94 409 443 457 495 510  3.73 4.01 3.93 423 415 4.45
10 424 459 472 5.07 526 560 @ 3.59 3.90 3.76 409 395 431
60 20 408 431 4.56 4.79 509 531 373 4.04 3.93 423 412 4.45
30 384 392 432 441 486 494 387 4.15 4.06 437 428 4.62
10 423 446 474 495 529 551 379 4.12 3.95 431 415 4.53
80 20 402 423 448 477 497 533 387 4.26 4.06 451 423 4.81
30 379 394 425 4.42 477 488  4.04 4.42 423 467 442 4.98
Permeation coefficient, P (10 cm? s™")
Temperature Filler
©C) (Wi%) 425 pm 500 um 600 um
APMF PMF APMF PMF APMF PMF
10 1551 17.85 1796 2038 2090  23.53
40 20 1529 1726 17.89  20.02  21.13  23.30
30 1470 1640 1741 1933 20.54  22.69
10 1522 1790 17.75 2074 2078 24.14
60 20 1522 1741 1792 2026 2097 23.63
30 14.86 1627 17.54 1927  20.80 22.82
10 1603 1837 1872 2133 2195 24.96
80 20 1556 18.02 1819  21.52  21.02  25.64
30 1531 1741 1798  20.64 21.08 2430

increases with an increase in sorption temperature. Johnson
and Thomas [57], also in their sorption studies reported that
the sorption coefficient increased with increase in sorption
temperature and in filler particle size too.

Permeation Coefficient (P). The permeation coefficient
of a permeant in a polymer membrane depends on the
diffusivity as well as solubility or sorption of the penetrant

4.8310° _g PMF diff —e—APMF dif [1.90%10°
—@—PMF perm  ——ge— APMF perm —
L 1.80x10° 2
@ 4.5%x10° £
E S
3 L 1.70x10° &
£ 42x10° 2
2 -1.60x10° g
2 ' £
= . >
O 3.9x10 /“'——" soei0

3.6x10° T T T T T 1.40x10°

5 10 15 20 25 30 35
Filler content (%)
Fig. 5. Variation of diffusion and permeation with filler content.

in the polymer membrane. The permeation coefficient, P,
can be evaluated using Eq. (9) [62]:

9
P=DxS )
where D is the diffusion coefficient and S is the sorption
coefficient. The values of permeation coefficient are
presented in Table II. The table indicates that as fiber

5.4x10° . . 2.35x10°
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Fig. 6. Variation of diffusion and permeation with filler particle sizes.
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content increases there is a corresponding decrease in the
permeation coefficient values, showing that fibers restrict
the movement of solvent into the matrix.

The permeation coefficient of the composites was
also found to increase with increasing temperature and
filler particle size. This may be due to the development of
micro-cracks on the surface and in the bulk of the material
at elevated temperatures. The permeation coefficient is
lower for the alkali treated compared to the untreated and
decreases as a function of filler content. This is because
the presence of alkali-treated filler offers a better adhesion
of filler and matrix which restricts the polymer chain
mobility and the movement of solvent molecules between
the polymer composites. The equilibrium solvent uptake
has been found to closely follow the trend of diffusion,
sorption, and permeation coefficients, indicating that
the transport phenomenon is controlled by these three
parameters [52,63].

G. Transport Mechanisms
In order to evaluate the mechanism of sorption, a fickian
model is adopted, which is the most common and the
easiest model for analysis. To investigate its applicability
to this study, the results have been subjected to a time
power law equation [64]:

%w =kt" (10)

where Q, and Q_ are the mol% sorption at time t, and
equilibrium, respectively. k is a constant that depends upon
the structural characteristics of the polymer, as well as its
interaction with the solvent. The value of the exponent, n,
indicates the nature of the transport mechanism. When the
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value of n=0.5, the mechanism of transport is termed as
Fickian and this occurs when the rate of diffusion of the
penetrant molecule is much less than the relaxation rate of
the polymer chains. When n =1, it is termed as non-Fickian
(case Il-relaxation controlled) which arises when the rate
of diffusion of the penetrant molecule is much greater than
the rate of relaxation process. The n value of between 0.5
and 1 indicates anomalous transport behavior and it is
due to the fact that the rate of diffusion of the penetrant
molecule and the relaxation rate of the polymer are similar.
Super-case II transport occurs when n>1.0; in that case, the
release rate is time-dependent and it is pseudo-Fickian (less
Fickian behavior) when n< 0.5. Eq. (11) can be linearized
by taking logarithms of both sides such that:

Log(%szlogk+nlogt (11)

The values of n and k, calculated by the regression analysis
of the plot of log (Q/Q,) against log t, for the PMF/LDPE
composites in benzene are shown in Table III. The values
of n for treated and untreated samples in benzene are more
close to 0.5 and may be regarded as less-Fickian [65]. The
values of k, which decrease with increase in filler content,
are higher for the untreated composites but show no
dependence on particle size and temperature. This may be
due to the higher interfacial adhesion between the treated
fibers and the matrix.

H. Energy of Activation

The activation energy of diffusion was calculated from the
Arrhenius Eq. (12) [66] based on diffusion studies of the
composites at three different temperatures of 40, 60, and
80 °C:

TABLE III
VALUES OF n AND k (g/g/min™) OF PMF/LDPE COMPOSITES.

Transport mechanism

Temperature  Filler n k
(°C) (Wt%) 425 pm 500 pm 600 um 425 pm 500 pm 600 um

APMF PMF APMF PMF APMF PMF APMF PMF APMF PMF APMF PMF

10 0.43 0.42 0.45 0.43 0.46 0.45 0.092 0.102 0.086 0.097 0.080 0.092

40 20 0.46 0.45 0.47 0.46 0.46 0.47 0.080 0.088 0.076 0.085 0.080 0.081
30 0.47 0.47 0.48 0.48 0.49 0.49 0.074 0.077 0.071 0.075 0.067 0.073

10 0.42 0.41 0.44 0.42 0.45 0.44 0.098 0.109 0.092 0.103 0.086 0.097

60 20 0.44 0.44 0.45 0.45 0.47 0.46 0.089 0.093 0.083 0.090  0.079 0.085
30 0.46 0.46 0.47 0.47 0.48 0.48 0.081 0.083 0.077 0.081 0.074 0.077

10 0.42 0.41 0.43 0.42 0.45 0.44 0.102 0.108 0.096 0.102 0.090 0.095

80 20 0.43 0.44 0.45 0.45 0.46 0.47 0.092 0.094 0.087 0.088 0.083 0.082
30 0.46 0.45 0.47 0.46 0.48 0.47 0.082 0.088 0.077 0.084  0.073 0.080
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TABLE IV

VALUES OF ACTIVATION ENERGY (E; AND E,) OF PMF/LDPE COMPOSITES
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Energy of activation

-E,, (x10°kJ/mol)

E, (x10°kJ/mol)

Filler (wt%)

425 pm 500 um 600 um 425 pm 500 pm 600 um
APMF PMF APMF PMF  APMF PMF  APMF PMF APMF PMF APMF PMF
10 1.08 0.56 1.06 0.56 1.06 1.08 1.03 1.01 1.03 1.55 0.54 1.03
20 1.59 1.06 1.57 0.54 1.06 0.54 0.50 1.03 0.52 1.57 0.50 2.07
30 1.08 1.06 0.56 0.52 0.54 0.52 1.01 0.47 1.57 1.06 1.03 1.57
(12) in the range -34.49 to -39.94 J/mol/K. From this result,

E
Log X =LogX, - %303RT

where, X is P or D and X represents P or D, which are
constants; E_is the activation energy, R, the universal gas
constant and T, the absolute temperature. From the slopes
of the Arrhenius plots of Log D and Log P against 1/T, E,
and E, can be calculated by linear regression analysis.The
values of E and E, are given in Table IV. The activation
energy of permeation, E,, is greater than the activation
energy of diffusion, E, for all compositions. The negative
value of the activation energy suggests that the rise in the
solution temperature does not favor benzene absorption
into PMF/LDPE composites.

The negative value also indicates an exothermic reaction
and the low value of the activation energy indicates that
the absorption process of benzene adsorption into LDPE-
filled composites may be by a physical absorption. It means
that the rate-limiting step of benzene absorption into PMF/
LDPE composites involved predominantly a physical
process.

1. Thermodynamic Parameters
The thermodynamic parameters for diffusion, AH, and AS ,
can be calculated using van’t Hoft’s equation:

AS AH
LogK, = %3031{‘ %303RT (13)

where K _ is the equilibrium sorption constant given by:

K, = (Number of moles of the solvent absorbed at
equilibrium)/(Mass of the composite sample) (14)

The values of AH, and AS were calculated by the regression
analysis of the plots of Log K_ versus 1/T and are given in
Table V. It can be seen from the table that the composites
have positive values of AH, indicating that the sorption
is dominated by Henry’s mode, that is, sorption proceeds
through the creation of new sites or pores in the polymer
[67]. All the AS, values are found to be negative and lie

we know that solvent molecule is in the liquid state, even
in the sorbed state within the polymer matrix. AS_ in this
study did not show any relationship to the alkali treatment,
filler content, and particle size. The negative entropy
values indicate the orderliness of the sorbed molecule in
the matrix [68].

J. Gibbs Free Energy of Sorption (AG )
The change in AG, for the aromatic solvent, benzene in
filled LDPE composites was calculated using the equation:

AG, = AH, — TAS, (15)

The values of AH_  and AS earlier determined for the
solvents were substituted into Eq. (15), and the calculated
values of AG, are also shown in Table V. The calculated
AG, was found to show adirect relationship to the filler
content, particle size, and alkali treatment. The positive
values of free energy is an indication of the spontaneity
of the solubility of filled LDPE in the aromatic solvent
calculated at 313 K.

K. Transport Kinetics

Polymer membrane undergoes a structural rearrangement
during the process of diffusion and sorption of solvent
molecules. This rearrangement induces a kinetic behavior
which is dependent on the segmental mobility and
availability of free volume within the polymer matrix.
Hence, the transport of liquids through a polymer membrane
is a rate-controlled kinetic process, which can be studied by
first-order kinetic rate equation [26,69]:

dcdt:KI(Cw_Ct) (16)

where K, is the first order rate constant, C, and C are
the concentrations at time t and at equilibrium time,
respectively.

The above equation on integration gives:
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TABLE V
VALUES OF ENTHALPY OF ABSORPTION (AH ), THE ENTROPY OF ABSORPTION (AS ), AND GIBBS FREE ENERGY (AG) OF
PMF/LDPE COMPOSITES

Thermodynamic parameters of the PMF/LDPE composites

Filler
(%) AH, (x10° kJ/mol) -AS, (J/mol/K)
425 pm 500 pm 600 pm 425 pm 500 pm 600 pm
APMF  PMF APMF PMF APMF PMF APMF PMF APMF PMF  APMF PMF
10 1.74 2.26 1.70 2.25 1.48 2.57 38.65 36.66 38.62 36.23 38.82 34.81
20 1.69 2.16 1.64 2.36 1.22 2.78 39.33 37.23 39.07 3620 3994 3449
30 1.73 1.94 1.68 2.00 1.57 2.00 39.44 38.14 39.24 3759 39.13 37.16
Filler AG, (x10° kJ/mol)
(Wt%) 425 pm 500 pm 600 pm
APMF  PMF APMF PMF APMF PMF
10 13.84  13.73 13.78 13.60 13.63 13.47
20 14.00  13.81 13.87 13.70 13.72 13.57
30 14.08  13.88 13.96 13.76 13.82 13.63
TABLE VI
VALUES OF KINETIC DATA (K'x10°* min') OF PMF/LDPE COMPOSITES.
Temperature Filler First-order kinetic rate constants
(°C) (Wt%) 425 pm 500 pm 600 pm
APMF PMF APMF PMF APMF PMF
10 3.49 3.54 3.69 3.84 3.77 4.13
40 20 3.78 4.05 3.96 4.19 4.18 4.57
30 4.11 421 438 4.46 4.63 4.71
60 10 3.93 4.10 4.15 427 4.31 4.42
20 4.21 4.50 4.44 4.80 4.84 5.16
30 4.42 4.94 4.87 5.09 4.99 5.38
80 10 4.34 4.48 4.48 4.74 4.70 497
20 4.73 5.27 5.26 5.41 5.42 5.75
30 4.98 5.42 5.34 5.58 5.54 5.92
IV. CONCLUSION
Log(C, —C,) =LogC, _K%303 (17) The transport studies of anaromatic solvent, benzene

The plot of Log (C_- C) versus t gives a straight line with
slope equal to —K /2.303. From the slope, the value of rate
constant is determined and is presented in Table VI. The
values were found to increase with the increase of fiber
content, particle size and temperature, however, they were
lower for modified composites. The rate constant values
are a quantitative measure of the rate with which polymer
composite absorbs the solvent. The increase of rate constant
with temperature supports the fact that the rate of transport
is favored by increasing temperature.

through palm mesocarp fiber were carried out. Also, the
influences of filler content, filler particle size and alkali
treatment on the diffusion process were investigated. The
diffusion coefficient was found to decrease with increase in
palm mesocarp fiber content. Solvent transport mechanism
was studied and in all cases mechanism of sorption followed
the pseudo-Fickian trend. The swelling parameters and
penetration rate were also evaluated and were found to
be dependent on the filler concentration and treatment.
Entropy, enthalpy, and free energy of sorption were
estimated. It was found that the first-order rate equation
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fitted the experimental data for PMF/LDPE composites/
solvent system. It was found that temperature activated the
diffusion process, which was supported by higher values of
diffusion properties. However, the decrease in equilibrium
solvent uptake at higher temperatures suggested the greater
rate of desorption.
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