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Susana Hernández-López, Enrique Vigueras-Santiago, Miriam Mendoza Mora, José Rurik Farias Mancilla,
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Volume 2013, Article ID 356214, 8 pages

Facile Solventless Synthesis of a Nylon-6,6/Silver Nanoparticles Composite and Its XPS Study,
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Mechanical and management improvements in composite
materials require the use of new ways to produce them.
The actual tendencies and global developments of novel
materials include the introduction of natural, synthetic, and
recycled polymers into the composite materials. Recently,
composite materials have been used for certain applications,
which depend on several conditions such asmaterials’ nature,
concentrations, and methodology for their elaboration. Nev-
ertheless, certain properties are not reachable with traditional
components; thus, different materials are needed as fillers
for reinforce and improve such properties. A worldwide
tendency is to use recycled or natural materials and evaluate
their influence after adding them to the composite materials.
In this sense, polymers are used in a very large variety of com-
posite materials, mainly as fillers or reinforcements. Their
chemical structure and physical morphology have beenmod-
ified by using different kind of energies, including thermal,
chemical, and radiation energy.The perspectives are to obtain
new materials with improved properties at low cost by
using easy technologies and chemically sustainable for the
environment.

The knowledge and understanding of such composite
materials are therefore of great importance for our living. In
this issue, some investigations related to composite materials

are shown, covering different topics, including improvement
of the biocompatibility of polycaprolactone and silica aerogel
composites used as tissue engineering scaffolds or mod-
ifications of polymers (polyphosphazenes) by using some
chemicals; polymeric composites with electrical and dielec-
tric properties, including polyaniline conductive compounds
and V

2
O
5
, whose routes of synthesis are made in situ,

where the energy band gap is controlled by the amount
of particles; the outstanding use of recycled polyolefins for
improvement of bitumenmaterials and recycled PET of water
bottles and its use as filler material of concrete; polymer
fibers as reinforcement of polymer composites, especially of
polyester-based concretes; the use of recycling copolymers
from the automotive industry and their conversion into
corrosion protection coatings for metal artifact cultural
heritage conservation purposes, highlighting their properties
when comparing to a commercial varnish used in conserva-
tion. Moreover, the topics also include composite coatings
manufactured by electrospinning method for applications
in fuel cells, energy storage, and coatings against corrosion;
control of the mechanical properties of polymer-cement
composites, focusing on comparison of cement-based and
polymer-based concrete pipes; natural rubber used in the
porous asphalt mixtures, or tire rubber in the manufacture of

http://dx.doi.org/10.1155/2013/389162


2 International Journal of Polymer Science

biodegradable composites; studies of polymer/nanoparticles
composites synthetized by facile solventless procedure; poly-
meric compounds derived from renewable sources for the
detection of solvents, where detection sensitivity is controlled
by the layer thickness.

Gonzalo Mart́ınez-Barrera
Osman Gencel

Carmina Menchaca-Campos
Enrique Vigueras-Santiago
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This work focused on studying the sensing efficiency of tetrahydrofuran (THF) by composite filmsmade of thin layers of a cellulose-
based polymer and carbon black. We analyze the reproducibility, durability, desorption time, and the sensitivity percent as a
function of the amount of solvent. Two types of experiments were conducted, (1) progressive sensing test (PST) which consisted of
progressively increasing the amount of solvent from 0.1mL increments up to 1.0mL and (2) multiple sensing test (MST) where the
layers were subjected to consecutive pulses of the same amount of solvent, with a minimum of 0.1mL and a maximum of 0.4mL.
The response and desorption times were a few seconds, and the sensitivity percent ranged from 1% to 170% and was dependent on
the solvent quantity.

1. Introduction

The polymer/carbon particles composites using carbon black
(CB) and carbon nanotubes (CNT) have been extensively
investigated for detecting an array of solvent vapors [1–20].
These materials function at room temperature, and it is
possible to detect a wide variety of compounds through the
appropriate choice of polymer and conductive particles.

The most critical characteristics of these compounds, for
use in sensors, are the sensibility, response and desorption
times, and durability. Controlling of these parameters in
polymer matrices made from renewable sources is of great
interest, and there are many potential applications for use in
vapor sensing devices.

Cellulose is the most abundant natural product, in addi-
tion to being biodegradable and renewable. It is a colorless
polymer, insoluble in water, dilute acids and alkalis and in the

most of organic solvents. In addition, cellulose can, via ester-
ification and etherification reactions in pendant hydroxyl
groups, yield a wide variety of derivates. Cellulose esters and
ethers can be easily dissolved in aqueous and/or organic sol-
vents. Acrylamidomethyl cellulose acetate butyrate (ACAB)
is an ester derived from cellulose obtained by reacting
cellulose acetate butyrate (CAB) with N-methylacrylamide
(NMA) in an aqueous phase and in the presence of sulfuric
acid catalyst.The product, a white powder, is used to produce
copolymers with optimum processing properties [21] used
in the fabrication of composite materials. Figure 1 shows the
chemical structure and composition of ACAB.

In a previous paper [21], we studied the electrical proper-
ties of ACAB composites with carbon black. The composites
exhibited a critical concentration of 3 wt.% CB.This property
and ease of processing make ACAB an attractive material for
sensing organic solvent vapors. In this work, we studied

http://dx.doi.org/10.1155/2013/381653
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Figure 1: Structural representation and composition of commercial ACAB.

the THF vapor detection efficiency using thin layers of an
ACAB/10wt.% CB composite. Sensitivity percent, response,
relaxation times, and the durability were studied as a function
of the amount of solvent. These parameters were evaluated
in two types of experiments: (1) in the first experiment, pro-
gressive sensing test (PST), samples were subjected to pulses
in which the amount of solvent was progressively increasing
from0.1mL in 0.1mL up to complete 1mL.Thismethodology
was useful in determining the electrical behavior of the com-
posite as a function of solvent level.This testing also served to
establish the minimum and maximum limits of detection in
the range of 0.1 to 1.0mL. (2)The second type of experiment,
multiple sensing testing (MST), consisted of subjecting the
composite layers to the same amount of solvent repeatedly
until deterioration ensued.The fixed amounts established for
this second experiment (0.1 and 0.4mL) were determined in
accordance with the reproducibility of the results obtained in
the PST experiment. Sensing experiments were carried out in
an in-house designed chamber. The sample was placed in the
chamber, conditioned via a flow ofmoisture-free air, and then
exposed to controlled solvent amounts while the electrical
resistance was monitored.

2. Experimental Part

2.1. Reactants. Acrylamidomethyl cellulose acetate butyrate
(ACAB) was obtained from Sigma-Aldrich, Chemical Com-
pany. The number-average molecular weight, 𝑀

𝑛
is about

10.000 as determined by GPC. The material is soluble in a
variety of acrylic monomer. Other properties include: density
of 1.31 g/mL at 25∘C, viscosity of 60 cp at 25∘C, 𝑇

𝑔
of 118∘C,

and 𝑇
𝑚
of 146∘C. Carbon Black Vulcan XC72 was donated by

Cabot Co.The particle size is in the range of 32 nm, and con-
ductivity is 10–102 S/m. HPLC grade tetrahydrofuran (THF)
was obtained from Sigma-Aldrich, Chemical Company Inc.
It is a solvent with medium polarity that allows an optimum
dispersion of carbon black [21–23] and dissolves ACAB. The
molecular weight is 72.11 g/mol, the bp 66∘C, vapor pressure
19.3 kPa at 20∘C, and density 0.88 g/cm3. Silver Paint was
provided by Electron Microscopy Sciences. It is a colloidal
silver liquid with 72% in solids and a contact resistance of 1Ω.

2.2. Preparation of the Polymer Composites. The polymer
composites were prepared in accordance with the method-
ology reported in [21]. Layers of polymer composite were
deposited on glass substrates of 2.5 × 2.5 cm, at a speed of
1000 rpm in a spin coating system. Each layer of polymer
was obtained by 10 consecutive deposits of ACAB/10wt.%CB

dissolution, leaving a time of approximately 3min between
each deposit.

The layers were put in a vacuum for 24 hr in order to
remove the residual solvent. Electrical contacts were put on
the layer composite by painting two parallel lines of silver
paint with a distance of 1.5 cm of separation. The layers
were selected in accordance with the range of their electrical
resistance (a fewMΩ in order ofmagnitude) for each group of
experiments.

2.3. Sensing Tests. THF vapors were detected using a system
in which the electrical resistance of the layer is monitored
with a multimeter STEREN MUL model 600 coupled to a
computer. The layer first is subjected to a flow of moisture-
free air and oil at a rate of 1 L/min. After that, the air is infused
with controlled amounts of THF pulses. Each pulse is applied
by injecting the respective amount of THF using graduate
syringes. Between pulse and pulse, a 10 to 15min is left so that
the resistance returns to a stable value. The layer in relation
to the air flow is always placed at a right angle as shown in
Figure 2.

2.3.1. Progressive Sensing Test (PST). In this type of experi-
ment, the layers were exposed to a progressive increasing of
THF pulses in 5 samples with the same range of resistance,
from 1 to 2MΩ. Pulses were applied from 0.1 to 1mL with
increments of 0.1mL. After the completion of all the pulses,
the sample is put in a vacuum for 24 hr to remove the residual
solvent, and again it is exposed to the same process.This cycle
is made repeatedly (5 times) in order to get a statistics.

2.3.2. Multiple Sensing Test (MST). This experiment used
layers with the same range of resistance, from 2 to 3.5MΩ
for multiple sensing using 0.1mL of solvent, and from 5 to
6.5MΩ for using 0.4mL. Layers were subjected to repetitive
pulses of the same amount of THF until deterioration of the
sample was detected. In all cases, this deterioration was iden-
tified by an interruption of the electrical signal or because the
resistance valueswere not reproducible, outside of the average
of the previous measurements.

3. Results and Discussion

3.1. Tests Progressive Sensing. The initial characteristics of the
used samples are shown in Table 1.

Figure 3 illustrates a typical PST experiment. Each signal
is produced in response to a pulse of solvent in quantities that
increment from 0.1 to 0.1 up to 1mL, starting with 0.1mL.
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Table 1: Original resistance (𝑅
0
) for the layers used in each test before any THF pulse.

For PST For MST at 0.1mL For MST at 0.4mL
Sample 𝑅

0
(MΩ) Sample 𝑅

0
(MΩ) Sample 𝑅

0
(MΩ)

PST 1 1.637 MST 1a 3.539 MST 1b 5.499
PST 2 1.181 MST 2a 3.328 MST 2b 6.190
PST 3 1.553 MST 3a 3.090 MST 3b 6.559
PST 4 1.108 MST 4a 2.109 MST 4b 6.288
PST 5 1.765 MST 5a 4.44 MST 5b 6.190

90
∘

Air flow + THF

Figure 2: Experimental arrangement for sensing test.

The sensitivity percent, response, and desorption times were
determined according to the definitions given in [24]. The
resistance after a pulse never returns the 𝑅

0
value, being 𝑅

0

the original resistance before any pulse. The sensitivity of
each pulse was calculated using the 𝑅

𝑖
value corresponding

to the value at which the resistance returns from the previous
pulse. Figure 3 shows how𝑅

𝑖
value increases as the amount of

solvent increases, and this is usually higher than the initial 𝑅
0

value. This effect could be the result of the fact that some sol-
vent is retained by the layer and/or there is a modification of
the initial configuration of the conductive networks derived
from the swelling of the polymer matrix in contact with the
solvent. A similar effect takes place in thin layers of polymer
composites when they are exposed to several cycles of
heat treatment [23]. The average value of the sensitivity per-
cent is shown in Table 2.

As the amount of solvent increases, the detection sensitiv-
ity percent also increases. For a pulse of 1mL, the sensitivity
percent is nearly 180 times greater than the sensitivity for a
pulse of 0.1mL. In the PST experiment, the increase in sen-
sitivity is almost linear between pulse and pulse, from 0.1 to
0.4mL.The percent of higher sensitivity is presented for THF
volumes from 0.5 to 1.0mL; however, the error in the changes
of sensitivity is higher than for volumes from 0.1 to 0.4mL.
For all the THF volumes, the sensitivity percent is greater
than the unit, which is an indication, as mentioned before,
that the compound of ACAB with CB is a sensitive sensor to
THF.

Table 2: Sensitivity average (SA), error percent, and response time
for the progressive sensing tests.

THF pulse (mL) SA (%) Error (%) 𝑡
𝑅
(s)

0.1 1.53 ±1.34 11
0.2 2.10 ±3.32 13
0.3 4.50 ±22.23 13
0.4 15.70 ±98.21 24
0.5 33.93 ±43.00 11
0.6 57.65 ±11.45 15
0.7 105.83 ±37.42 9
0.8 131.95 ±33.74 8
0.9 143.78 ±7.58 4
1 178.83 ±17.68 2

The response time is defined as the time that it takes until
the detector reaches the 90% of themaximum resistance [24].
The average of the response time in the PST experiments is
shown in Table 2. In this type of experiments, the response
times of the ACAB with CB composite to THF in the range
of 0.1−1.0mL take no longer than 24 s, and this is very good
for sensors derived from polymeric composites.The response
times have a tendency to decrease with the amount of THF.
This indicates that THF has to be absorbed via diffusion
and swelling of the polymer matrix. This swelling produces a
separation of the conductive particles and, in turn, a variation
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Figure 3: Progressive sensing test from 0.1 to 1mL of THF for PST 3 sample.

in the electrical response or resistance. With a small amount
of solvent, there is a slight penetration of the surface of
the layer, and the change in resistance is not significant. As
the amount of solvent increases, absorption and swelling are
greater, and the response to the detection is incremental. In
this case, the response is detected in the first few seconds that
the composite material comes in contact with the solvent.

The desorption time is the time taken for the layer com-
posite to release the absorbed solvent at a specific resistance
value. This value corresponds to that at which the resistance
has reached the 10% of its saturation value after it has
decreased from the maximum value [24]. It is noticed that as
the solvent amount increases there is a reduction in desorp-
tion times. A part of the solvent remains absorbed in the layer
(as evidenced by the greater initial resistance in each subse-
quent pulse). When low amounts of solvent are used, most
remains absorbed by the layer and desorption of minute
amounts of it is a very slow process. For higher solvent
amounts, some vapor also persist but the rest is desorbed
immediately, making the desorption process faster.

3.2. Multiple Sensing Test (MST). The purpose of this experi-
ment was to evaluate the reproducibility of the composite by
applying a consecutive series of pulses using the same THF
quantity. 0.1 and 0.4mL quantities of THF were studied.
The values of initial resistance for the composite layers are
shown in Table 1. The results of the multiple sensing tests are
shown in Figure 4(a). Each peak represents the response to
an injected pulse of 0.1mL THF.The average of the sensitivity
percent of five samples subjected to 20 pulses of 0.1mL in this
MST experiment is displayed in Table 3.

The sensitivity percent is shown in Figure 4(b), and it is
comparedwith the average value that is 1.77.The percent error
with respect to the media is ±5.64%. Thirty-five percent are

Table 3: Sensitivity average for the MST experiments to 0.1 and
0.4mL THF.

Test number SA (%) for 0.1mL SA (%) for 0.4mL
1 1,783 17.400
2 1,859 19.300
3 1,662 19.250
4 1,799 19.700
5 1,593 18.900
6 1,873 16.600
7 1,843 18.950
8 1,674 18.100
9 1,619 16.800
10 1,560 18.700
11 1,862 —
12 1,825 —
13 1,815 —
14 1,773 —
15 1,770 —
16 1,593 —
17 1,943 —
18 1,940 —
19 1,937 —
20 1,757 —
Average 1,774 18.370

outside of the range of error; therefore, 65% of the pulses are
accepted as the reproducibility sensing percent, with a con-
tinuous average service of 9.3 hr for each layer, equivalent to
20 pulses. In the same way as in the previous test, five layers
were evaluated for pulses of 0.4mL. The same methodology
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Figure 4: For the MST-3a sample: (a) MST experiment to 0.1mL THF and (b) reproducibility to the MST experiment at 0.1mL THF.
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Figure 5: For the MST-3c sample: (a) MST experiment to 0.4mL THF and (b) reproducibility to the MST experiment at 0.4mL of THF for
the same sample.

was used to evaluate five layers with pulses of 0.4mL. The
original resistance of the layers is shown in Table 1.

A multiple sensing test using 0.4mL THF is shown in
Figure 5(a). It is noted that the sensitivity is higher for pulses
of 0.4mL than for 0.1mL; however, at high volumes the
deterioration of the sensor layer is faster. This is detected
by the lower number of pulses of 0.4mL THF in which the
layer senses before it is damaged. The average sensitivity of
the five evaluated layers is shown in Table 3. The number
of performed tests was, on average, 10 pulses with an error
of ±5.08% in comparison with the average value (18.37%).
The results are shown in Figure 5(b), where the average
sensitivity is the dotted line; the solid lines represent the
range of acceptable error for reproducibility. Thirty percent
of the injected pulses are outside of this range, and therefore
70% of the pulses are reproducible with 3.5 hr of contin-
uous sensing. While with 0.1mL it is possible to detect
20 successive pulses, with 0.4mL, the error is ±5%. This

deviation can be due to a change in the accommodation
of the conductive networks produced by the carbon black
particles in the polymer matrix. The carbon black particles
undergo a modification of their initial or previous pulse.
It can be seen that the response and desorption times
depend on the THF concentration. For quantities lower than
0.5mL, the response times tend to be greater than 2–10 s.
The sensitivity percent is greater for higher THF quantities,
on the order of 180%, and the desorption times tend to
be greater than 5min. Low THF concentrations tend to be
retained with higher intensity, and this is evidenced by long
desorption times.

It can be seen that the response and desorption times
depend on the THF concentration. For concentrations lower
than 0.5mL, the response times tend to be greater than 2–
10 s for amounts above 0.5mL THF. The sensitivity percent
is greater than the unit for lower THF quantities, but for
higher concentrations than 0.4mL the sensitivity percent is in
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the order of 180%, and the desorption time similarly tends to
be greater than 5min. Small THF concentrations tend to be
retained with higher intensity, which is evidenced by the long
desorption times.

Some authors, such as Kaur et al. [25], note that a short
response time in a chemiresistor is 45 s; Chen et al. [26] noted
that a sensor of WPU/3.5 wt.% CB exposed to 10 ppt (parts
per trillion) of acetone exhibits response times from 150 to
400 s, and a short desorption time for the same sensor ranges
from 50 to 100 s. Ding et al. [27] reported a desorption time
(less than or equal to 7 s) in a gas sensor based on nanofibers
manufactured via electrospinning.There is not a precise time
designed to define a short or long response. However, one
might conclude that the same compound exhibits a range in
the parameters depending on the type of sensor and on the
specific application.

4. Conclusions

Conductive layers of modified cellulose and 10wt.% CB com-
posites were prepared by spinning.Their ability to detect THF
vapors was evaluated by determining parameters: sensitivity
percent, response and desorption times, reproducibility, and
durability in two types of experiments, PST and MST. The
sensitivity percent from PST experiments allowed evaluation
of the potential to effectively sense THF in the range from
0.1 to 1.0mL. Sensing effectiveness increased as the amount
of THF increased, reaching a maximum of 180% at 1.0mL
THF. The response times for the same experiment were in
the range of 2–24 s while desorption times decreased from 12
to 2.3min. MST experiments were undertaken to determine
reproducibility and durability at constant THF volumes, 0.1
and 0.4mL. For both volumes, the reproducibilitywas around
65%, and the durability decreased at a half from20 to 10 pulses
when the amount of solvent increases from 0.1 to 0.4mL.
Those results indicate that ACABwith 10wt.%CB composites
effectively detects THF.
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The synthetic tetrapyrrole macrocycles, such as porphyrins (H
2
P) and phthalocyanines (H

2
Pc), exhibit interesting physicochemical

properties suitable to be used inmodern technology. Formany applications, those species should be trapped or fixed inside graphite,
hydrotalcites, silica, TiO

2
, or polymers. Methodologies for the optimization of the properties of porphyrins, trapped or fixed

inside polymers, have been barely developed. Our research works in the development of methodologies for the optimization of
incorporation and display of properties of tetrapyrrole macrocycles inside inorganic, polymeric, or hybrid networks. This paper
shows some results about the effect of the spatial disposition of the amine (–NH

2
) groups attached on the periphery of substituted

tetraphenylporphyrins, on the Nylon 66 structure and on the display of the physicochemical properties of the trappedmacrocycles.
Nylon 66 was synthesized from adipoyl chloride and hexamethylenediamine in presence of tetraphenylporphyrins substituted with
–NH
2
groups localized at the ortho- or para-positions of the phenyls. Cobalt complexes formation was used to quantify the amount

of porphyrins in the polymer fibers. Characterization results show that the spatial position of amine groups of the porphyrins has
important structural and textural effect on the Nylon 66 fibers and on the fluorescence of the porphyrins integrated into the fibers.

1. Introduction

Porphyrins are tetrapyrrole macrocyclic compounds playing
a transcendental role in nature as one of the principal
components ofmolecules such as (i) chlorophyll, (ii) the heme
group in blood and cytochromes and (iii) cyanocobalamin
(Vitamin B

12
) [1–3]. Formally, porphyrins are modified or

substituted aromatic tetrapyrrole macrocyclic compounds
derived from porphin (Figure 1), which consists of four
pyrrole rings bonded through methine (=CH) bridges in
order to form a planar and highly conjugated macrocycle. In
the free bases of porphyrins, the two pyrrolic hydrogens can
be substituted by a cation, and the remaining two nitrogens
tend to easily coordinate with a metal nucleus as to form

a stable metalloporphyrin. Synthetic porphyrinic complexes,
involving practically all metallic elements of the periodic
table, have been synthesized already [2–4]. The central space
of porphyrins can only accommodate ions having an atomic
radius smaller than 0.201 nm [2–4]; thus, causing that in
the porphyrinic complexes containing the larger ions, the
metallic element must be located outside of the molecular
plane. Similar to the size of the cation, the presence of
massive axial ligands can either induce the loss of planarity or
the structural deformation of the macrocycle. Furthermore,
both peripheral and remaining pyrrole hydrogens as well as
those allocated on the methine bridges can be exchanged by
different chemical substituents to render an extraordinary
family of compounds (Figure 1(b)).
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Figure 1: (a) Structure of the tetrapyrrolic porphin macrocycle; (b) bond lengths, bond angles, and positions (1 to 20) of possible peripheral
substituents in the respective metallic complex; and (c) ortho-,meta-, and para-positions in a tetraphenylporphyrin (H

2
T(o-,m-, p-S)PP).

The extensively delocalized 𝜋-electron systems of these
centrosymmetric compounds confer upon them, besides
chemical and thermal stability, some other interesting spec-
troscopic, optical, and electrical properties that allow a
great number of applications in fields such as optics [5, 6],
electrochemistry [7], catalysis [8], and sensoring [9, 10]. The
free bases of porphyrins exhibit a red fluorescence in the
range from 600 to 730 nm, and it is known that light of
wavelength between 620 and 690 nm penetrates about 1.0 cm
into biological tissues [11].However, at both the far red or near
infrared radiation regions (650 to 1,500 nm), a better tissue
penetration occurs [12]. Furthermore, some substituted por-
phyrins are selectively adsorbed by malignant tissues when
singlet oxygen (1O

2
) atoms are generated under red light

illumination [2–4, 13–15].Due to these properties, porphyrins
have been extensively probed and used in Photodynamic
Therapy (PDT) of cancer [16] and in the inactivation of some
kinds of bacteria [17].

In meso-porphyrins, either one or several methylene
hydrogens can be substituted by alkyl or aryl groups, as,
for instance, phenyl rings in tetraphenylporphyrins (H

2
TPP).

In tetraphenylporphyrins, the substituents are commonly
located at the para-positions of phenyls (Figure 1(c)); that
is, these groups are situated on the same molecular plane
[8, 18, 19]. It has been demonstrated that there exists a
relationship among (i) the presence of electroattracting sub-
stituents, (ii) the basicity of the central nitrogens, and (iii)
the redox and photophysical properties of H

2
TPP molecules

[20]. Reactivity differences have been discovered among the
ortho-, meta-, and para-substituted isomers of tetrakis-(N-
methylpyridinium)-porphyrin, H

2
TMPyP2+ [21, 22]. In this

molecule, the ortho-isomer results to be a very acid porphyrin
(pKa = −0.9), and it is a very well-known example of a stable
porphyrin in acid medium (1M), the H

2
TMPyP4+ dicationic

form of which can be observed at high acid concentration
(up of 10M). Great differences in the redox and photophysical
properties have been discovered among the ortho-,meta-, and

para-halide substituted traphenylporphyrins, H
2
T(o, m ó p-

X)PP, and this kind of phenomenon has been termed as the
“ortho-effect” [21–25].

The electroattracting character of the substituents present
inmeso-tetraphenylporphyrins diminish the intensity of UV-
Vis absorption [21, 22, 26, 27], but this effect results are more
evident in the emission spectra [23–25, 28]. Related to this,
a shallow, but persistent shift is observed with respect of the
principal bands (i.e., the Soret and 𝑄 bands) in the UV-Vis
spectra of para-, meta-, and ortho-H

2
TMPyP isomers. Yet,

these changes occur differently for ortho- and para-isomers
than for the meta-isomers. However, larger differences in
the UV-Vis spectra are detected for the ortho, meta, and
para isomers of protonated forms of H

2
TPP and H

2
TMPyP

species.
For some of the above mentioned applications, por-

phyrins require to be trapped or fixed inside diverse sub-
strates such as carbon, zeolites, and inorganic oxides [29].
However, the development of pertinent methods for pre-
serving the physicochemical and luminescent properties of
porphyrins trapped or fixed within polymer networks has
been scarcely explored during the past decades [30–32]. In
view of the transcendental role played by tetrapyrrole macro-
cycles in nature and because of the properties inherent in
their synthetic analogues, during the last decade an increased
interest has aroused for the synthesis of new materials based
on the use of these compounds [4, 33–49]. At this concern,
new polymeric systems were synthesized; the important
point being that porphyrins could be trapped, fixed as a
ramification, or inserted as part of the polymeric chain. The
materials so obtained showed interesting physicochemical
properties suitable to be used in technological areas and
devices such as catalysis [4, 37, 38], electrocatalysis [31, 32],
solar cells [4, 39, 40], electronics [4, 41], optics [4, 42, 43],
permeable membranes [44], medical appliances [45, 46], and
sensors [47–49].
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In the present work, we have explored the structural effect
of structurally attaching different isomers of tetraphenyl-
porphyrins over polymer fibbers that grow from polyamine
Nylon 66-like polymers when the isomers of ortho- and para-
amine substituted tetraphenylporphyrins, that is, (H

2
T(o–

NH
2
)PP and H

2
T(p–NH

2
)PP) (Figure 2), were included

in the synthesis. The formation of the respective cobalt
complexes of porphyrins was used as a way to confirm and
quantify the presence of it in the polyamide chains. The
miscellaneous properties showed by porphyrins and their
potential integration to Nylon 66 fibbers could be used in the
design of new and interesting hybrid materials, suitable to be
employed in assorted technological areas.

2. Experimental

2.1. Synthesis of Porphyrin Free Bases. Free bases of ortho-
(o) and para-(p) substituted tetraphenylporphyrins, H

2
T(o-

or p-S)PP (Figure 1(b)), were synthesized by the Rothemund
reaction and the AdlerMethod [50–52], from their respective
substituted ortho- or para-nitro benzaldehyde, together with
pyrrole, and zinc acetate, Zn(Ac)

3
, under reflux in propionic

acid (Figure 3). Once the reaction mixture was cooled to
ambient conditions, an equivalent volume of chloroform was
added to the mixture, which was kept under stirring for
12 hours. The resultant solid was filtered and washed with
chloroform and methanol until the filtered liquid was clear.
In a second step, the nitro groups (–NO

2
) were reduced with

a SnCl
2
⋅2H
2
O, HCl solution while maintaining the temper-

ature at around 65–70∘C for 25 minutes. After this period,
themixturewas neutralizedwith a 30 vol.%NH

4
OHsolution.

The reddish precipitate was extractedwith chloroform, which
was later evaporated. The solid obtained was washed with
a diluted ammonia solution. Purified H

2
T(o-NH

2
)PP or

H
2
T(p-NH

2
)PP solids were obtained by filtration through

a chromatographic silica gel column employing chloroform
as eluent. The resultant purple solids were characterized by

elemental chemical analysis, FTIR, UV-Vis, and fluorescence
spectroscopies.

2.2. Synthesis of Nylon 66 with Chemically Attached Ortho-
or Para-NH

2
Substituted Porphyrins (Ny 66-o-NH

2
or Ny

66-p-NH
2
). To synthesize Nylon 66 fibers containing free

bases of porphyrins as part of the polyamide structure,
0.8 g of hexamethylene diamine was dissolved in 12mL of a
0.625M NaOH solution. This dissolution was added under
continuous stirring to a second mixture consisting of 1mL
of adipoyl chloride and 11.1mL of a solution of either 1.63 ×
10−4M of H

2
T(o-NH

2
)PP or H

2
T(p-NH

2
)PP, in chloroform,

while kept under ice inside a water bath (Figure 4). The
polyamide solid formed this way was filtered and washed
with methanol and chloroform, dried at room temperature
overnight, and left reacting for one more night at 75∘C.
For simplicity, the samples were labeled as Ny 66-o-NH

2

or Ny 66-p-NH
2
; additionally, a pure Nylon 6 sample was

synthesized in the absence of porphyrins to be employed as a
blank specimen. All polyamides were characterized by FTIR,
UV-Vis, fluorescence, SEM, and EDS mapping.

2.3. Synthesis of the Ny 66-Co-o-NH
2
or Ny 66-Co-p-NH

2

Cobalt Complexes. The Ny 66-Co-o-NH
2
or Ny 66-Co-

p-NH
2
cobalt complexes were synthesized from a 0.100 g

mixture of the respective Ny 66-o-NH
2
or Ny 66-p-NH

2

samples dissolved in methanol and 0.4 g of CoCl
2
; this

reactant system was kept under reflux for 12 h. After this
time, the solids were filtered and washed sequentially with
methanol, chloroform, and water to eliminate any unreacted
cobalt. The dried solids were characterized by FTIR, UV-Vis,
and fluorescence spectroscopies, as well as by HRSEM and
EDS mapping.

2.4. Instrumentation. UV-vis-NIR characterization was car-
ried out in a Cary-Varian 500 E spectrophotometer from
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)PP free base, it is possible to synthesize complexes with some other cations (M𝑛+), including
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)PP species into the Nylon 66 network; the 𝑎, 𝑏, 𝑐, and 𝑑 subindexes

are related to the lateral chains formed over the amine groups of porphyrin, which could attain the same or different sizes.

200 to 800 nm (UV-vis) and from 1000 nm to 2500 nm
(100,000 to 4,000 cm−1) (NIR). Infrared spectra (FTIR) were
obtained from a Perkin-Elmer GX FTIR spectrometer. The
fluorescence of solutions was measured at 25∘C in a PC1
spectrofluorometer from ISS (Champaign, IL), equippedwith
a water-jacketed cell holder for temperature control. Fluores-
cence emission of the hybrid solids was obtained at room
temperature, between 200 and 800 nm (UV-vis), by means
of a Perkin-Elmer 650-10S spectrofluorometer fitted with a
150W xenon lamp. The XRD diffractograms were obtained

with powders Diffractometer Siemens D-5000 with graphite
monochromator of 𝜆(CuK𝛼) = 1.5418 Å. HRSEM images
were obtained from a JEOL 7600F Instrument, including an
Oxford Instruments INCA EDS detector.

3. Results and Discussion

The UV-visible spectra of free porphyrins are characterized
by an intense band at around 420–430 nm (i.e., the Soret
or B band) and four small 𝑄 bands in the range from 500
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Figure 6: Microscopy images (×10) of the fluorescent: (a) Ny 66-o-NH
2
and (b) Ny 66-p-NH

2
samples.

to 700 nm; these last signals are assigned to the 𝑎
2𝑢
→

𝑒
𝑔
and 𝑎

1𝑢
, 𝑎
2𝑢
→ 𝑒

𝑔
transitions, respectively [2, 3]. In

acid solution, free porphyrins can be protonated to form
the H

4
P2+ dicationic species. The UV-visible spectrum of

this species shows a bathochromic-shifted Soret band (20–
40 nm); the𝑄IV and𝑄III bands disappear, while the𝑄I signal
grows and masks the 𝑄II band [2, 3, 53]. Further changes
evidence an increment in the resonance interaction between
phenyl and pyrrolic rings followed by a slight projection out
of the molecular plane of the compound [54].

For the particular case of H
2
T(o-NH

2
)PP species in

solution, the Soret band is observed at 417 nm together with
four 𝑄 bands at 517, 553, 594, and 649 nm (Figure 5(a)),
respectively. In the case of the H

2
T(p-NH

2
)PP species, the

Soret band is located at 622 nm, while three other bands

appear at 522, 570, and 660 nm, the 𝑄II signal being a broad
band at around 590 nm. In acid solution, the purple-red
solution of these compounds turns green as a consequence
of porphyrin protonation. The protonation of the central
nitrogens of the porphyrinmacrocycle leads to the formation
of H
4
T(o-NH

2
)PP2+ or H

4
T(p-NH

2
)PP2+ dicationic species,

theUV-vis spectra ofwhich showbathochromic-shifted Soret
bands, and lonely𝑄I bands that mask the remaining𝑄 bands.
In the particular case of H

2
T(p-NH

2
)PP species, the Soret

band is observed at 440 nm and the 𝑄I band at 651 nm. As
it was mentioned in Section 1, many of the free bases of
porphyrins and some of their complexes show fluorescence
in the visible region, principally in the red part of the
spectrum [8, 18, 19]. In turn, H

2
T(o-NH

2
)PP or H

2
T(p-

NH
2
)PP solutions show fluorescence spectra with a principal
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band located at around 650 to 660 nm and a lesser intense
band at around 710–730 nm (Figure 5(b)). Moreover, the
H
2
T(o-NH

2
)PP species show an additional band at around

614 nm.
The optimization of the above mentioned methodology

can render new materials suitable to be used in diverse
technological fields as optics, catalysis, sensor, medicine, or
inclusively in electronics if conductive polymers are incorpo-
rated.

After the synthesis and purification of Nylon 66 fibers
containing ortho- or para-amine substituted porphyrins,
the Ny 66-o-NH

2
and Ny 66-p-NH

2
final samples were

obtained. These specimens were amorphous, granular, and
yellowish solids. In these samples, it was possible to observe
the characteristic red fluorescence of porphyrins after being
subjected to UV irradiation (Figure 6).

The X-ray diffraction patterns (Figure 7) of the Nylon 66,
Ny 66-o-NH

2
, and Ny 66-p-NH

2
samples showed the same

diffraction pattern of a predominant amorphous material
with some crystallinity amount. In this sense, the bands at
around 20.5∘ and 24.5∘ correspond to the reflection of (100)
and (010, 110) doublet of the 𝛼 phase of Nylon 66 crystals
oriented in a triclinic cell, and the less intense band observed
at around 21.6∘ in the diffractogram of the Ny 66-p-NH

2

could be assigned to the presence of 𝛾 phase in this sample
[55–57]. The couple of bands attributed to the 𝛼 phase
were more intense for the Ny 66-o-NH

2
and Ny 66-p-NH

2

samples than for the pristine Nylon 66. This difference and
the existence of 𝛾 phase in the Ny 66-p-NH

2
sample could be

attributed to a slight crystallinity increment induced by the
incorporation of the porphyrins in the polyamide network.

As for the FTIR spectrum of H
2
T(p-NH

2
)PP free base

species (Figure 8), one band can be seen at around 3300 cm−1
and another one at 960 cm−1; these signals can be ascribed
to the NH bond stretching and bending frequencies of NH

2

substituents and of the central nitrogens of the porphyrin free
base. The bands located in the range from 2850 to 3150 cm−1
are attributed to C–H bond vibrations of the benzene and
pyrrole rings. The band located at around 1490 to 1650 cm−1

can be assigned to C=C vibrations and that located at around
1350 and 1272 cm−1 can be due to –C=N and C–N stretching
vibrations. The signals at around 1800 to 1900 cm−1 as well
as the bands at about 800 cm−1 and 750 cm−1 are ascribed to
C–H bond bending vibrations of para-substituted phenyls.

In the FTIR spectra of pure Nylon 66, it can be observed
that the bands at 3314 and 3221 cm−1 and those arising at
1450 cm−1 and 750 cm−1 can be assigned to the stretching,
deformation, and wagging vibrations of N–H bonds. The
bands at 3089 and 3020 cm−1 are due to the asymmetric and
symmetric stretching vibrations of C–H bonds. The bands
at 2946 and 2867 cm−1 are associated to the CH

2
stretching

vibrations. In turn, the C=O stretching vibrations can be
observed at around 1717 cm−1. The stretching, asymmetric
deformation, and wagging of NH amide groups are observed
at 1654, 1547, and 1376 cm−1, respectively. The bands located
at around 1140 cm−1 can be attributed to CO–CH symmetric
bending vibration combined with CH

2
twisting. The bands

at 936 and 600 cm−1 are associated with the stretching and
bending vibrations of C–C bonds, and the band at 583 cm−1
can be due to O=C–N bending. The bands appearing at
936 and 1140 cm−1 are associated to the crystalline and
amorphous structures of Nylon 66, respectively [58]. In the
spectra of polymers containing ortho- or para-isomers of
porphyrin, that is, Ny 66-o-NH

2
andNy 66-o-NH

2
, the bands

in the range from 3100 to 3600 cm−1 are slightly narrower
than those observed in Nylon 66 spectra, suggesting a
lower amount of physisorbed water. The bands located at
around 3150 and 3300 cm−1 suggest the presence of a very
low amount of macrocycle molecules in the solid samples.
Furthermore, the band at around 940 cm−1 appears to have a
lower intensity in the Ny 66-o-NH

2
system, thus suggesting

a lower crystalline structure than that of the Ny 66-p-NH
2

sample. Because of the low concentration of macrocyclic
species that are incorporated into the polymer network, the
last result may not be conclusive at this point.

In the UV-vis spectra of Nylon 66 synthesized altogether
with the H

2
T(o-NH

2
)PP, H

2
T(p-NH

2
)PP species (samples

labelled as Ny 66-o-NH
2
and Ny 66-p-NH

2
), the band at

around 250 nm and the shoulder at 290 nm, assigned to the
Nylon 66 [59], are observed to depict a lower intensity than
those due to the intense 𝜋-𝜋∗ transitions of porphyrins. By
this reason, the UV-Vis analysis is centred to the signals of the
macrocyclic species. In the Ny 66-o-NH

2
and Ny 66-p-NH

2

samples, the observed Soret bands were wider than those
obtained from solutions of these macrocycles and located
at 437 and 426 nm, respectively (Figure 9). Both samples
show the four 𝑄 bands, characteristic of porphyrin free base,
however, the red-shifted Soret band together with the 𝑄I
band (at 656 nm) in the spectrum of Ny 66-o-NH

2
suggests

the existence of a very small concentration of protonated
porphyrin, that is, and likely, a higher interaction with the
polyamide chains.The shift of the Soret band in the case ofNy
66-p-NH

2
was of only 4 nm, thus suggesting a low interaction

of the macrocycle with the polyamide chains.
In the fluorescence spectra of Nylon 66 synthesized

together with H
2
T(o-NH

2
)PP or H

2
T(p-NH

2
)PP species,
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obtained by excitation at 370 nm (𝜆exc = 370 nm), two set
of signals can be observed (Figure 10(a)); the bands located
at around 661 and 674 nm can be due to the fluorescent
red emission of H

2
T(o-NH

2
)PP and H

2
T(p-NH

2
)PP free

bases, respectively [60–62]. As it was demonstrated for Nylon
66, both, samples show fluorescence and phosphorescence;

these phenomena can be attributed to the presence of chro-
mophoric structures or oxidation impurities created during
the synthesis of the polymers [63–67]. Then, the bands seen
in the range from 380 to 600 nm with maxima appearing
at 461, 471, and 532 nm can be the result of the emissions
of polyamide alone [63–67] or from its interaction with the
macrocycle species.When these spectra are obtained by using
an exciting light of 420 nm, that is, in the range of maximum
absorbance, the signals appearing in the interval from 430
to 600 nm are observed to depict a lower intensity than
those signals located from 600 to 750 nm (Figure 10(b)). This
means that bands displayed from600 to 750 nmare emissions
that can only be associated to the macrocyclic species, while
the emissions of pure polyamide, or its interaction with the
macrocycle, can only be observed when the systems are
irradiated with light of a higher energy of shorter wavelength
(i.e., 𝜆ex ≈ 370 nm). Additionally, this last observationmeans
that, in the synthesized systems, macrocyclic species and
polyamide chains remain in the proximity of one another.

Even if the shape and localization of the bands in these last
spectra are very similar to those observed for porphyrins in
solution (Figure 5(b)), in the case of theNy 66-o-NH

2
sample,

the maximum band at 661 nm is red-shifted by about 7 nm
and the band at 724 nm is red-shifted by 10 nm with respect
to those observed in solution (Figure 5(b)). Furthermore,
in this sample, the third band appearing at 614 nm, in the
spectra of the H

2
T(o-NH

2
)PP solution, appears very weakly

and at the same position as for the Ny 66-o-NH
2
sample.
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Figure 10: Fluorescence spectra obtained with excitation radiation of 370 nm (a) or 420 nm (b) of the Ny 66-o-NH
2
and Ny 66-p-NH

2

samples.

The bands in the fluorescence spectra of the Ny 66-p-NH
2

sample remain practically at the same positions than those
observed for the porphyrin in solution, that is, located at
665 and 727 nm. The last observations suggest that, in the
Ny 66-p-NH

2
sample, porphyrin remains immersed under a

physicochemical environment that is practically not affecting
its emission process. Comparatively, the fluorescence spectra
of the Ny 66-o-NH

2
sample suggest that, in this network,

the luminescent process of porphyrin is slightly affected by
the proximity of the polyamide chains formed up and down
of the macrocycle plane, then causing that the emissions
occur at longer wavelengths than those found in solution.
That is, under these conditions, the emission of the H

2
T(o-

NH
2
)PP species takes place after dispersing some amount of

energy through vibration, something that is facilitated by the
presence of polyamide chains.

The examination of the characteristic UV-Vis and fluores-
cence bands in the spectra of the Ny 66-o-NH

2
and Ny 66-

p-NH
2
samples confirms the incorporation of a low amount

of the respective H
2
T(o-NH

2
)PP andH

2
T(p-NH

2
)PP species

into the structure of the polyamide network.
In the SEM images of Nylon 66, synthesized as a blank,

both layered and radial structures can be observed of approx-
imately the same diameters of about 7 𝜇m (Figures 11(a)
and 11(b)). In contrast, the images of polyamide synthe-
sized in the presence of the H

2
T(o-NH

2
)PP species show

lamellar and curved structures in which the radial struc-
tures, observed in the blank sample, cannot be further-
more detected (Figures 11(c) and 11(d)). Additionally, in the
polymer synthesized in the presence of the H

2
T(p-NH

2
)PP

species, there exists a rougher but more homogeneous,
compact, and complex structure. This structure consists
of a sequence of continuous and folded layers inside a
network with, apparently, a higher amount of smaller pores

(Figures 11(e) and 11(f)). Evidently, in the cases of these sys-
tems, the presence of porphyrin isomers induces particular
textural effects.

As it is well known, porphyrin macrocycles are tetraden-
tate agents which form complexes with practically all metallic
elements of the periodic table [2–4]. In order to probe the
existence and evaluate the amount of porphyrin macrocycle
integrated to the structure of polyamide, the preparation of
the respective cobalt complexes was performed. For exam-
ple, the UV-Vis spectra of the CoT(p-NH

2
)PP complex in

solution (Figure 12(a)) show an intense Soret band, shifted
to longer wavelengths located at 438 nm. In the region of
𝑄 bands, the 𝑄III and 𝑄II bands remain situated at around
555 and 597 nm. The last pathway of signals is characteristic
of porphyrinic complexes [2–4]. In the respective UV-Vis
spectra of samples of Nylon 66 synthesized with H

2
T(o-

NH
2
)PP or H

2
T(p-NH

2
)PP and obtained after the reaction

with CoCl
2
, signals of porphyrinic complexes formation are

observed. In both cases, the detected Soret bands are of a high
intensity, broad, red-shifted, and located at 442 and 451 nm
for the samples labeled as Ny 66-Co-o-NH

2
andNy 66-Co-p-

NH
2
, respectively (Figure 12(b)). In the spectrum of the last

sample, only the 𝑄III and 𝑄II bands are observed at around
550 and 592 nm. For the case of Ny 66-Co-o-NH

2
sample,

the 𝑄III and 𝑄II bands are observed as shoulders at around
and 549 nm. The bands displayed in the spectra of the two
systems confirm the formation of the respective complexes
by substitution of the two central hydrogens of porphyrin
by cobalt ions. However, the deformation of the pathway of
these bands may be attributed to the interactions of cobalt
porphyrins with polyamide chains. The amount of cobalt
integrated to the polymeric systems results is lower for the
system synthesized with the H

2
T(o-NH

2
)PP species, while

this same amount was higher for the polymer containing the
H
2
T(p-NH

2
)PP species.
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Figure 11: SEM images of Nylon-66 ((a) and (b)), Ny 66-o-NH
2
((c) and (d)) and, Ny 66-p-NH

2
((e) and (f)) samples.

From the EDS analysis of Ny 66-Co-o-NH
2
, a uniform

distribution of carbon (Figure 13(b)) is evident; contrastingly,
the nitrogen distribution (Figure 13(c)) follows a pathway that
coincides with the borders of the curved layers observed in
the SEM micrograph (Figure 13(a)). The carbon distribution
can be associated to the six carbons existing in adipic acid
and hexane diamine chains that are present in the polyamide
chains and also with the carbon skeleton of porphyrins.
However, the nitrogen distribution can only be associated to
the nitrogens of amide groups, to the four central porphyrinic

nitrogens, and to the four peripheral nitrogens, attached at
the ortho- or para-positions of phenyls in the macrocycle.

The amount of cobalt detected in the Ny 66-Co-o-
NH
2
and Ny 66-Co-p-NH

2
systems is very low (Table 1);

nevertheless, it allows to calculate the approximated amount
of monomer units present in every material. Having that
in mind, the cobalt complex formed with a porphyrin
macrocycle has themolecular formulaCoC

44
H
32
N
8
, and four

chains of the same length can be formed from the ortho- or
para-NH

2
groups attached at the periphery of macrocycle;
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the weight percent evaluated from the EDS analysis allows to
determine that four chains are formed each consisting of 93 to
94monomer units around everyCoT(o-NH

2
)PPmacrocycle.

These chains are formed by around 78 monomeric units, in
the case of CoT(p-NH

2
)PP (Table 1).

Because of the lower basicity of the –NH
2
groups attached

in the H
2
T(o-NH

2
)PP and H

2
T(o-NH

2
)PP species, com-

pared with the basicity of the hexanediamine, the formation
of the Nylon 66 takes place faster and in a more easy way.
However, the above mentioned results suggest that, in pres-
ence of the porphyrins, the formation of polyamide chains
occurs easily with the H

2
T(o-NH

2
)PP species, in which there

exist two amine groups above and two other below themolec-
ular plane.The integration of the porphyrins to the polyamide
chains occurs began, or ending, on the –NH

2
groups, with

the interactions between the two polyamide chains arising as
in pristine Nylon 66. This situation makes the incorporation
of additional porphyrin macrocycles between the same two
chains difficult (Figure 14(a)), which probably takes place
only with one of the two chains that grows at every side

of the molecular plane of the H
2
T(o-NH

2
)PP species. By

these effects resulting rare the incorporation of another
porphyrin with two shared chains of the four polyamide
chains grow from every H

2
T(o-NH

2
)PP species. By the same

reasons, the length of the lateral chains formed around the
H
2
T(o-NH

2
)PP species is longer and has a low porphyrin

concentration than those evaluated in the Ny 66-p-NH
2

sample. The polymerization of the four polyamide chains
begins from the H

2
T(p-NH

2
)PP species which occurs with

lower steric hindrance existing around the four peripheral
–NH
2
groups attached and localized in the same molecular

plane of porphyrin (Figure 14(b)). The hydrogen and dipole-
dipole interactions of amide groups are the principal respon-
sible of the macroscopic structure of the formed polyamide
network, with the H

2
T(o-NH

2
)PP or H

2
T(p-NH

2
)PP species

determining only the initial growing and particular spatial
disposition of polyamide chains. Perhaps, by this reason, the
macroscopic structure of polyamide contained in H

2
T(p-

NH
2
)PP results to be rougher, denser, and with smaller pores
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Figure 14: The spatial position of amine groups in ortho- or para-NH
2
substituted tetraphenyl porphyrins induces the growth of different

pathways on Nylon 66 fibers.
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Table 1: Weight % of carbon, oxygen, and cobalt evaluated by EDS on the surface of Ny 66-Co-𝑜-NH
2
and Ny 66-Co-𝑝-NH

2
samples.

Sample % w/w
Carbon

% w/w
Oxygen

% w/w
Cobalt Monomer units (𝑛) Number of units

bilateral chain∗

Ny 66-Co-𝑜-NH
2 83.24 16.67 0.09 376 94

Ny 66-Co-𝑝-NH
2 77.57 21.33 0.10 312 78

∗Lateral chains are formed by 𝑎, 𝑏, 𝑐, or 𝑑 units rendering a total of 𝑛 units in each porphyrin.

than those obtained with H
2
T(o-NH

2
)PP (Figures 11(b) and

11(c)).
All the abovementioned evidence suggests that the spatial

localization of amine groups in the ortho- and para-amine
substituted tetraphenylporphyrins induces important effects
on the length, spatial disposition, and on the crossing and
linking of polyamine chains. Furthermore, the polymeriza-
tion occurs in such way that starts or ends over the –NH

2

groups of the H
2
T(o-NH

2
)PP or H

2
T(p-NH

2
)PP species. In

the case of the H
2
T(o-NH

2
)PP species, the polyamide chains

can be formed above and below of themolecular plane (along
the 𝑧-axis direction in Figure 14(a)). In the case of H

2
T(p-

NH
2
)PP, these chains can be formed at the periphery of

the macrocycle (i.e., the 𝑥-𝑦 plane in Figure 14(b)). In the
two cases, hydrogen bonds and dipole-dipole interactions
between polyamide chains are responsible for the macro-
scopic structure of the polymer.

UV-Vis and fluorescence spectra suggest that polyamide
chains interact stronger with theH

2
T(o-NH

2
)PP species than

with the H
2
T(p-NH

2
)PP species. Additionally, the formation

of cobalt complexes is more effective and in a higher amount,
in the case of the network synthesized from H

2
T(p-NH

2
)PP,

thus suggesting the existence of weak inhibiting effects over
the central window of the macrocycle to coordinate cobalt
or other cations. The last results suggest that the preferred
direction for the growing of polyamide chains is initially
determined by the position of the –NH

2
groups on the

porphyrin. That is, the porphyrin macrocycle functions as a
nucleation point (knot) that reinforces the Nylon structure
and inhibits the formation of very long polyamide chains, but
without creating a great interference with hydrogen bonds
and dipole-dipole intermolecular interactions.

The above results suggest the incorporation of only a low
amount of porphyrin molecules but still enough to display
a notable fluorescence emission (Figures 6 and 10) and to
form detectable amounts of cobalt atoms coordinated to
the porphyrin structure. However, the possibility of increase
the basicity of the –NH

2
groups of the H

2
T(o-NH

2
)PP or

H
2
T(p-NH

2
)PP species exist for optimiz its integration to the

polyamide chains. In a deeper investigation of the effect of
using ortho- or para-substituted porphyrins on the structure
of polyamides, our research group is now exploring the
consequences of employing other porphyrin substituents or
of other polyamide monomers, such as aromatic diamines
or dicarboxyls. This possibilities suggest that the method
can be optimized to a higher degree in order to synthesize
new materials suitable to be used in optics, catalysis, sen-
sors, membranes, medicine, and, if conductive polymers are
included, in photoelectronic.

4. Conclusions

The results of the present document show that the incorpora-
tion of tetrapyrrolemacrocyclic species is possible, such as the
substituted porphyrins, in the structure of known polymeric
chains such as Nylon 66. The integration of substituted
porphyrinic molecules with spatial functional groups for the
growing of polyamide chains induces beneficial structural
and textural effects on the Nylon 66 matrix.

The number and spatial position of the amine groups
(–NH

2
) at the ortho- and para-positions of phenyls of

tetraphenylporphyrins, incorporated to the polymerization
reaction of adipoyl chloride and hexanediamine, produce
two different modified Nylon networks. The use of H

2
T(p-

NH
2
)PP species apparently induces the formation of a

more homogeneous but rougher porous matrix than that of
the H

2
T(o-NH

2
)PP species. However, the existence of four

central nitrogens in the porphyrin macrocycle makes the
synthesis of the respective cobalt complexes possible; these
systems are suitable of be used with other cations such as
transition metals, lanthanides, and actinides.

The optimization of the above mentioned methodology
can render new materials suitable to be used in diverse
technological fields as optics, catalysis, sensor, medicine, or
inclusively in electronics if conductive polymers are incorpo-
rated.
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Campero, “Fluorescent porphyrins trapped in monolithic SiO

2

gels,” Journal of Sol-Gel Science and Technology, vol. 37, no. 2, pp.
93–97, 2006.
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The aim of this research study was to evaluate the influence of utilising natural polymers as a form of soil stabilization, in order to
assess their potential for use in building applications.Mixtures were stabilized with a natural polymer (alginate) and reinforced with
wool fibres in order to improve the overall compressive and flexural strength of a series of composite materials. Ultrasonic pulse
velocity (UPV) and mechanical strength testing techniques were then used to measure the porous properties of the manufactured
natural polymer-soil composites, which were formed into earth blocks. Mechanical tests were carried out for three different clays
which showed that the polymer increased the mechanical resistance of the samples to varying degrees, depending on the plasticity
index of each soil. Variation in soil grain size distributions and Atterberg limits were assessed and chemical compositions were
studied and compared. X-ray diffraction (XRD), X-ray fluorescence spectroscopy (XRF), and energy dispersive X-ray fluorescence
(EDXRF) techniques were all used in conjunction with qualitative identification of the aggregates. Ultrasonic wave propagation was
found to be a useful technique for assisting in the determination of soil shrinkage characteristics and fibre-soil adherence capacity
and UPV results correlated well with the measured mechanical properties.

1. Introduction

The development of building systems has been inextricably
linked throughout history with the evolution of construction
materials and the technological advancements related to
harvesting and exploiting our planet’s natural resources [1]. In
recent years, the construction sector has been under increas-
ing pressure to reduce its CO2 emissions and the volume
of natural resources which it is responsible for consuming.
Environmental concerns relating to the specification of con-
temporary materials which often involve energy-intensive
andoil-dependent processes have become increasingly recog-
nised [2] and with buildings, cities, and their associated
infrastructure playing such a significant role in depleting our
global resources, it is vital that material utilisation within
buildings is specified with care in order to reduce the impact
on our planet’s resources and delicate ecosystems.

The purpose of this research was to explore the potential
for developing a low embodied energy constructionmaterials

obtained where possible from natural, renewable resources.
The main barrier to the use of natural materials at present,
particularly in developed countries, is their perceived poor
mechanical properties and durability in comparison with
synthetic materials such as steel, concrete, and other ceram-
ics. This study therefore explores the mechanical properties
of an innovative, natural, unfired, composite brick designed
to reduce both embodied energy values and CO2 emissions.

Earth construction is not only cost effective, as a result
of the inclusion of low-cost raw materials, but it also uses
locally sourced, benign materials. As a building system, it is
considered to be highly energy efficient due to the excellent
thermal properties which earthenmaterials exhibit and it also
possesses a low embodied energy when raw clay is utilised
[3]. Adobe blocks, for example, do not undergo any energy-
intensive firing processes since they are simply sun-dried and
therefore harness solar energy directly. To put this in context,
the energy required to produce an adobe block is only
5 (kWh)/cubic meter compared to about 1000 (kWh)/cubic
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metre for a fired brick and 400–500 (kWh)/cubic metre for
concrete [4].

Earth construction is therefore becoming an increasingly
valued natural building material and its durability benefits
and minimization of pollution and waste characteristics—
particularly in industrial countries—are also being progres-
sively recognised [5]. With regards to unfired earth con-
struction, Heath et al. [6] have recently shown that there is
structural potential for utilizing commercially manufactured
unfired bricks but concluded that additional research needs
to be carried out into structural behaviour and methods
for minimizing moisture susceptibility.This project therefore
examines an innovative, sustainable, natural earth product to
assess its initial performance against an extensive series of
mechanical and analytical laboratory tests [7].

Chemical soil stabilization involves changing the proper-
ties of a soil by adding chemicals or additives. This occurs
either by creating a matrix, which binds or coats the grains,
or by means of a physiochemical reaction between the grains
and the additive materials. Cement is one of the most
widely used chemical stabilizers for compressed earth blocks
(CEBs) and adding it before compaction improves the chara-
cteristics of the material, particularly its resistance to water
[8–13]. A proportion of at least 5-6% of cement is generally
needed to obtain satisfactory results [14]. When compaction
of moist soil is used in combination with cement stabilisa-
tion, it not only improves compressive strength and water
resistance compared to earth construction techniques such
as “adobe,” but also improves dimensional stability and toler-
ances improving construction quality and integrity [15].

Another method of stabilizing soil is with nonhydraulic
lime (quicklime or slaked lime). This technique is commonly
used for road construction, although it is mainly adopted
in temporary roads. The use of this type of stabilizer is
not recommended, however, for the manufacture of CEBs
as these bricks require a fairly low moisture content and
a soil with a relatively high sand content. For stabilization
purposes the amounts generally used range from 6 to 12%
that is equivalent to the proportion of cement used [16]. The
disadvantage of using lime alone is its negative impact on
durability as described in [17].

Cementing and waterproofing cohesive soils can be
achievedwith small amounts of natural or synthetic polymers
proportionally less than 2% by dry weight of soil. Typical
polymers used in soils comprise cement-resin mixes such
as polymer cements or organic resins. These range from
epoxy, acrylic, polyacrylate, polyurethane, polymers derived
from tomato pulp to alginate, which is an extract from
seaweed [18]. There are other recently researched methods
relating to the stabilization of clay bricks described in [19]
and a variety of techniques and compositions currently
under investigation relating to fired and unfired bricks. This
research work, however, focuses on 100% natural material
ingredients, namely, clay, lignin, wool, and alginate.

2. Materials and Methods

The main objectives of this research were to analyse the
effect on the mechanical properties of alginate added to

Table 1: Physical characteristics, grain size, and Atterberg limits of
the three soils.

Physical characteristics Errol Ibstock Raeburn
Sand content 22.50% 27.50% 35.00%
Silt content 45.00% 47.50% 40.00%
Clay content 32.00% 25.00% 25.00%
Classification I.S.S.S. Silty clay loam Silt loam Loam
Liquid limit 34.8% 25.9% 25.9%
Plastic limit 19.1% 16.4% 16.8%
Plasticity index 15.7% 9.5% 9.1%

Figure 1: Photograph of the three soil types used.

hand-moulded bricks stabilized with natural fibre and to
determine an optimal ratio for wool and alginate within
three different soil types. The samples and methods that
were selected are described in this section. X-ray diffraction
(XRD), energy dispersive X-ray fluorescence (EDXRF), ultra-
sonic pulse velocity (UPV), and compression and bending
tests were all conducted to provide a wide spectrum of data
for analysis.

2.1. Soil. Thematerials used in these experiments were three
different types of clay soils, alginate, wool, and lignin. The
physical properties and Atterberg limits of the three different
types of alluvial soils used in this experimental investigation
are described in Table 1. All the soils were supplied by Scottish
brick manufacturers; Errol (from the East Coast of Scotland)
and Ibstock and Raeburn from Glasgow (see Figure 1). All
three soils had different colours and textures but importantly
their particle-size distributions were all within the maximum
limits specified for utilisation within CEBs.

Themoisture content (in mass percentage) at which clays
and silts pass from semisolid into plastic states and then
into a liquid state is defined by the Atterberg limits, which
are empirical divisions between the solid, plastic, and liquid
limits of a clay. The upper and lower limits of the range of
water content over which soils exhibit plastic behaviour are
defined by liquid and plastic limits and the water content
range between these values is termed the plasticity index [20].
The Errol soil has a much higher liquid limit compared to
the other soils as can be seen in Table 1. The clay in each soil
sample acts like cement in concrete, binding all the larger
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particles in the soil whereas the silt and sand particles behave
as filters in the soil matrix in a similar manner to aggregates.

Errol soil is described as a silty clay loam and contains
a significantly higher proportion of clay compared to either
an Ibstock or Raeburn soil. The Ibstock soil is classified as
a silt loam and the Raeburn soil is classified as a loam [20].
With regards to their plasticity indexes, it is interesting to
note the quite remarkable variation (see Table 1). All soils
were additionally analysed and characterized by utilizing X-
ray diffraction (XRD) and X-ray fluorescence (EDXRF) tests.

2.2. Alginate. Seaweed is abundant within the coastal waters
of countries across the globe and during the last two centuries
has been used for a wide variety of products from food
and medical products to soda ash production for soap and
glass production. In terms of its chemical composition,
alginic acid, also called algin or alginate, is a polysaccharide
or carbohydrate molecule and it is obtained by extracting
alginate salts from the cell walls of brown seaweeds. These
alginate salts make up between 20 and 60% of the dry
matter of the algae and take the form of different compounds
including sodium alginate, calcium alginate, and magnesium
alginate.The physical and chemical properties of alginates are
nowadays being increasingly investigated and the polymer
composition of this natural molecule is increasingly being
understood to have a structural function within the cell
walls and intercellular mucilage of seaweed [21]. The alginate
matrix therefore contributes to the flexibility and mechanical
strength of algae [22] in a similar manner to the way that
cellulose and pectin components affect land-based plants
[23]. Different algal species as well as geographical and envi-
ronmental conditions influence alginatematrices which gives
rise to the variations in properties that different alginates can
exhibit.

Alginates are extremely versatile and exhibit important
gelling properties as well as high water holding characteris-
tics. Importantly in this research, they have the ability to act
as a natural binding matrix within composite systems. Their
natural propensity for improving viscosity and stabilizing
emulsions has facilitated their widespread use today within
the medical, pharmaceutical, and food industries where they
are widely used as dental impression materials and gelling
agents. Their colours range from white to yellowish brown
and they are sold in a variety of forms including filamentous,
granular, powdered, or gel forms.

Within the geotechnical engineering sector it, patents
have been approved for the use of alginates within in situ
stabilization of contaminated and non-contaminated soils
[24] and a few previous tests such as those of Friedemann et
al. [25] and Galán-Maŕın et al. [18, 26] have also been carried
out incorporating alginate into building materials.

The initial selected proportions of the composite mate-
rials was derived from work previously carried out at the
Laboratory of the Building Construction Department at the
University of Seville and has been the subject of a patent
[27]. The alginate used in our research was supplied by
FMC Biopolymer, Girvan, Scotland (UK), under the name
of seaweed extract and contained sodium alginate, sodium
carbonate, and inorganic salt. In these experiments, we used

an alginate paste (gluey, brown liquid), which is a product of
the first stage of alginate extraction from seaweed.

2.3. Fibre. Traditionally, natural fibres have been used as soil
reinforcement where available, to improve certain engineer-
ing properties of the soil. Vegetal fibres, derived from plants
such as coir, jute, sisal, bamboo, wood, palm leaf, coconut
leaf truck, cotton, hemp, and grass, have been tested as rein-
forcing materials not only for soils, but also within vari-
ous polymer matrix composites [28] for utilisation within
various industries.

Vegetal fibres such as coir can come in different varieties
and the individual fibre cells are narrow and hollow, with
thick walls made of cellulose. Coir is a relatively waterproof
fibre and is one of the fewnatural fibers resistant to damage by
salt water. Jute, in contrast, is a long, soft, shiny vegetable fibre
similar to industrial hemp and flax (linen) and can be spun
into coarse, strong threads and when woven is called hessian
or burlap [29]. Another natural fibre that has recently been
utilised in CEB research has been produced from cassava
peels [17] and sugarcane bagasse ash [30] so there are a wide
variety of vegetal fibres currently being examined in clay
composites with regards to strength and flexural properties.
Organic products containing cellulose fibres do however
have several drawbacks such as an incompatibility with
hydrophobic polymer matrices [31] and a propensity to show
little resistance to prolonged moisture. For this reason this
project has examined the behaviour of animal fibres which to
date have tended to be overlooked as a constituent in unfired
brick reinforcement.

Wool fibre is composed of a protein known as keratin.
Generally, wool fibres measure 40–127mm in length and 14–
40 𝜇 in width.Their cross-sectional shape is oval in form and
the fibre grows in the form of a wave with a certain amount of
twist. Itsmechanical properties include a tensile strength 120–
174MPa, an elasticity component of 25–35% elongation at
break and Young’s modulus of 2.3–3.4MPa [32]. Alternative
figures listed inCES Edupak (2012) [29] give a tensile strength
of between 40Mpa and 200Mpa and Young’s modulus values
between 3.9MPa and 5.2Mpa. Different species of sheep
produce quite different types of wool with varied fibre length,
diameter, and other differing physical characteristics. The
molecular structure of wool fibres is interesting in that they
comprise two different types of cell. Internal cells are referred
to as the cortex and then outside these cells are external
cuticle cells (or scales) that form a sheath around the fibre,
overlapping like roof tiles. This structure gives wool its
uniqueness compared to the variety of other fibres being used
within natural composites today.

For the tests carried out in this project, wool fibre was
added as the natural reinforcement within earth blocks, tot-
ally untreated and taken straight from the animal fleece so
that no artificial additives were introduced. In addition, the
wool was hand-cut, by trimming the top 10mm strand of
fibre, as longer fibres would have been too long to create
a homogenous mix. All the specimens for this study were
prepared and manufactured with the addition randomly
oriented of a small amount (0.5–0.25%) of this raw, unpro-
cessed wool according to recommendations from previous
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Table 2: Mixes used (by weight).

Soil mix no. Proportions Soil Alginate Lignum Wool Water
1 Unstabilized soil 80.0% — 0.5% — 19.5%
2 Soil + alginate 79.5% 19.75% 0.5% — 0.25%
3 Soil + 0.25% wool 79.5% — 0.5% 0.25% 19.75%
4 Soil + alginate + 0.50% wool 79.0% 19.5% 0.5% 0.50% 0.50%
5 Soil + alginate + 0.25% wool 79.5% 19.5% 0.5% 0.25% 0.25%

Table 3: Mass percentages of each mineral and clay proportions.

Soil Calcite Quartz Phyllosilicates Feldspars Illite Kaolinite Chlorite
Errol <5 41 52 Traces 50 38 12
Ibstock — 39 59 Traces 36 64 Traces
Raeburn — 34 62 <5 27 69 4

research which looked at the impact of various proportions
[18].

2.4. Lignin. Lignin is a treacle-like resin extracted fromwood
during the production of cellulose. Lignosulfonate and lignin
products are therefore derived from a natural raw material.
In all three mixes 0.5% of lignin sulfonate (under name of
Additive A, Traffaid 45 by Borregaard LignoTech) was added
to improve the workability of the soil mixture because it
greatly facilitates the mixing of clay with low proportions of
water. This additive is commonly used in the manufacturing
processes for unfired bricks.

3. Sample Manufacturing Process

Material preparation was carried out manually in the lab-
oratory of the University of Seville. Machine mixing was
carried out using hand compaction and no extra compression
was added. The mixtures adopted a proportion of close to
80 : 20 soil: (water + stabilizer) ratio after making necessary
adjustments to previously carried out corrective dosages [26].
It was decided to choose awater/soil ratio of 19.5/80% (adding
0.5% of lignum) to get a normal consistency and low total
shrinkage for mixes without the addition of alginate. Ratios
of 0.25–0.5% of wool were added to mixes, where alginate
was added to the mix and 0.25% only where no alginate
was present (see Table 2). Soil Mixes numbered 1, 2, and 3
were used as contrast dosages to compare the effect of either
the fibre or the polymer alone. Soil Mixes numbered 4 and
5 were manufactured to detect the appropriate quantity of
fibre reinforcement. Reinforcing wool fibres were cut to the
required length, soaked in water for 24 hours, to improve
mixing, and then added randomly, but in a homogeneous
way, to the moist soil using a 5 litre mixer until a completely
homogeneous composite was achieved. All the brick samples
used in this study were prismatic specimens (160 × 40 ×
40mm) in accordance with the European standards format
for the mechanical testing of mortar tests for masonry [33].

In this research study three different soils were tested
and five different mix combinations. For each batch, seven
specimens were tested. All specimens were first placed in

an oven at 50∘C to dry for 24 hours and subsequently dried at
room temperature for 48 hours before unmolding. Specimens
were cured in the uncontrolled laboratory environment at
20–25∘C and about 65% RH. A different consistency and
workability was observed during the manufacturing process,
for the Errol mixes.This was due to the higher percentages of
illite within the Errol soil compared to Raeburn or Ibstock,
which allowed more water to be absorbed within the crystal
matrix.

3.1. X-Ray Diffraction (XRD). In order to identify and quan-
tify the presence of the different mineral components within
the clays and the phyllosilicates in each soil, the researchers
followed a standard protocol, set out in a standard prepara-
tion protocol procedure, entitled PNT07LRX0044 [34]. The
experiments were carried out in the laboratory within the
University of Seville and the protocol determined the per-
centage composition of the small illite, kaolinite, and chlorite
grains within each sample, using the oriented aggregates
method which led to the proportions described in Table 3.

The oriented aggregates study included dissolving the
samples in ethylene glycol and then subjecting them to a heat
treatment between 350 degrees and 550 degrees. Figures 2, 3,
and 4 show the phyllosilicate and quartz fractions over the
majority of each soil type and the percentage and proportion
of each mineral is shown in Table 2. Testing and analysis was
performed in this way relating to all the different groups of
clays prevailing within each soil.

3.2. X-Ray Fluorescence Spectroscopy (XRF). XRF is mostly
a quantitative technique—the peak-height for any element
being directly related to the concentration of that element
within the sampling volume. However, extreme care must be
taken because two or more elements can interact with each
other, resulting in contamination and thus skewing results.
XRF tests showed (see Table 4) the chemical composition of
three soils (samples dried at 110∘C).

3.3. Energy Dispersive X-Ray Fluorescence (EDXRF). Energy
dispersive X-ray fluorescence is one of two general types of
X-ray fluorescence techniques used for elemental analysis
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Figure 2: XRD patterns of the Errol soil oriented aggregates.
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Figure 3: XRD patterns of the Ibstock soil oriented aggregates.

applications. These tests show the chemical composition of
the three soils (samples dried at 110∘C), their main elements,
and traces (see Table 5).

3.4. Ultrasonic Pulse Velocity Testing (UPV). Application of
ultrasonic methods for the testing of materials including
polymer composites has a long-lasting tradition. In this con-
text, ultrasound’s physical nature as amechanical wave is used
and knowledge of sound wave propagation characteristics
in a tested medium allows for a theoretical analysis of a
phenomenon.

On the basis of wave parameters on the boundary of
an area, conclusions can be drawn concerning geometric
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Figure 4: XRD patterns of the Raeburn soil oriented aggregates.

Table 4: Chemical composition of three soils.

Errol Ibstock Raeburn
SiO2 % 56,53 56,93 51,72
Al2O3 % 17,02 19,57 20,19
Fe2O3 % 7,09 4,81 6,51
MnO % 0,10 0,06 0,10
MgO % 2,71 1,21 1,50
CaO % 2,07 0,60 0,74
Na2O % 1,53 0,23 0,28
K2O % 3,18 2,31 2,22
TiO2 % 0,95 1,02 0,95
P2O5 % 0,15 0,12 0,18
SO3 % 0,03 0,02 0,03
PC % 6,02 10,59 13,34
TOTAL % 97,39 97,47 97,77

properties and the distribution of physical properties within
a medium—in this case unfired natural bricks.

Ultrasonic tests were carried out with the ultrasonic
model brand BPV Krautkramer. This equipment gives the
delay time from when a transmitted wave leaves the probe
until the wave is received back by the probe. It is measured by
a liquid crystal five digit display which measures the reading
time inmicroseconds.The accuracy is±0.1 𝜇s.Measurements
were recorded by cylindrical transducers and the emission
frequency of the probes was 50KHz. A single ultrasonic head
was used and the time of a sound wave transition through
tested samples (𝜏), was expressed inmicroseconds.The sound
wave velocity (𝑉) through a sample was then calculated using
the following formula:

𝑉 =
ℎ

𝜏
, (1)
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Table 5: Chemical composition of three soils (main elements and traces).

Cl Sc V Cr Co Ni Cu Zn Ga Ge As Se Br
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

Errol 32 15 106 111 16 53 38 86 22 N.D. 14 N.D. N.D.
Ibstock 35 12 83 102 15 51 28 61 23 N.D. 4 0 N.D.
Raeburn 34 12 83 101 17 57 29 68 24 N.D. 6 0 N.D.

Rb Sr Y Zr Nb Mo Ag Cd Sn Sb Te I Cs
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

Errol 106 152 24 178 15 1 N.D. N.D. 4 2 N.D. N.D. 3
Ibstock 111 184 28 188 17 1 N.D. N.D. 4 3 N.D. N.D. 5
Raeburn 102 217 28 167 15 1 N.D. N.D. 4 4 N.D. N.D. 5

Ba La Ce Nd Sm Yb Hf Ta Tl Pb Bi Th U
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

Errol 582 40 72 33 3 1 4 N.D. 0 22 N.D. 11 1
Ibstock 400 45 78 35 6 3 4 N.D. 0 23 0 13 2
Raeburn 402 41 81 37 7 2 4 0 N.D. 24 N.D. 14 2

Figure 5: Ultrasonic tests.

where ℎ was the sample thickness. All the UPV tests were
carried out on the prism specimens as per the guidelines
of UNE-EN 583-1/A1 [32]. Test pieces with dimensions
160mm×40mm×40mmwere tested perpendicularly to the
40mm × 40mm plane as shown in Figure 5 and the results
are shown in Figure 6. A comparison between a series of
mechanical and UPV test results for all soils and mixes is
shown in Table 6.

4. Mechanical Test Results

4.1. Compression Tests. After breaking samples roughly in
half, three-point bending strength tests were used to deter-
mine compressive strength and a total of 210 compressive
strength tests were carried out (see Table 6 and Figure 7).

4.2. Flexural Tests. Bending strengths were determined by
carrying out a three-point bending test on the specimens, in
agreement with the specifications of UNE-EN 1015-11:2000
European standards. This standard is for the determination
of bending strength of mortars used for rough castings and
mortar linings, but it was decided to adopt this standard in the
absence of other specific regulations. Several papers including
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Figure 6: Graphical comparison of the UPV results on the five
different mixes of the three types of soils.

the study carried out by Raut et al. [19] have illustrated the
wide range of testing and curing regimes currently being
carried out in different laboratories as well as the range of
sizes of earth brick samples. Furthemore and Heath et al.
[6] have additionally discussed the current limitations in
Eurocode 6: Design of masonry structures (BS EN 1996-
2:2006) and the fact that it does not currently have a section
referring to earthmasonry.Within this context, it was felt that
UNE-EN1015-11:2000 was an appropriate standard to adopt.

All the flexural tests were conducted at room temperature
(20∘C) on a Codein S.L., MCO-30/139 machine (maximum
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Table 6: Mechanical and UPV tests results of three soils.

Mix code 01 02 03 04 05

Unstabilized soil Soil + alginate Soil + 0.25% wool Soil + alginate +
0.50% wool

Soil + alginate + 0.25%
wool

Errol soil

Compressive strength (MPa) 2,23 3,77 3,05 4,37 4,44
Flexural strength (MPa) 1,12 1,06 1,1 1,08 1,45
Ultrasonic testing (m/s) 1182 1637 1416 1798 1818

Ibstock soil

Compressive strength (MPa) 2,06 2,49 1,89 3,43 3,59
Flexural strength (MPa) 0,97 0,98 0,96 1,28 1,61
Ultrasonic testing (m/s) 1298 1413 1222 1720 1769

Raeburn soil

Compressive strength (MPa) 2,44 2,24 1,88 2,69 3,75
Flexural strength (MPa) 1,12 1,1 0,93 1,11 1,24
Ultrasonic testing (m/s) 1240 1153 1075 1280 1604
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Figure 7: Graphical comparison of the compressive strength results
on the five different mixes of the three types of soils.

load 10 kN) in a three-point bending configuration. The
support length was adapted to the size of sample, and at
least seven specimens were tested for each mix under study.
A total of 105 tensile tests were therefore conducted both
with the fibrous and non-fibrous samples and the mechanical
properties determined from these tests included the flexural
modulus, the ultimate stress, and the ultimate strain (see
Table 6 and Figure 8).
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Figure 8: Graphical comparison of the flexural strength results on
the five different mixes of the three types of soils.

5. Results and Discussion

It is generally accepted that incorporation of fibres increases
flexural strength. Our tests have not shown the expected
improved flexural strength, indeed sometimes just the oppo-
site, as is shown in Figure 8 for the Ibstock soil. In fact the
addition of just fibre to soils, without the presence of alginate
(as indicated in the comparison between mixes 03 and 01),
does not increase flexural strength. Additionally, compressive
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strength in samples with no alginate and only fibres is incr-
eased only in the soil with the high plasticity index, namely,
Errol. Indeed, both the flexural and compressive strengths of
the Raeburn and Ibstock soils decreased in the mixture only
containing wool fibres without the polymer.

In contrast, adding wool into the soil mixed with alginate
always increased flexural resistance, especially if a proportion
of 0.25% of wool was added. The incremental strength
improvement was particularly significant (65%), for the Ibs-
tock soil specimens, where flexural resistance changed from
0.97MPa (plain soil specimens) to 1.60MPa (0.25% wool +
soil + alginate mixes).

As the XRD analytical results show, higher percentages
of illite can be found in the Errol soil (compared to Raeburn
or Ibstock). This phyllosilicate appears to allow more water
to be absorbed within the crystal matrix giving rise to a
drier mix and this finding is consistent with the plasticity
indexes obtained for the different soils showed in Table 1.The
consequences of this drier and therefore stiffer consistency
can be observed in the mechanical results.

UPV measurements (see Figure 6) demonstrated that
Errol specimens, in most of the mixes tested, provided much
higher compactness and with regards to mechanical tests,
Errol specimens reached higher resistance values in the
compression tests compared with the other soils. Flexural
tests, however were less conclusive, with Errol providing
higher flexural strengths in mix 3, Raeburn in mix 2, and
Ibstock in mixes 4 and 5. Flexural strength values were
equal in the Raeburn and Errol soils in mix 1 and the UPV
results showed a pulse velocity increase for mixes 4 and 5
compared to mixtures 1, 2, and 3. Specimens of any type of
soil tested formix 5 (themix with the lower quantities of wool
reinforcement) showed higher UPV values than mix 4. This
was particularly the case with the Raeburn soil which had the
lowest plasticity index. This compactness decrease could be
caused by the fact that the shrinkage values for the fibre were
much higher than the soil shrinkage.

Lower compressive and flexural resistance values were
obtained when larger quantities of fibre were used in mix
4. This could be explained as follows: the development of
strength properties in the fibre/soil mixes mostly depends on
the formation of fibre-matrix bonds as has been shown in
previous studies [35]. Bonding is affected by fibre dimensions,
surface textures, and the number of fibres present in a given
volume of material. Increasing wool fibre quantities gives
rise to fibre agglomeration and folding of fibres (balling) and
this can result in a decrease in the bond strength within
the specimens, which in turn leads to lower compressive
strength values. In addition to the XRD, XRF, and EDXRF
results, the ultrasonic results were incorporated into this
study’s testing regime in order to indicate the prevalence of
voids and compare the relative material densities. The results
of these tests within each sample confirm that mix 5 had the
best overall engineering properties and it is suggested that
this was due to the quality of bonding within the composite
matrix and the overall homogeneity of the mixture.

The highest compressive strength, in all three soil types,
was obtained with the composite specimens including both
alginate and wool reinforcement and better results were

obtained with the reduced quantity of wool, that is, the 0.25%
mix 04. By adding wool to themix, the Ibstock soil specimens
stabilized with alginate improved their compressive strengths
by 74% whilst the Raeburn soil specimens improved their
compressive strengths by 54%.

Various research papers have shown that hygrometric
shrinkage and its associated cracking of earth-basedmaterials
can be greatly reduced by introducing fibres into the mixture
and this study confirmed these findings by demonstrating
that shrinkage due to the drying process was significantly
reduced with the inclusion of natural fibres into the soil mix.
As would be expected, specimens of plain soil had a very
quick (and almost without warning), brittle failure mode. In
contrast, fibre-reinforced mixes deformed, after the ultimate
load was reached and fine cracks could be seen on the surface
giving warning before failure.

6. Conclusions

Soil characterization through XRD, XRF, and EDXRF tests
has proved to be very important in order to understand the
differentmechanical behaviour of the different stabilised soils
(with the same fibre and stabilizer content) and therefore the
effect of the stabilization itself.

Mixes 2, 4, and 5 (those that included the alginate pol-
ymer as a stabilizer) showed better results in UPV tests in
every type of soils, especially though the Errol soil and these
results are consistent with the compression test results. As
would be expected, flexural resistance values generally incre-
ased in mixes 4 and 5, where alginate and fibre were used
simultaneously.

The use of UPV, in this study, has added an interesting
additional data set with results which closely align with the
mechanical compressive strength results. Errol soil, due to
its higher content of illite, contains a crystalline structure
that facilitates a higher level of water absorption compared
to the Raeburn and Ibstock kaolinite crystalline structures.
Improved results were therefore obtained with the Errol
soil due to the higher plasticity index related to a higher
proportion of illite within the clay fraction.

The addition of short wool fibres (10mm long) randomly
oriented to themixes leads to a decrease in bulk densitywhich
correspondingly decreases the compressive strength of the
specimens. Therefore UPV measurements were useful in
determining the resultant final porosity of the driedmix, after
the shrinkage process.

Fibre water adsorption and soil-fibre surface friction, due
to the drying shrinkage characteristics of a fibre, depend
on the available water and this in turn depends on the
characteristics of the soil plasticity for different types of clay.
The higher plasticity index obtained for the Errol soil seems
to be responsible for its different behaviour observed in the
various tests compared with the Ibstock and Raeburn soils,
in mixtures with similar water proportions.

As a result of the range of data presented within this
paper, it has therefore been shown that it is possible to prepare
100% green composites from natural fibres and natural
polymers withmechanical performance results within ranges
compatible with producing unfired bricks. Further research
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is currently under development to investigate methods for
improving composite bonding and interaction and ultimately
durability.
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Effects of gamma radiation and the polypropylene fibers on compressive properties of polymer concrete composites (PC) were
studied. The PCs had a composition of 30wt% of unsaturated polyester resin and 70wt% of marble particles which have three
different sizes (small, medium, and large). The PCs were submitted to 200, 250, and 300 kGy of radiation doses. The results show
that the compressive properties depend on the combination of the polypropylene fiber concentration and the applied radiation
dose. The compressive strength value is highest when using medium particle size, 0.1 vol% of polypropylene fibers and 250 kGy of
dose; moreover, the compressive modulus decreases when increasing the particle size.

1. Introduction
Polymer concrete (PC) is a composite material formed by
combining mineral aggregates with a thermoset resin. In its
elaboration several parameters must be taken into account,
such as resin type, initiator, and accelerator concentrations.
The unsaturated polyester resin (UPR) is the most widely
used due to their balanced mechanical and chemical charac-
teristics, its ease of handling, and low cost; for its polymer-
ization, 2 wt% of methyl-ethyl-ketone peroxide (MEKP), as
initiator, and 0.5 wt% of cobalt naphthenate as accelerator are
normally used, with at least 40wt% of styrene.

The composition of polymer concrete is determined by
its applications especially loading stress levels and ability to
resist corrosive environment. PC is increasingly being used
as an alternative to ordinary Portland cement concrete (PCC)
in many applications, such as finishing work in cast-in-place
applications, precast products, highway pavements, bridge
decks, waste water pipes, and even decorative construction
panels. In the last 40 years polymer concrete has made
tremendous progress and continues to be very promising

materials for a wide range of new and innovative applications.
Moreover, the use of polymers should be well considered
to guarantee better performance and improved sustainability
[1–3]. Improvement on mechanical strength and chemical
resistance is basic advantages of polymer concrete in compar-
ison to ordinary Portland cement concrete (PCC). Three to
five times on the compressive strength, high values for tensile
strength (20MPa), and flexural strength (50MPa) are still an
outstanding advantage of polymer concrete [3, 4].

Mechanical properties of polymer concrete dependon the
type of resin and mineral aggregates. In the case of the last,
higher specific surface means higher mechanical values, for
example, (a) polymer concrete with clean sand have higher
values than thosewith foundry sand [5]; (b) for concrete elab-
oratedwith epoxy resin, silica sand, hematite, and colemanite,
the mechanical properties depend on the resin and hematite-
colemanite concentrations; larger improvement for hematite
is done [6]; (c) for concrete with waste marble as aggregate
the splitting tensile strength decreases, and improvement on
the elasticity modulus is produced [7].
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Polymer concrete has relatively low tensile strength com-
pared to its compressive strength.This limits its usefulness for
load-bearing applications. Sudden and brittle failures occur
in planes where tensile stresses exceed the tensile strength of
the polymer concrete.Thus, reinforcement either by synthetic
or natural fibers is one option to increasing its strength capac-
ity, ductility, and toughness [5]. For example, glass fibers have
been used for reinforcement of polyester polymer concrete,
particularly for increasing flexural strength and strain at peak
stress. An improvement of 80% in the flexural strength is
obtained with respect to unreinforced polymer concrete. The
toughness is increased by more than 1440% when 6wt% of
glass fibers is added. The glass fibers were 3mm long and
0.013mm of diameter, with a tensile strength of 2.5 GPa and
a modulus of 70GPa [8].

Carbon and glass fibers (1% and 2%, resp.) added to
epoxy polymer concrete showed different behaviors. The
carbon fibers increase the fracture energy by 340%while glass
fibers by 140% when comparing to plain polymer concrete.
Nevertheless, the fibers induce failure due to poor adhesion
between them and polymer resin including the break of the
fibers when compressive test is evaluated [9]. Chopped glass
fibers were with random size, while chopped carbon fibers
(made fromapoly-acrylic-nitrile precursormaterial) were on
average 6mm.

The fracture behavior of concrete elaborated with polye-
ster resin (18%) and sand and glass fibers (82%) was studied.
Stable crack growth prior to peak load was found when
adding 4% of glass fibers (13mm long) [10]. In the case of
polymer concrete with polypropylene fibers the compressive
strength, splitting tensile strength, and especially flexural
strength and elasticity modulus increase while the weight
diminishes [11].

Some studies concerned with the use of gamma radiation
on polymer/mineral composites have been carried out. The
effects of gamma radiation on pure polyester resin and
polyester resin/gypsum composites show that the rupture
stress is higher for pure resin than that for the compos-
ite (6.5MPa versus 2.0MPa, at 20 kGy). At highest dose
(320 kGy) the values increase up to 9.0MPa for pure resin and
3.6MPa for the composite. Such difference is due to the lower
tensile strength of gypsum (filler) when comparing to those
for resin. Moreover, only the polymer chains (but not the
inorganic filler particles) would build cross-links between
the chains [12]. In other results, a minimal variation on the
hardness is observed at different doses: 91% and 92% for the
composite and 89%and 88% for pure resin (at 20 and 320 kGy,
resp.) [12].

As it is known, the cross-linking reaction of unsaturated
polyester resins (UP) is usually initiated by a thermal or
redox initiator, but sometimes the full conversion is not fully
achieved, due to the difficulty ofmixingwith initiators and/or
promoters, which reduces the conversion, especially at room
temperature [13]. The release of residual styrene of the UP
resins creates problems to the environment and is the source
of odor in many applications. One alternative route of curing
UP resins is by radiation processing [14, 15]. Some differences
are found when polyester resin with or without initiators
is irradiated. At low dose (11.1 kGy), polyester resin with

initiator shows a larger increase in the maximum load (30N)
higher than that for resin without initiator (20N). Notorious
is this value at higher dose (33.3 kGy), 320N for resin with
initiator and 200N for resin without initiator [16].

2. Materials and Methods

2.1. Specimen Preparation. Before preparing the polymer
concrete composites, one set of polypropylene atactic fibers
(CONSA, Distrito Federal, Mexico) whose diameters vary
from 50 to 60 𝜇m were cut to 10mm length on the average.
For preparing the polymer concrete specimens, marble from
a local company (GOSA,Atizapan,Mexico), as the fine aggre-
gate, polypropylene fibers at concentrations of 0.1, 0.2, or 0.3%
by volume, and a commercial unsaturated preaccelerated
polyester resin (Polylite 32494-00, Reichhold, Atlacomulco,
Mexico) were used. The proportion of the polyester resin in
the PC was 30% by weight, and the PP fibers were distributed
hazardously within the polymer matrix.

Polymer concrete specimens were prepared to be sub-
jected to three different irradiation doses. After mixing, the
polymer concrete cubic specimens (5 × 5 × 5 cm) were placed
in a controlled temperature room at 23.0 ± 3.0∘C for 24 hours.
Polymer concrete specimens were prepared and subjected to
three different irradiation doses (200, 250, and 300 kGy).

2.2. Mechanical Tests. Compressive tests of the polymer
concrete specimens were carried out in an Universal Testing
Machinemodel 70-S17C2 (Controls, Cernusco, Italy), located
at Laboratory of Research and Development in Advanced
Materials (LIDMA) of the Autonomous University of the
State of Mexico (UAEM), according to the ASTM C-109M
standard.

2.3. Morphological Characterization. First, the fibers were
vacuum-coated with carbon (thickness between 3 to 10 nm)
with the aid of a Vacuum Evaporator (E. F. Fullam) at
50mTorr. Then, the fiber surfaces were analyzed by scanning
electron microscopy (SEM) in a JEOL model JSM-6510LV
microscope in the secondary-electron mode, at 20 keV.

2.4. Irradiation Procedure. Atactic PP fibers and the poly-
mer concrete composites were exposed at various gamma
radiation doses using a 60Co source. The fibers were placed
in packets of 50 in a capillarity tube. The dosages were
200, 250, and 300 kGy at the dose rate of 3.5 kGy/h; the
experiments were performed in air at room temperature.The
irradiation was provided by a 651 PT Gammabeam Irradiator
manufactured by NORDION (Chalk River, Ontario) and
located at the Institute of Nuclear Sciences of the National
Autonomous University of Mexico.

3. Results and Discussion

3.1. Compressive Strength. The PCs were fabricated contai-
ning different marble-particle sizes and different polypro-
pylene-fiber concentrations. The selection of the particle
sizes was in function of the availability of the commercial
mesh (sieve), in our case 25, 14, and 8, which correspond to
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Figure 1: Compressive strength of polymer concrete with different
marble particle sizes and fiber concentrations.

an average particle size of 0.71, 1.4, and 2.36mm, respectively.
Thus, we have approximately 1 : 2 : 3 as the ratio. Through the
article we will use the terms small (S), medium (M) or large
(L) size, for 0.71, 1.4 and 2.36mm, respectively.

It can be seen in Figure 1 the compressive strength (𝜎
𝑐
)

values for PC elaborated with different particle sizes and
polypropylene-fiber concentrations. The 𝜎

𝑐
value is highest

when using medium particle size and 0.1 vol% of polypropy-
lene fibers, namely, 51MPa. Conversely, the lowest value
(36MPa) is for those with large particle size and nonpo-
lypropylene fibers.

For plain polymer concrete (without fibers), the 𝜎
𝑐
values

are in the range from 36 to 41MPa, while for fiber-reinforced
PCs from 38 to 51MPa; thus, an improvement of 24% is
obtained when using PP fibers. Moreover, a high-to-low
sequence in the 𝜎

𝑐
values for PC with respect to the particle

size is as follows: (medium) > (small) > (large), independent
of the fiber concentrations.

When comparing the present 𝜎
𝑐
values with other PCs,

we can see similar results. The 𝜎
𝑐
values of the present

communication are from 36 to 51MPa; similar results were
obtained as PC with silica sand (49MPa) [17], but lower
than for PC with CaCO

3
(86MPa) [18], or with silica sand +

CaCO
3
(106MPa) [19].

The effect of the gamma irradiation is observed in
Figure 2. The highest 𝜎

𝑐
value is 70MPa, that is, 58% of

improvement in comparison with plain concrete.The present
𝜎
𝑐
values are from 46 to 59MPa.
According to the irradiation dose, different behaviors are

well defined for the 𝜎
𝑐
values: (a) the highest 𝜎

𝑐
values are

always obtained at 250 kGy, for all specimens, independent of
the fiber concentration and particle size; (b) two well-defined
stages are seen for each particle size; the first one consists of
an increase of 𝜎

𝑐
according to gamma radiation increase up

to 250 kGy; then for higher dose the 𝜎
𝑐
values decrease; an

explanation for such behavior seems related to the radiation
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Figure 2: Compressive strength of irradiated-polymer concrete
with different marble particle sizes and fiber concentrations.

effects on the polyester resin; as already noted, the irradiation
causes chain scission, but it also produces some crosslinking,
chain relaxation, and cage breaking [20, 21].

(c) The maximum values are achieved when using medi-
um particle sizes, and a high-to-low sequence in the 𝜎

𝑐
values

with respect to the particle size is as follows: (medium) >
(small) > (large), independent of the fiber concentrations
except for PCwith 0.2%of fibers, where (small)> (medium)>
(large) sequence is established.

Small size marble particles provide more obstacles to
crack propagation in a given amount of concrete. Apparently
the use of large particle sizes causes detrimental results due
to poor adhesion between the polyester resin and the marble
particles. Our PC had 70wt% of marble particles.

In the case of irradiated PCs, there are significant differ-
ences. The present 𝜎

𝑐
values were from 40 to 70MPa and

lower than for PC with silica sand (62–86MPa) [17], with
silica sand +CaCO

3
(104–112MPa), [19] or withCaCO

3
(126–

135MPa) [18].
Along these lines, the ionizing energy generates more

contact points and in consequence larger contact areas
between the components: fibers, polyester resin, and marble
particles [19, 22]. In turn, an increased number of contact
points in the concrete will resist larger loads oriented at
various angles relative to the longitudinal axes of the fibers.
Eventually, the concrete will split approximately parallel to
the dominant axis of the fibers, and the resulting crack will
propagate out to the surface. In other words, the energy
transfer drops rapidly unless reinforcement is provided to
restrain the opening of the splitting crack.

3.2. Compressive Strain at Yield Point. In Figure 3 compres-
sive strain values at yield point are shown. For plain polymer
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Figure 3: Compressive strain of polymer concrete with different
marble particle sizes and fiber concentrations.

concrete the values vary from 0.062 to 0.068mm/mm. The
highest values are for PC with 0.3 vol% of fibers (0.068 to
0.073mm/mm); this means a minimal 7% of difference with
respect to polymer concrete without fiber.

The compressive strain increases as the fiber concentra-
tion increases. Moreover, the sequence of high-to-low values
in terms of the particle sizes is: (large) > (medium) > (small),
except for polymer concrete with 0.2 vol% of fibers.

Different behaviors of the compressive strain for irra-
diated-polymer concrete were observed in Figure 4. (a) the
high-to-low sequence on the values in terms of the fiber
concentration is (0.1% by volume) > (0.3% by volume) >
(0.2% by volume). Thus, an optimal concentration is 0.1%
by volume for getting a more ductile concrete and 0.2% by
volume, for getting a hard concrete. (b) For all specimens
the compressive strain increases when gamma radiation dose
increases.

The highest value (0.076mm/mm)was obtained for poly-
mer concrete with medium particle size and irradiated at
300 kGy; this means 11% of improvement with respect to
nonirradiated polymer concrete.

3.3. Compressive Modulus of Elasticity. The compressive
modulus of elasticity Ec for nonirradiated PCs showed values
ranging from 0.71 to 1.26GPa (Figure 5). Such values exhibit
the same behaviour for all specimens: the modulus dimin-
ishes as the particle sizes increase, following the sequence:
(small) > (medium) > (large); thus a statement can be formu-
lated: the compressive modulus decreases when increasing
the particle size. Apparently small particles—while providing
good protection against crack propagation—provide more
reinforcement than the medium or large ones.

A maximum for PC with small particles size and 0.1 vol%
of PP fibers was identified, namely, 1.26GPa; conversely a
minimal value was obtained for PC with large particle size
and 0.3 vol% of fibers (0.71 GPa).

0.040

0.044

0.048

0.052

0.056

0.060

0.064

0.068

0.072

0.076

0.080

0.30.20.1
LLL MMM SSS

Dose (kGy)
200
250
300

C
om

pr
es

siv
e s

tr
ai

n 
(m

m
/m

m
)

PP fiber concentration (vol%)

Figure 4: Compressive strain of irradiated-polymer concrete with
different marble particle sizes and fiber concentrations.
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Figure 5: Compressive modulus of elasticity of polymer concrete
with different marble particle sizes and fiber concentrations.

When comparing the Ec values for nonirradiated PCs
with other PCs elaborated with different mineral aggregates,
it was observed that the present value 1.88GPa is lower than
for PC with silica sand + CaCO

3
(5.2 GPa) [19], or silica

sand + polypropylene fibers (5.7GPa) [23], or PCwithmarble
+ calcium bentonite (6.8GPa) [22], or for PC with silica sand
(7.3 GPa) [17], or PC with CaCO

3
(7.6GPa) [18].

In the case of Ec values for irradiated PCs, several behav-
iors were observed. The present values are in the range from
0.99 to 1.88GPa (Figure 6); it means 49% of improvement
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Figure 6: Compressive modulus of elasticity of irradiated-polymer
concrete with different marble particle sizes and fiber concentra-
tions.

with respect to Ec values of nonirradiated PCs. In terms of
PP fiber concentration, higher values were observed when
adding 0.1 vol% of fibers and lower values when adding
0.3 vol% of fibers. Thus, the values follow the sequence:
(0.1 vol%) > (0.2 vol%) > (0.3 vol%), and it is established that
the compressive modulus decreases when increasing the PP
fiber concentration.

With respect to particles size, the Ec values follow the rule:
when increasing the particle size, the compressive modulus
diminishes; same behavior was observed for nonirradiated
PCs. Finally, following the radiation dose, for each particle
size a premise is observed: the Ec values show two well-
defined stages; the Young modulus increases when the radi-
ation dose increases up to 250 kGy, and after this dose the
Young modulus decreases. At 250 kGy the highest value is
obtained.

When comparing with another Ec reported in the liter-
ature, the highest Ec value (1.88GPa) is lower than for PC
with two mineral aggregates of marble + calcium bentonite
(6.3 GPa) [22], or for PC with silica sand + CaCO

3
(8.0GPa)

[19], or for PC with silica sand + polypropylene fibers
(9.6GPa) [23], including PCs with one aggregate: silica sand
(16.3 GPa) [17] or with CaCO

3
(16.1 GPa) [18].

As it was studied the compressive strength and strain as
well as compressive modulus depend on: particle size, PP
fiber concentration, and gamma dose. The last one involves
the modifications of the surface morphology caused by radi-
ation on the polypropylene fibers. SEM images for irradiated
fibers at 200, 250, and 300 kGy are shown in Figure 7.
Small pieces of scrap of material and well-defined lines
at irradiation dose of 200 kGy (Figure 7(a)) can be seen.
When increasing the radiation dose at 250 kGy, roughness

(a)

(b)

(c)

Figure 7: SEM images of irradiated polypropylene fibers at (a)
200 kGy, (b) 250 kGy, and (c) 300 kGy.

and deteriorated regions are observed (Figure 7(b)). Such
deteriorated regions increase at 300 kGydose, andmore small
particles are formed on the surface.

4. Conclusions

As expected, mechanical behavior depends on the combi-
nation of polypropylene fiber concentration and the applied
radiation dose. Compressive strength values are higher for
polymer concrete with medium particle sizes and irradiated
at 250 kGy and the lowest elasticity modulus with large parti-
cle sizes. Such last behavior suggests generation of a ductile
material. Moreover, depending on the latter combination
of particle sizes, the polymer concrete needs low or high
radiation doses to obtain high deformability with moderate
compressive strength.
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Acrylonitrile-butadiene-styrene (ABS) is a well-known discard product from the industry. This copolymer can be dissolved in
organic solvents, and thin films can be created by immersion. Two requirements for coatings used for cultural heritage conservation
purposes are transparency and reversibility, both fulfilled by ABS films. The aim of this work was to characterize the copolymer
and to evaluate the electrochemical properties of ABS coatings applied to copper. Such performance was compared to that of
a commercial varnish commonly used in conservation. The results indicate high protection values of the ABS film, generating
a potential application for this waste material. The electrochemical techniques included electrochemical noise, impedance
spectroscopy, and potentiodynamic polarization.

1. Introduction

Cultural heritage conservation constitutes a relevant field of
research which frequently relies on material science to solve
the challenges posed by the degradation of artifacts, architec-
tural structures, and ornaments [1–5]. Historic, artistic, and
archaeological items are frequently built of metals. Through
the ages, copper and its alloys constitute a particular set of
metals widely used in such manufactures [6]. Even when
these materials tend to form protective patinas due to their
interactions with the environment, such natural protective
layers may fail, especially in highly polluted atmospheres [7].
Therefore, the application of coatings to both clean and patina
covered metallic surfaces has proved to be useful to preserve
cultural heritage [8]. Two highly desirable conditions of

conservation-oriented coatings are transparency in order not
to affect the aesthetical traits of the artifacts and reversibility,
which refers to an easy removal process [9].

On the other hand, acrylonitrile-butadiene-styrene
(ABS) waste and residues represent a well-known discard
product from the automotive industry. Since law usually
forbids the recycling of this material because all pieces must
be brand new, considerable amounts of ABS become unused
waste and a nuisance to dispose due to environmental
restrictions. Therefore, research has been done trying to
find usable recycling applications with added value to this
and other polymer discards. Due to the finite reserve of
hydrocarbon in the world, a proposal has been obtaining
degradation oils from plastics, potentially useful as fuel
[10]. However, such processes cannot avoid the presence
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of heteroatoms such as chlorine from poly(vinyl chloride)
(PVC) or nitrogen from ABS. These heteroatoms relate
to corrosion of machinery parts and participate in the
formation of dangerous compounds such as cyanic products,
SOx or NOx, in the combustion process [11, 12].

The mechanical and chemical properties of ABS have
been studied demonstrating its durability, elongation to
break, and impact resistance. However, thermooxidative pro-
cesses can degrade this polymer due to hydrogen abstraction
by oxygen [13]. Two models explain the ABS degradation:
heat aging or physical aging [14–17]. It is well known that
this polymer can be dissolved in organic solvents; also, thin
layers become practically transparent. Therefore, an ABS
coating potentially fulfills some of the major requirements
for coatings used in cultural heritage conservation. Hence, a
combination of adequate properties and ecological values due
to waste recycling might be implied in the utilization of this
coating for the stated purpose.

The aim of this work was to evaluate the protective prop-
erties of recycled ABS applied to copper surfaces, compared
to the behavior of an aliphatic commonly used commercial
coating, for conservation purposes. In order to achieve this
goal, an experimental procedure was designed which allowed
to (1) create coatings recurring to the dissolution properties
of ABS in acetone and (2) simulate the degradation of the
coatings in highly corrosive ambient. The techniques used
included electrochemical noise, impedance spectroscopy,
and potentiodynamic polarization. The obtained results
constitute a potential contribution to the cultural heritage
conservation field because an alternate coating for copper
substrates is proposed. Copper and its alloys are found in a
vast array of archaeological and historical artifacts around the
world.

2. Materials and Methods

2.1. Coating Preparation. TheABS wastes were cut into small
pieces, and afterwards 60 grams of this polymer was added
to 1 liter of acetone under constant stirring for 10 minutes
at room temperature. This way, the obtained solution is
ready for the metal samples to be coated (ABS coating) by
immersion.

2.2. Polymer Characterization. The recycled ABS was char-
acterized in two states: in raw form and in solution as
mentioned previously.

Thermal Analysis. Thermal analysis were carried out in a
Perkin Elmer Thermal Analyzer TGA/DTA, from 30 to
500∘C, with a heating rate of 20∘C/min, in normal atmo-
sphere, using aluminum disposable holders. The samples
were cut into small pieces and placed into the holder.

Infrared Spectroscopy. To evaluate the ABS structure,
Fourier Transformed Infrared Spectroscopy (FTIR) was
used. Infrared analysis is an extremely reliable and well-
recognized fingerprinting method. A Perkin Elmer Fourier
Transformed Infrared Spectroscopy (FTIR) with Attenuated
Total Reflectance (ATR) accessory was used.

2.3. Coating Thickness Measurements. Metallic plates were
immersed, one (ABS-1), two (ABS-2), and three (ABS-3), for
30 seconds per immersion in the ABS solution. Scanning
electronic microscope (SEM) LEO 1450VP was used to
determine the thickness of the coatings for each case. Samples
were attached with carbon sticky tape to the microscope
holders and covered with a thin layer of Au/Pd to prevent
electrostatic charge accumulation.The images were observed
at 15 kV and secondary electrons emission.

2.4. Electrochemical Evaluation. Commercial copper cou-
pons with an exposed area of 1.1 cm2 were embedded in
acrylic resin. The coupons were polished with 600, 800,
and 1200 emery paper. Afterwards, the metal samples were
immersed in the coating solution for 30 seconds and then
removed, to allow the solvent to evaporate. The samples were
placed in a desiccator for 24 hours to be ready for testing.

A first group of samples was used as blank to evaluate
the electrochemical properties of the base material in two
different solutions.The first solution, Na

2
SO
4
0.1M, is mildly

aggressive while the second one, Na
2
SO
4
0.1M + 3% weight

NaCl, presents highly corrosive properties and simulates an
aggressive urban-marine atmosphere. As reference, a second
group of coupons was coated with commercial aliphatic
polyurethane (varnish). The application consisted of a single
layer using a small brush, simulating the manual procedure
frequent in conservation. These coupons were evaluated
electrochemically as a function of time, for two weeks,
immersed in the highly corrosive solution.

A third group of coupons was coated by immersion
in the ABS solution (ABS-1, ABS-2, and ABS-3). Electro-
chemical evaluation in the highly aggressive solution was
performed for the three ABS coatings for comparative pur-
poses. Coupons with three immersion cycles were evaluated
electrochemically as a function of time for two weeks.

All electrochemical evaluations performed in this work
included electrochemical noise measurement, impedance
spectroscopy, and potentiodynamic polarization. All mea-
surements reported were made using a three-electrode
arrangement, and potentials were quoted versus silver/silver
chloride reference electrode. Electrochemical values are all
corrected for the area of the working electrode.

2.4.1. Electrochemical Noise Measurement. The experimental
setup used for electrochemical noise data recording consists
of a working electrode, the tip of a platinumwire, and the ref-
erence electrode. The potential and current electrochemical
noise oscillations were obtained simultaneously at a sampling
rate of 1 point per second for 2048 seconds in each test,
using an auto-ZRAACM instrument connected to a personal
computer. Removal of the DC trend from the raw noise data
was the first step in the noise analysis. To accomplish this,
a least squares fitting was used. The DC trend had to be
eliminated because this could originate large distortions in
subsequent statistical noise data processing [18].

The noise resistance (𝑅noise) was obtained by statistical
analysis of voltage and current noise records as follows:

𝑅noise =
𝜎 [𝑉 (Δ𝑡)]

𝜎 [𝑖 (Δ𝑡)]
, (1)
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Figure 1: ABS characterization: (a) thermal analysis and (b) infrared spectroscopy.

where 𝜎[𝑉(Δ𝑡)] is the standard deviation of voltage noise
in time interval Δ𝑡 and 𝜎[𝑖(Δ𝑡)] is the standard deviation
of current noise in the same time interval Δ𝑡. The noise
resistance was presented and obtained as a function of
time. These measurements were performed to evaluate the
protective properties of the coupons polymeric coating and
its evolution in time.

2.4.2. Electrochemical Impedance Spectroscopy. The electro-
chemical impedance spectroscopy (EIS) used a sine wave.
Classical three-electrode arrangement experimental set-up
was used for EIS tests. The electrochemical signals were
monitored by AC Gill potentiostat connected to a personal
computer.The equipment was previously calibrated in accor-
dance with the standard [19]. An alternating current (AC)
signal, with a 10mV amplitude signal, was applied in the
frequency range of 100mHz to 10 kHz. A silver/silver chloride
electrode connected through a lugging probe was used as a
reference electrode and graphite as counter electrode. These
measurementswere performed in the described times to eval-
uate different protectivemeasurements and their evolution in
time.

2.4.3. Potentiodynamic Polarization. Electrochemical polar-
ization curve measurements were made with a scan rate
of 60mV/min. Coupons were immersed in the unstirred
solutions. The stabilization period before polarization was 10
minutes.The cathodic branchwas performed−1000mV from
the rest potential and the anodic branch went up to 2000mV
from that same rest potential.

3. Results and Discussion

3.1. Polymer Characterization. Figure 1(a) shows the TGA/
DTA measurement results for recycling ABS, as it is
discarded. The TG curve shows one stage weight decrease

between 300 and 500∘C, due to thermal decomposition with
the onset in 400∘C, remaining just 10% at 500∘C, which
corresponds to additives, fillers, and other aggregates present
in the copolymer because of the application for which it
was tailored. At the same time, the DT curve shows two
main peaks, a small one around 220∘C due to melting of
the elastic butadiene and a bigger one that initiates at 420∘C
corresponding to the ABS decomposition.

The IR spectra of ABS in raw and in solution are shown
in Figure 1(b). Both present characteristic peaks of the three
main components, but in solution they are clearly seen:
the nitrile band of acrylonitrile at 2237 cm−1, the aromatic
ring of styrene at 1602, 1494, 761, and 699 cm−1 [20–22],
and the double bond of butadiene at 967 cm−1 trans and
911 cm−1 vinyl. The rest of nonidentified peaks in the spectra
correspond to acetone major absorptions.

3.2. Coating Thickness Measurements. Figure 2(a) presents
the coating thickness after one immersion with an inter-
val between 14 and 22 𝜇m, looking not very compact and
disbonded. After the first immersion, the procedure was
repeated twice for 30 s (Figures 2(b) and 2(c)). The coating
looks compact but maintains a thickness around 13 to 16𝜇m.
These results suggest that immersion cycles did not increase
the coating thickness, but rather pores present after the first
immersion are sealed and the compactness was improved
(see Figure 2). Also during the second and third immersions,
the ABS solution promotes partial removal of the top of the
coating due to the action of the solvent.

3.3. Electrochemical Evaluation. Figure 3 shows the polariza-
tion curves of the copper coupons used as blank in Na

2
SO
4

0.1M and Na
2
SO
4
0.1M + 3% weight NaCl solutions. It

also includes the curve corresponding to the varnish coated
coupons in the aggressive solution. The corrosion rates of



4 International Journal of Polymer Science

(a) (b)

(c)

Figure 2: Coating thickness measurement by SEM: (a) ABS-1, (b) ABS-2, and (c) ABS-3.

copper increase two orders of magnitude in comparison
to the mild solution. In contrast, the copper coated with
varnish decreases the corrosion rates as much as three
orders of magnitude compared to the uncoated copper in
the aggressive solution, demonstrating the protectiveness of
the coating. The performance of the varnish was considered
as reference to compare the protectiveness of the polymer
coating under evaluation.

Figure 4 shows the polarization curves of the varnish
coated coupons in aggressive solution for different times of
immersion (0 hours up to two weeks). As time elapses, the
corrosion rates increase suggesting the degradation of the
coating. This is coherent with the presence of passivation
zones after 24 to 48 hours due to the oxidation of the base
material as the solution reaches it through the coating pores
or cracks.

Figure 5 presents the electrochemical noise and
impedance measurements for the varnish coated copper
coupons. The Bode impedance diagrams show that the total
impedance values decrease in time, although there is an
increment after two weeks which once again can be related
to the corrosion products formed as the coating deteriorates.
Such oxidation can start as early as 24 to 48 hours according
to the polarization curves. The electrochemical noise
resistance values show similar behavior to the impedance
measurements, although an increase can be seen since
week one. Therefore, the results of the three electrochemical
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techniques are coherent to each other since they show similar
trends.
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Table 1: Values of the equivalent circuits for the ABS-3 copper coupons in Na2SO4 + 3wt% NaCl solution in time.

ABS-3 Rsol. (ohm cm2) Rpo (ohm cm2) Cc (F) Dep angle Rcor (ohm cm2) Ccor (F) Dep angle

0 h 52 6.32𝐸5 1.13𝐸 − 9 11.89 1.13𝐸6 1.32𝐸 − 6 64.78

24 h 50 1.41𝐸5 1.65𝐸 − 8 40.86 2.60𝐸5 1.60𝐸 − 5 71.51

48 h 53 1.48𝐸4 8.53𝐸 − 5 29.73 2.21𝐸4 9.60𝐸 − 5 32.27

1 w 51 2.23𝐸3 2.92𝐸 − 9 7.03 6.42𝐸3 2.60𝐸 − 5 41.74

2w 50 2.03𝐸4 9.29𝐸 − 5 48.81 2.61𝐸4 1.25𝐸 − 4 38.47
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Figure 4: Polarization curves of copper coated with varnish in
Na
2
SO
4
+ NaCl solution, as a function of time.

Figure 6 shows the Bode diagrams for each of the three
cases: ABS-1, ABS-2, and ABS-3. Even when no significant
increase of thickness was achieved with the consecutive
immersions, the total impedance increased as a function of
the number of immersion. This can be related to the fact that
each immersion sealed the pores of the polymer layer. The
total impedance values of the ABS-3 coupons reached similar
values compared to the varnish coated coupons.

Figure 7 shows the polarization curves of the ABS-3
copper coupons. In the initial time there is well-defined pas-
sivation zone suggesting corrosion processes in the surface of
the base material. As time elapses, the passivation zones tend
to diminish and the corrosion rates increase as the coating
deteriorates. Corrosion potentials become more negative in
time indicating surface activation of the metal.

Figure 8 presents the impedance and electrochemical
noise measurements in time for the ABS-3 copper coupons.
TheBode impedance diagrams show that the total impedance
values decrease in time without any increment as observed in
the case of the varnish. The electrochemical noise resistance
values also show a general decrease, compared with the initial

time of immersion. However, there is an increase in noise
resistance values after one week. This behavior is similar to
the one observed for the varnish.

Figure 9 shows the equivalent electric circuit for the
corrosion process in the evaluated system. The values of the
corresponding elements of the circuit are presented inTable 1.
The electrochemical impedance simulation results obtained
and presented reflect the coating degradation process occur-
ring in the electrolyte as a function of time of immersion.

Figure 10 compares the total impedance (𝑍
𝑡
) and noise

resistance (𝑅
𝑛
) values in time for both the varnish and ABS-

3 copper coupons. In both cases, the behavior decreases
as time goes by and the coatings deteriorate. The resulting
values are very similar in magnitude compared to each
other, and hence it is possible to suggest that the protective
performance of the coatings is comparable. In the case of 𝑍

𝑡
,

the ABS coating stays with higher protective values during a
considerable time. 𝑅

𝑛
values indicate a similar behavior, even

when initially, the protection of the ABS coating is slightly
below in relation to the performance of the varnish. At some
point in time, the parameter values are inverted and both
coatings reach very similar values. With the noise resistance
being independent of the frequency, the values obtained and
presented in the noise impedance spectra are related totally
to the coating performance [23].

Figure 11 compares the macroscopic aspect of coupons
coated with varnish and ABS-3 after two weeks in the
aggressive solution.The couponprotectedwith varnish shows
blue-green corrosion products while the one coated with
ABS-3 stayed in the copper color range. This suggests that
the pores and/or failures in the varnish allow diffusion of
bigger ions in solution such as sulfates reaching the metallic
surface, which combined with chloride and oxygenmay form
CuSO

4
, as compared to those in the ABS coating. In the

latter, probably smaller pores allow diffusion only of oxygen,
generating a highly adherent and protective copper oxide
(Cu
2
O and CuO) patina whose properties combine with

those of the ABS-3 coating. Also, the difference observed
in both samples corroborates the suggestion made as to the
immersion cycles and pore sealing presented and discussed
in Figure 2.

Atmospheric corrosion of copper reaction is [24]

4Cu +O
2
+H
2
O ⇒ 2Cu

2
O +OH +H

2 (2)
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Figure 5: Copper coated with varnish in Na
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+ 3wt% NaCl solution in time: (a) Bode impedance diagrams and (b) electrochemical
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3wt% NaCl solution in time.

Corrosion of copper and its alloys forms complex patinas
over the surface, being more or less protective depending
upon the environmental conditions and the nature of the
pollutants present. In the atmosphere the range of corrosion
rates is in the order of less than 0.1𝜇m/year for rural
atmospheres up to approximately 5.6𝜇m/year for industrial-
marine environments [24, 25]. Electrochemical measure-
ments immersed in neutral solution on samples with patinas
formed after long exposures under different atmospheres
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rendered polarization resistance values of 5.4 kohms-cm2
for rural atmospheres up to 35.2 kohms-cm2 for industrial-
marine polluted atmospheres. For comparison, bare copper
presents polarization resistance values in the range of 1.5 to
6 kohms-cm2 [24].

In comparisonunder similar experimental conditions, for
copper samples coated with a commercial alkyd varnish used
for restoration and conservation of pieces of works of art of
cultural and historic heritage, polarization resistance values
obtained were 10 to 100 kohms-cm2 [25]. Results obtained
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and presented in this work compare favorably with the
results previously reported for this type of coatings. When
using a copper corrosion inhibitor such as benzotriazole
forming a polymeric oxide and reported [26], the polariza-
tion resistance values obtained for chloride solution were
around 50 kohms-cm2. According to the results obtained
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(a) (b)

Figure 11: Macroscopic aspect of coupons coated after two weeks in the aggressive solution: (a) varnish and (b) ABS-3.

in this work, this coating presents good performance when
compared to other corrosion protection systems [27, 28].

4. Conclusions

The ABS films fulfill two major requirements for cul-
tural heritage conservation purposes. Both transparency and
reversibility, by dissolution in organic solvents such as ace-
tone, combine with a highly acceptable protective capacity of
thematerial. Furthermore, the film can be easily applied, even
in field conditions providing adequate temporal or long-term
protection to copper artifacts, as required. This proposed
application for conservation adds value to an industrial
waste and contributes to finding recycling alternatives for
this discard polymer, hence collaborating not only with the
conservation science, but also with the ecological concerns
and needs. The results indicate high performance of the
coating; however, further studies are needed to characterize
and optimize the system.
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“Diseño Nanoscópico y Textural de Materiales Avanzados.”
The authors are grateful to Dr. Miguel Ángel Garćıa-Sánchez
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Recent advances in microelectronic and optoelectronic industries have spurred interest in the development of reticulate doped
polymer films containing “metallic” charge transfer complexes. In this study, such reticulate doped polymer films were prepared by
exposing solid solutions of bis(ethylenedioxy) tetrathiafulvalene (BEDO-TTF) in polycarbonate (PC) to iodine, forming conductive
charge transfer complexes.The resulting films exhibited room temperature conductivities ranging from 6.33 to 90.4×10

−5 S ⋅ cm−1.
The colored iodine complexes in the film were reduced by cyclic voltammetry yielding conductive, colorless, transparent films. We
were intrigued to examine the dielectric properties of BEDO-TTF in solid solution in PC prior to formation of the charge transfer
complex as no such studies appear in the literature. Dielectric analysis (DEA) was used to probe relaxations in neat PC and BEDO-
TTF/PC. BEDO-TTF plasticized the PC and decreased the glass transition temperature. Two secondary relaxations appeared in PC
films, whereas the transitions merged in the BEDO-TTF/PC film. DEA also evidenced conductivity relaxations above 180∘C which
are characterized via electric modulus formalism and revealed that BEDO-TTF increased AC conductivity in PC.

1. Introduction

In the last few decades, there has been growing interest
in conductive polymers and composites due to an array of
potential applications in biological and chemical sensors,
separations, microelectronics circuit boards, biomedical,
coatings, and optical displays [1–5]. The ability to prepare
thin, flexible, transparent films is an asset in applications
requiring nanostructuring and miniaturization [6]. Conduc-
tivity is a general property of metals, but some polymers in
combination with organic charge moieties exhibit metallic
behavior [7]. After the discovery of the first organic super-
conductor, (TMTSeF)

2
PF
6
, a growing number of organic

charge transfer complexes and conductive salts have been
investigated [8]. These salts exhibit a charge transfer between
a donors and acceptors in the solid state; the donors and
acceptorsmolecules form segregated stacked sheets of cations

and anions, respectively [9–11]. These materials also have
low critical temperatures, Tcs (the temperature below which
material is superconducting). (TMTSeF)

2
PF
6
was subse-

quently replaced by another class of organic superconduc-
tors with BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene)
donors (Figure 1(a)) containing sulfur heterocycles [9]. The
peripheral sulfur atoms allow better orbital overlap between
donor stacks, forming a two-dimensional network. Suzuki et
al. proposed that the substitution of sulfur or selenium atoms
by lighter atoms, such as oxygen, would increase the Tc of
organic superconductors. They synthesized an oxygen ana-
logue of BEDT-TTF, (bis(ethylenedioxy)tetrathiafulvalene)
(BEDO-TTF) (Figure 1(b)) in which outer sulfur atoms are
replaced by oxygen atoms [12, 13]. BEDO-TTF was synthe-
sized postulating that 𝜋 donation from oxygen atoms into
tetrathiafulvalene ringwould lower the first ionization energy
and make it an easily oxidized donor molecule [14]. In its
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Figure 1: Molecular structure of (a) BEDT-TTF, (b) BEDO-TTF, and (c) polycarbonate.

partially oxidized state, the BEDO-TTF molecule has a ten-
dency to self-aggregate via interactions in its peripheral het-
eroatoms. This results in the formation of a two-dimensional
electronic structure, with metallic properties [15–19]. BEDO-
TTF is of great interest in the design of organic superconduc-
tors, semiconductors, Langmuir-Blodgett films, crystalline
organic metals, metal-like composites, biosensors, and soft
electrodes [17, 20–23].

Surface conductive reticulate doped polymer (RDP)
films are easily processed. The BEDO-TTF (donor) is an
orange crystalline substance [13]. It is soluble in bisphenol
A polycarbonate (PC) (Figure 1(c)) and easily processed
into films. Bisphenol A polycarbonate, based on 2,2-bis(4-
hydroxyphenyl) propane, is a nonconductive amorphous
polymer with optimum mechanical properties, optical prop-
erties, thermal stability, corrosion resistance, low density, and
low cost [24, 25]. Jeszka and coworkers prepared films with
BEDO-TTF/PC complexed with iodine and bromine to yield
charge transfer complexes with conductive surfaces [26].
Both exhibited metallic properties; however, the Br doped
films were clear, while the iodine films were dark colored and
did not transmit light. Additionally, BEDO-TTF/PC iodine
films were metallic down to 10K, whereas BEDO-TTF/PC
bromine films were metallic to about 100K. Both of these
films exhibited surface conductivity higher than 10−3 S/sq
[26]. Work by all of these researchers spurred us to inves-
tigate reticulate doped PC films with BEDO-TTF/halogen
charge transfer complexes for use in the construction of
sensors designed to detect nitroaromatic compounds [27].
Hopefully, sensors can be designed to detect via changes
in current specific to the type and concentration of the
nitroaromatics detected. An additional desired property is
transparency which has the potential of allowing any changes
in spectroscopic properties that accompany binding of the
nitroaromatics to be detected. This paper describes the pro-
cessing of a series of RDP charge transfer complexes. It also
reports on electrochemical methodology used to control the
oxidation state of iodine species and to induce transparency
in the BEDO-TTF/iodine films [28]. In the course of this
investigation, we thought that it is important to further delve
into the properties of BEDO-TTF dissolved in PC prior to

complexation with halogens. We use dielectric spectroscopy
to characterize the effect of BEDO-TTF on the relaxation
behavior of PC as well as to characterize the conductive
nature of BEDO-TTF in the PC matrix. To date, no DEA
analysis has been undertaken on these interesting systems.

2. Materials and Methods

2.1. Materials. Poly (bisphenol-A carbonate) with molecular
weight 45,000 was obtained from Arcos (Fair Lawn, NJ,
USA). BEDO-TTFwas purchased from SynchemOHG (Fels-
berg, Hesse, Germany). Methylene chloride (DCM), iodine
and potassium iodide were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Double distilled water (18.2MΩ⋅cm)
was purified using cascada BIO-water system (PortWashing-
ton, NY, USA).

2.2. Purification of Polycarbonate Resin. PC resin was dis-
solved in DCM at room temperature, precipitated in
methanol, and dried for 2-3 days under a vacuum.

2.3. Film Casting. PC and BEDO-TTF/PC films were pre-
pared by solution casting 1 wt% PC in DCM. Neat PC and
PC containing 2wt% BEDO-TTF were dissolved in DCM.
Solutions were stirred until dissolution was complete, cast on
a glass surfaces, and evaporated at room temperature for 24
hours.The films were subsequently dried in a vacuum oven at
40∘C for 72 hrs. The neat films obtained by this method were
colorless and transparent, whereas BEDO-TTF/PCfilmswere
pink and transparent.

Surface conductive reticulate iodine doped BEDO-
TTF/PC films were prepared by dissolving iodine in DCM
and pouring the solution into a vial with a level rim. BEDO-
TTF/PC films mounted on the glass slide were placed 5mm
above the solvent level. Iodine exposure resulted in oxidation
of BEDO-TTF and formation of BEDO-TTF/PC-Iodine salts
on the surface of films [26]. Optimum conditions were
obtained by varying the exposure time and concentration
of iodine to minimize surface resistivity. Depending on
the exposure time and concentration, BEDO-TTF/PC films
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exhibit color ranging from shiny purple to dark green. Light
purple to olive green filmswithmetallic sheen are conductive.
The metallic sheen increased as the optimum conductivity
was reached. BEDO-TTF/PC films exposed for a longer
period of time to iodine vapors exhibited dull green to dark
purple color with no metallic sheen, thereby resulting in
nonconductive films. Long exposure time led to changes
in the oxidation state of BEDO-TTF, resulting films with
nonconductive surfaces [26].

2.4. Characterization

2.4.1. Differential Scanning Calorimetry. Calorimetric exper-
iments were carried out using TA Instruments DSC 2920.
The amount of sample used was about 5mgs, and the heating
rate was maintained at 10∘C/min. Samples were scanned in
the range from 25 to 300∘C and were encapsulated in her-
metically sealed aluminum pans under a nitrogen purge rate
of 70–80mL/min. Temperature calibrations were performed
with indium as a standard. All data analysis was performed
using the TA instruments universal analysis program, version
3.9A. Two scans were performed for films: the first scan
erased thermal history, and the second scan was used to
determine the glass transition temperature.

2.4.2. Dielectric Analysis. Note that dielectric analysis was
conducted on neat PC and BEDO-TTF/PC films. The iodine
complexes conduct electricity and are not suitable for DEA.
Dielectricmeasurements were performedwith the TA instru-
ments DEA 2970 using single surface electrodes.The samples
were heated to 225∘C to embed the sample into the channels
of the single surface and then cooled to −120∘C with liquid
nitrogen. A maximum force of 250N was exerted on the
samples to achieve a minimum spacing of 0.25mm, which
ensures good contact between the samples and the sensors.
The experiments were performed with the temperature range
from−120 to 225∘C,with 4∘C increments through a frequency
range of 1Hz to 100 kHz. A dry helium atmospheric purge
of 500mL/min was used to create an inert atmosphere.
Capacitance and conductance were measured as a function
of time, temperature, and frequency to obtain the dielectric
constant or permittivity (𝜀), dielectric loss (𝜀), and loss
tangent (tan = 𝜀


/𝜀
).

2.4.3. UV-Vis Spectroscopy. UV-Vis films and solutions
measurements were performed using a Perkin Elmer
Lambda 40 UV-Vis-NIR double beam spectrophotometer
with scan range from 190 nm to 800 nm. The UV-vis
spectra of PC, BEDO-TTF, and BEDO-TTF/PC solutions in
dichloromethane were recorded using quartz cell with 1 cm
path length and dichloromethane as reference solution. PC
and BEDO-TTF/PC and BEDO-TTF/PC-Iodine doped films
were scanned with quartz slide.

2.4.4. Optical Images. Surface morphology of the BEDO-
TTF/PC-Iodine films was studied using a Leica optical
microscope in the reflection mode.

2.4.5. Four-Point Probe. The four-point probe method was
used for the resistivity measurements on BEDO-TTF/PC-
Iodine films. The probe consists of four linearly arranged
and equally spaced electrodes, which remain in contact
with a sample. The current, 𝐼, was supplied to the material
through two outside probes with the help of a Keithley 6221
DC and AC current source, and steady voltage across the
other two inside probes, 𝑉, was determined by Keithley 6514
system electrometer. Resistivity of BEDO-TTF/PC-Iodine
films was measured randomly at different locations on the
film’s surface. Voltages were measured in volts and current
in milliampere. Electrical conductivity, 𝜎, was obtained by
simply inverting the corresponding values of the surface
resistivity.

2.4.6. Electrochemistry. The electrochemical modifications
on BEDO-TTF/PC-Iodine film (0.095mol ⋅ L−1, exposed for
2 minutes) were carried out using a CH 760 electrochem-
istry workstation (CH Instrument, TX, USA). An Ag/AgCl
electrode (BASi) was used as the reference electrode, and
a platinum wire was used as the counter electrode. The
electrolyte was 0.1M KI solution in water.

3. Results and Discussion

3.1. UV-Vis Spectroscopy. UV-vis spectra for solutions and
films are shown in Figure 2. In solution, BEDO-TTF exhibits
strong absorption peaks at 314 nm and 334 nm and a weaker
absorption peak around 518 nm. These absorption bands
have been observed in the molecular absorption of neutral
BEDO-TTF (undoped) earlier [26]. PC in DCM exhibits an
absorption peak at 235 nm and another at 265 nm with a
shoulder around 271 nm.These absorptions are characteristic
of the bisphenol A unit which exhibits a main absorbance
band at 226 nm with a secondary band at 276 nm [29].

PC films with and without BEDO-TTF were scanned as
well. The purpose was to note any scatter at wavelengths
above the electronic transition bands.The filmswere approxi-
mately 50microns thick. At this thickness the absorbancewas
over 3.0 at wavelengths below 390 nm. However, the baseline
at wavelengths above the absorption maxima indicates a
lack of any appreciable scattering, and this indicates that the
BEDO-TTF did not fall out of solution in the PC matrix.
BEDO-TTF/PC-Iodine doped filmswere not transparent and
became more metallic in appearance as the conductivity
increased.

3.2. Optical Images. Figure 3 shows surface morphology of
BEDO-TTF/PC-Iodine films at different iodine concentra-
tions, where the conductivity is maximum. The surface
exhibits fine regular grooves on optimized BEDO-TTF/PC-
Iodine films. Longer exposure times and lower iodine con-
centrations results yield more pronounced surface topology,
which, as shown in the next section, correlates with increased
conductivity.
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TTF/PC film.

3.3. Electrical Properties

3.3.1. Four-Point Probe. Table 1 shows, as expected, that the
surface of the BEDO-TTF/PC-Iodine films becomes con-
ductive as a result of complex formation between acceptor
iodine and donor species BEDO-TTF.This correlates with the
surface topology viewed via light microscopy. The opposite
side of the films are, of course, nonconductive [26]. It has been
shown that there is a window of optimum exposure time,
wherein the conductivity maximizes [26]. Beyond this time,
films are nonconductive due to a change in the oxidation state
of BEDO-TTF. Table 1 shows the calculated average resistivity
and conductivity of these BEDO-TTF/PC-Iodine films. The
exposure time required to reach minimum resistivity for
each BEDO-TTF/PC-Iodine film increases with a decrease in
iodine concentration.The surface resistivity values measured
at three locations on the surface of the film were clustered
closely around one central value. Standard deviations of
surface resistivity for films when exposed for 2, 4, and
10min are ± 1.0 KΩ/sq, ± 0.02KΩ/sq, and ± 0.005KΩ/sq,
respectively.

3.3.2. Electrochemical Properties. Figure 4 shows the cyclic
voltammogram of BEDO-TTF/PC-Iodine film in 0.1M KI
solution. The oxidation peak at 0.5 V in the anodic scan
corresponds to the oxidation of iodide to iodine, and the
reduction peak at −0.15 V in the reverse scan is due to
reduction of iodine to iodide [30, 31]. The oxidation and
reduction of iodine at these potentials is also confirmed by
the visual observation of the coloration of the film at high
potentials and discoloration at low potentials. It is interesting
to note that while the reversible oxidation/reduction peak of
BEDO or TTF was reported ca. 0.4–0.6V in organic solvents
[14, 32], no distinguishable peak for BEDO-TTFwas observed
on the film in aqueous solution. This is due to the presence
of iodine in the film which can react with BEDO-TTF [33].
Furthermore, the electrochemical method can be used to
control the oxidation state of iodine species in the film. For

instance, by holding the potential at −0.4V, the iodine species
in the film was reduced to iodide. Then, the conductivity
of the reduced film was measured to ascertain the effect
of iodine on the conductivity of the film. The discoloration
gives rise to transparent film with 10% loss in conductivity.
This finding encourages further studies on optimizing these
systems.

3.3.3. Differential Scanning Calorimetry. The DSC thermo-
grams for PC and BEDO-TTF/PC films are shown in
Figure 5.The glass transition temperature for PC and BEDO-
TTF/PC films are 148.5∘C and 142.7∘C, respectively [34–
36]. The glass transition temperature of the BEDO-TTF/PC
film decreased by about 6∘C as compared to the neat film,
indicating that the BEDO-TTF dissolves in and plasticizes the
film.

3.3.4. Dielectric Analysis. The summary of dielectric analysis
is provided for readers interested in a brief review. DEA
is a thermal analysis technique well suited to the study of
relaxations in polar polymers. In dielectric experiments, a
sample is exposed to an alternating electric field, which gen-
erates an alternating electric polarization. The polarization
causes the output current to lag behind the applied electric
field by a phase shift angle, 𝜃. DEA helps in determining the
capacitance and conductance as f (t,T,f ) [37].The capacitance
and conductance of a material are measured over a range
of temperatures and frequencies and are related to dielectric
permittivity, 𝜀, and dielectric loss factor, 𝜀, respectively.The
dielectric permittivity, 𝜀, represents the amount of dipole
alignment (both induced and permanent), and the dielectric
loss factor, 𝜀, measures the amount of energy required to
align the dipoles or move ions. The complex permittivity, 𝜀∗,
is defined as follows [38]:

𝜀
∗
= 𝜀

− 𝑖𝜀

,

𝜀

= 𝜀


induced dipole + 𝜀


alignment of dipole,

𝜀

= 𝜀


dipole loss factor + 𝜀


ionic conductance,

(1)

where 𝜀 and 𝜀
 are the real and imaginary components of the

dielectric complex permittivity 𝜀
∗. 𝜀, dielectric constant or

permittivity, represents the amount of dipole alignment both
induced and permanent in the sample. The permittivity of a
dielectric material is measured relative to that of a vacuum
(𝜀
𝑜
= 8.85 × 10

−1 F⋅m−1) [39]. Plots of 𝜀 versus temperature
maximize at temperatures that increase with frequency, f.
Plots of ln f versus 1/𝑇max are used to characterize transitions
in polymers. Linear plots indicate secondary relaxations due
to small scale motion such as side group rotation in the
backbone. The large scale segmental motion accompanying
the glass transition results in nonlinear plots discussed later.

However, at high temperatures conductivity often
obscures the maxima noted in 𝜀

 versus temperature.
The Maxwell-Wagner-Sillars (MWS) effect created in a
heterogeneous environment due to accumulation of charge,
electrode polarization, impurities, and so forth masks
relaxation behavior [40–43].
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Figure 3: Optical images of BEDO-TTF/PC-Iodine film surface obtained using the transmission mode of a Leica microscope at (20X) with
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Table 1: Surface resistivity and conductivity of BEDO-TTF/PC-Iodine films.

BEDO-TTF (wt%) in PC Iodine conc. in DCM (mol L−1) Exposure time (mins) Surface resistivity (KΩ/sq) Conductivity (S cm−1)
2 0.095 2 15.82 ± 1.0 6.33𝐸 − 05

2 0.063 4 1.47 ± 0.02 6.80𝐸 − 04

2 0.033 10 1.10 ± 0.005 9.04𝐸 − 04
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Figure 4: Cyclic voltammogram of BEDO-TTF/Iodine film with
0.095mol/L (2mins) in 0.1MKI aqueous solution. Starting potential
is 0.2 V, and scan rate is 5mV/s.

McCrum et al. formulated a mathematical treatment of
the complex permittivity, 𝜀∗, and defined electric modulus
(𝑀∗) as the inverse of the complex permittivity (𝜀∗) as follows
[38]:

𝑀
∗
=

1

𝜀∗
= 𝑀

+ 𝑖𝑀

=

𝜀


𝜀2 + 𝜀2
+ 𝑖

𝜀


𝜀2 + 𝜀2
, (2)

where𝑀∗ is the complex electric modulus,𝑀 is the electric
storage modulus, and𝑀

 is the electric loss modulus.
The dielectric loss spectra (𝜀) versus temperature pro-

vide information on different relaxations, whereas loss mod-
ulus (M) versus temperature reveal viscoelastic and ionic
conductivity region. Figures 6(a) and 7(a) are plots of 𝜀 ver-
sus temperature for PC and BEDO-TTF/PC. Figures 6(b) and

PC film
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Figure 5: DSC thermograms for (a) PC film and (b) BEDO-TTF/PC
film.

7(b) are plots for𝑀 versus temperature for PC and BEDO-
TTF/PC. The secondary 𝛽 relaxation is enlarged in the insets
of the 𝜀 plots. The glass transition region also exhibits clear
maxima in 𝜀

 versus temperature plots.Many other polymers
exhibit conductivity effects that obscure the glass transition
region. However, when electric modulus formalism is used,
the glass transition region is again visible, but in addition,
a high temperature relaxation, the conductivity relaxation,
is noted. This region is important because it provides infor-
mation for calculating AC and DC conductivities, as well as
activation energies for ion translation [44]. Each relaxation
region is further discussed in detail.
(1) Secondary Relaxation. The secondary relaxation, 𝛽, in PC
has been widely studied by a host of techniques such as
NMR [45–48], neutron scattering [49], molecular dynamic
simulations [50], dynamic mechanical spectroscopy [51–54],
dielectric analysis [55, 56], depolarized Rayleigh scattering
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Figure 6: (a) 𝜀 versus temperature (∘C) and (b)M versus temperature (∘C) plots for PC film.
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Figure 7: (a) 𝜀 versus temperature (∘C) and (b)M versus temperature (∘C) plots for BEDO-TTF/PC film.

[57], light scattering [58, 59], and thermally stimulated
discharge current (TSC) [60]. Different explanations of the
origin of beta relaxation have been proposed over the last
few decades. Earlier investigations on PC ascertained that
beta relaxation is a single, unresolved relaxation that involves
rotation of carbonate groups [51, 55]. Later several studies
were performed on beta relaxation over a broad frequency
range and at the wide temperatures where the secondary
transition separated into two or three regions resulting from
phenyl ring motion, carbonate group motion, and coupled

phenyl ring and carbonate motion [61–66]. Our DEA studies
for PC reveal a broad𝛽 relaxation observed at higher frequen-
cies (1 kHz–100 kHz). The inset in Figure 6(a) shows that the
broad 𝛽 relaxation process was further resolved prominently
into two prominent components at lower frequencies (1Hz–
30Hz). The relaxation occurring at higher temperature is
termed as𝛽

1
relaxation, whereas other peaks at lower temper-

atures are termed as 𝛽
2
relaxation. In comparison to PC, the

BEDO-TTF/PC film exhibits only one secondary relaxation
in the frequency range 1Hz–100 kHz.
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Figure 8: WLF plot for glass transition of (a) PC and (b) BEDO-TTF/PC films.

0

0.005

0.01

0.015

0.02

0.025

0.03

0.32 0.34 0.36 0.38 0.4 0.42

BEDO-TTF/ PC film
PC film

152
∘C

M


M


(a)

BEDO-TTF/ PC film
PC film

244
∘C

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 0.05 0.1 0.15 0.2 0.25
M



M


(b)

Figure 9: Argand plots derived from the conductivity relaxation region at different temperatures (152 and 224∘C).

Peak maxima for each of the relaxation processes were
assigned, and the slope of line obtained from Arrhenius
plots of ln frequency versus reciprocal of temperature was
used to calculate activation energies. The activation energies
for 𝛽
1
and 𝛽

2
processes in PC in frequency range 1Hz–

30Hz were found to be 44 and 54 kJ/mol, whereas for
PC, it was determined to be 47 kJ/mole in frequency range
1 kHz−100 kHz. The activation energy for BEDO-TTF/PC in
frequency range 1 kHz–100 kHz is 38 kJ/mole, respectively.
(2) Primary Relaxation. In PC, the alpha transition or glass
transition involves micro-Brownian motion in the main
chain and conformational changes in the phenyl groups [67,

68]. The 𝛼 relaxation is discernible in 𝜀
 versus temperature

plots. The maxima in 𝜀
 for Tg occur from 148 to 174∘C for

PC and from 140 to 168∘C for BEDO-TTF/PC. The William-
Landel-Ferry (WLF) equation (3) was used to characterized
relaxation behavior [69, 70]. Plots of log 𝑎

𝑇
versus tempera-

ture were constructed as shown in Figure 8 Consider

In 𝑎
𝑇
= log 𝜏 (𝑇)

𝜏 (𝑇
0
)
= − log 𝜔

𝜔
0

=
−𝐶
1
(𝑇 − 𝑇

0
)

𝐶
2
+ (𝑇 − 𝑇

0
)
, (3)

where 𝑎
𝑇
is the shift factor that corresponds to frequency,

𝑇 is a given temperature, 𝑇
0
is the reference temperature,

𝜏 is the relaxation time, and 𝜔
0
is the angular frequency at
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Figure 10: (a) Dependence of the real (𝑀) and imaginary (𝑀) parts of the electric modulus on frequency in the region of the conductivity
for PC and (b) BEDO-TTF/PC films, respectively.
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Figure 11: Frequency dependence of AC conductivity 𝜎AC (S/m) for (a) PC and (b) BEDO-TTF/PC film (2wt%), respectively, above Tg
temperature.

𝑇
0
. 𝐶
1
, 𝐶
2
, and 𝑇

0
are WLF constants that are determined

by curve fitting the data to the WLF equation using Origin
software as shown in Figures 8(a) and 8(b). The values of 𝐶

1
,

𝐶
2
, and 𝑇

0
were found to be 9.8, 42.7 K, and 427.9 K within

a temperature range of 148–174∘C for PC and 10.1, 43.8 K,
and 420.6 K within a temperature range of 140–167∘C for
BEDO-TTF/PC, respectively. The WLF constants 𝐶

1
and 𝐶

2

reveal information related to fractional free volume (𝑓
𝑔
) and

thermal expansion (𝛼
𝑓
) parameters through.

𝑓
𝑔
=

𝐵

(2.303 ∗ 𝐶
1
)
,

𝛼
𝑓
=

𝑓
𝑔

𝐶
2

,

(4)

where 𝑓
𝑔
is an unoccupied (free) volume in the structure and

𝐵 is taken as unity according to Doolittle equation. The 𝑓
𝑔

for PC and BEDO-TTF/PC are 0.044 and 0.042, respectively,
whereas the thermal expansion for PC and BEDO-TTF/PC
is 1.03 × 10

−3 and 0.958 × 10
−3, respectively. The apparent

activation energy (ΔH) values for PC and BEDO-TTF/PC
were calculated accordingly to the Catsiff and Tobolsky
equation [71]:

Δ𝐻 = 2.303 (
𝐶
1

𝐶
2

)𝑅𝑇
2

𝑔
. (5)

The values of activation energies for PC and BEDO-
TTF/PC films were found to be 813 kJ/mol and 785 kJ/mol,
respectively. These values for PC are in the range of values of
480 and 835 kJ/mol as reported in the literature [45, 55, 72].
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WLF behavior for PC had been previously reported by others
[39, 73–78].

Work herein demonstrates that BEDO-TTF plasticizes
the PC matrix and reduces the glass transition temperature.
Main chain motion occurs at lower temperatures in the
BEDO-TTF plasticized film.
(3) Ionic Conductivity Relaxation. The high temperature
region of the relaxation spectra was analyzed to confirm
that the relaxation behavior was due to conductivity and not
obstructed by any viscoelastic effects. Three proofs for this
statement were undertaken, and these are described in the
“the appendix” [28, 35]. This part of the research demon-
strated that conductivity was enhanced in the PC containing
BEDO-TTF, and this is likely a result of plasticization of the
matrix.

4. Conclusion

This study first summarizes some of the excellent back-
ground work done by researchers in this field. The initial
work reported herein reveals that films processed via the
reticulate doped polymer method can be reduced by cyclic
voltammetry to yield conductive, colorless, transparent films.
These features make it possible to design optimum sensors.
DSC studies of PC and BEDO-TTF/PC films reveal that the
dye is soluble in and plasticized the PC matrix. Dielectric
measurements carried out on PC and BEDO-TTF/PC con-
firm multiple transitions within the temperature range of
−120 to 225∘C for the frequency range 1–100 kHz. Different
parameters such as relaxation broadening, activation energy,
and conductivity (AC or DC) were found to be composition
dependent. The AC conductivity becomes higher with the
addition of BEDO-TTF. This is most likely due to enhanced
mobility due to the plasticizing effect of the dye.

Appendix

Proof (Argand plot). The dielectric permittivity and loss fac-
tor for a relaxation with a single relaxation can be described
by (A.1)

𝜀

= 𝜀
𝑈
+

(𝜀
𝑅
− 𝜀
𝑈
)

1 + 𝜔2𝜏
2

𝐸

,

𝜀

= (𝜀
𝑅
− 𝜀
𝑈
)

𝜔𝜏
𝐸

1 + 𝜔2𝜏
2

𝐸

,

(A.1)

where 𝜏
𝐸
is the dielectric relaxation time and 𝜔 is the angular

frequency. 𝜀
𝑈
represents the high frequency, unrelaxed state,

while 𝜀
𝑅

represents the low frequency, relaxed state. By
arranging (A.1), (A.2) is derived as

{𝜀

−

(𝜀
𝑅
− 𝜀
𝑈
)

2
}

2

+ (𝜀

)
2

= (
𝜀
𝑅
− 𝜀
𝑈

2
)

2

. (A.2)

Cole-Cole proposed that by plotting dielectric loss (𝜀)
against permittivity (𝜀) at a particular temperature, and a
semicircle of radius ((𝜀

𝑅
− 𝜀
𝑈
)/2) is obtained [38]. In Cole-

Cole plots the high frequency region is on left side, while the
low frequency exists on the right side of the plot.The Argand
plots identify viscoelastic and conductivity effects [38, 79–81].
Argand plots were plotted between imaginary part (M) of
the complex modulus against real part (M) of the complex
modulus as functions of the frequency at fixed temperatures.
In an Argand plot, low frequency measurements exist on the
left side of the semicircle, while the high frequency is on the
right side. Argand plots can be obtained from

(𝑀

− {

𝑀
𝑈
− 𝑀
𝑅

2
})

2

+ (𝑀

)
2

= (
(𝑀
𝑈
− 𝑀
𝑅
)

2
)

2

.

(A.3)

Semicircular behavior is characteristic of Debye behavior for
small rigid molecules and molecular liquids. This indicates a
single relaxation time due to ionic conduction in the absence
of any viscoelastic relaxation behavior [43]. By using the
electric modulus, the space charge effects are reduced, and
ionic conductivity peaks appear [82, 83]. Figure 9 shows
semicircular behavior at 224∘C.

Proof (log𝑀
,𝑀 versus frequency). Ambrus et al. derived

the electric modulus in terms of time, frequency, and modu-
lus (see (A.4) and (A.5)) [84]. Starkweather et al. show that
plots of log 𝑀

 and log 𝑀
 versus log frequency at low

frequencies will yield slopes of 1 and 2, respectively, when the
electric modulus arises purely from ion conduction without
contributions from viscoelastic relaxations [44]. Above Tg,
the conduction is pure due to the diffusion of ions and
independent of viscoelastic relaxation [14, 42, 81] as follows:

𝑀 = 𝑀
𝑆
(

𝑖𝜔𝜏
𝜎

1 + 𝑖𝜔𝜏
𝜎

)

= 𝑀
𝑠
[

(𝜔𝜏
𝜎
)
2

1 + (𝜔𝜏
𝜎
)
2
] + 𝑖𝑀

𝑠
[

𝜔𝜏
𝜎

1 + (𝜔𝜏
𝜎
)
2
] ,

(A.4)
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where

𝑀
𝑠
=

1

𝜀
𝑠

. (A.5)

Figure 10 shows that above Tg, PC, and BEDO-TTF/PC
films samples approach ideal value of 2 or 1, respectively,
confirming ionic conductivity.

Proof (AC and DC conductivities). When viscoelastic effects
are negligible, the loss factor is described by (A.6). Upon
rearrangement, AC conductivity can be obtained by (A.7)

𝜀

=

𝜎AC
𝜔𝜀
0

, (A.6)

where𝜎 is the ionic conductivity,𝜔 is the angular frequency
(2𝜋𝑓), and 𝜀

0
is the absolute permittivity of free space (8.854×

10
−14) as follows:

𝜎AC = 𝜀

𝜔𝜀
0
. (A.7)

As shown in Figures 11(a) and 11(b), the loss factor
increases in the conductivity region at high temperatures and
low frequencies.

Figure 11 shows frequency dependency of 𝜎ac at tem-
peratures where conductivity effects dominate viscoelastic
behavior. As temperature increases,𝜎ac conductivity develops
a plateau (ca.184∘C) from 1Hz to 102Hz, signifying the begin-
ning of the conductivity relaxation region. The 𝜎ac plateau
then expands to higher frequencies 104Hz as the temperature
is increased, thus showing a frequency independent conduc-
tivity relaxation region. The absence of a frequency depen-
dent region signifies negligible viscoelastic effects. This study
reveals that the conductivity relaxation region exists between
180 and 224∘C. At a lower temperature, where dielectric
relaxation is dominant, the apparent conductivities (AC and
DC) are strongly dependent on frequency. As temperature
increases, conductivity becomes almost independent of the
frequency. The BEDO-TTF/PC film has higher 𝜎ac values
than that of the PC. The addition of BEDO-TTF presumably
increases the amorphous content of the polymer. It speeds
up segmental motion by increasing available free volume,
thereby facilitating easy ion migration.

The DC conductivity values (𝜎DC) have been obtained
through the AC conductivity measurement [85–87] as shown
by

𝜎AC (𝜔) = 𝜔𝜀
0
𝜀

(𝜔) = 𝜎DC + 𝐴𝜔

𝑠
, (A.8)

where 𝜔 is the angular frequency, 𝜀
0
is the vaccum permit-

tivity, 𝜀 is the imaginary part of the complex permittivity,
A is the temperature dependent parameter, and s is the
frequency dependent exponent of the “universal” power law.
The exponent s lies between 0 ≤ S ≤ 1 [81, 83]. Frequency
independent AC conductivity has been observed at higher
temperatures, which signifies the long-range movement of
mobile charge carriers. At higher temperatures, the graph is
seen as linear on a logarithmic scale. The plateau values give
DC conductivity. The Arrhenius relationship is expressed by

log𝜎DC = log𝜎
0
exp(

−𝐸
𝐴

𝑘𝑇
) , (A.9)

where𝐸
𝐴
is the apparent activation energy, 𝜎DC is the DC

conductivity, 𝜎
0
is the preexponential factor (conductivity at

infinite temperature), and k is the Boltzmann constant.
Plots of In DC conductivity versus 1/temperature

yield ionic conductivity and activation energies from the
slopes. At higher temperatures, this plot exhibits a linear
response. Figure 12 shows higher activation energy for PC
(21 kcal/mole) due to lack of plasticization as compared to
the plasticized BEDO-TTF/PC film which has activation
energy of 14 kcal/mole.
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Graphite oxide is obtained by treating graphite with strong oxidizers. The bulk material disperses in basic solutions yielding
graphene oxide. Starting from exfoliated graphite, different treatments were tested to obtain the best graphite oxide conditions,
including calcination for two hours at 700∘C and ultrasonic agitation in acidic, basic, or peroxide solutions. Bulk particles floating
in the solution were filtered, rinsed, and dried. The graphene oxide obtained was characterized under SEM and FTIR techniques.
On the other hand, nylon 6-6 has excellent mechanical resistance due to the mutual attraction of its long chains. To take advantage
of the properties of both materials, they were combined as a hybrid material. Electrochemical cells were prepared using porous
silica as supporting electrode of the electrospun nylon/graphene oxide films for electrochemical testing. Polarization curves were
performed to determine the oxidation/reduction potentials under different acidic, alkaline, and peroxide solutions. The oxidation
condition was obtained in KOH and the reduction in H

2
SO
4
solutions. Potentiostatic oxidation and reduction curves were applied

to further oxidize carbon species and then reduced them, forming the nylon 6-6/functionalized graphene oxide composite coating.
Electrochemical impedance measurements were performed to evaluate the coating electrochemical resistance and compared to the
silica or nylon samples.

1. Introduction

Graphite oxide is a compound of carbon, oxygen, and hydro-
gen in variable ratios, commonly obtained by treating
graphite with strong oxidizers. Strictly speaking “oxide” is an
incorrect but historically established name, since graphite is
not a metal. The bulk material disperses in basic solutions
yielding monomolecular sheets, known as graphene oxide by
analogy to graphene, the single-layer form of graphite [1].
Graphene oxide (GO) sheets have recently attracted substan-
tial interest as a possible intermediate for the manufacture
of graphene. It typically preserves the layer structure of the
parent graphite, but the layers are buckled and the interlayer
spacing is about two times larger (∼0.7 nm) than that of
graphite. Graphene oxide layers are about 1.1 ± 0.2 nm thick
[2–6]. The edges of each layer are terminated with carboxyl

and carbonyl groups.The detailed structure is still not under-
stood due to the strong disorder and irregular packing of the
layers [1].

One of themethods used to separate the layers of graphite
consists in an aggressive oxidative processes which function-
alize the periphery and some places of the graphene surface,
principally in those places in which defects exist. As conse-
quence oxygenated organic functions can be attached in those
places inducing attractions with polar species and solvents
and repulsion with the hydrophobic regions of the grapheme
layer. The existence of organic functions attached in the sur-
face and periphery of the grapheme layers made possible its
covalent union with other chemical or biochemical species,
susceptible of being used in diverse technological areas. This
modification induces that layers losses their planarity and
promote their separation.
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Since nylon discovery, a great interest has been developed
due to its technological importance, its commercial char-
acteristic, and its complexity related to the morphological
changes associated to its crystallinity, not only in solid state
but also in solution and under melting point conditions. In
general, nylon 6-6 (Ny) has excellent mechanical resistance
due to the mutual attraction of their long chains due to
hydrogen bonds and their cross-linking [7].

Electrospinning is a recognized technique to create poly-
mer fibers with diameter ranging from 40 to 2000 nanome-
ters. Fibers can be electrospun direct from solution or from
the fusedmaterial state, controlling the diameter size through
adjustment of the surface tension, solution concentration,
conductivity, and so forth [5–7]. Electrospinning occurs
when the electric force of the solution surface overcomes the
surface tension and triggers an electric spark provoking the
solution to be expelled from the containing device (syringe),
and the jet flow impacts, deposits, and is collected in a metal
screen. When the expelled material dries out or solidifies, it
forms an electric charged fiber, and this could be directed
or speeded up by electric forces. In other words, a polymer
solution in a syringe is charged to a high electrical potential.
As the jet stretches and dries, radial electrical forces cause it
to splash repeatedly. The dried, solidified fibers are collected
on an electrically conducting screen (Figure 1).

This work proposes a possible application for commercial
nylon 6-6 electrospun fibers and functionalized graphene
oxide (Ny/FGO) producing a corrosion protection composite
coating, through electrochemical procedures. It was char-
acterized throughout spectroscopic analysis and the coating
electrochemical performance was evaluated.

2. Experimental

2.1. Coating Preparation. Two types of coatings were pre-
pared, from electrospinning commercial nylon 6-6 over
porous silica, at ambient temperature. The system consists
of a controlled power source (Glassman High Voltage, Inc.)
providing a high voltage to create a high electrostatic field,
an injector or perfusion pump (SryngePump.com, Model
NE300, 11 VDC Volts/Hertz, 0.75 Amperes) generating pres-
sure to a connected syringe, expelling the fluid. When the
effects of polarization and electric charge, as a consequence
of the electric field are present, a jet solution is triggered over
the porous silica collector placed over a conducting screen
or plate electrically down earthed (in this case commercial
aluminum sheet). During the jet formation, the solvent grad-
ually evaporates and the fluid discharges are induced through
the separation distance of the electrodes (syringe tip and
collector) breaking up the surface tension across the electric
field forming a tangential (𝜏t) and a normal (𝜏n) components,
forming Taylor’s cone (see Figure 1).

2.1.1. Graphene Oxide. Starting frommechanically exfoliated
graphite (MEG), different treatments were tested in order
to obtain the best graphene oxide (GO) conditions. These
included calcinations in a muffle for two hours at 700∘C, in
order to remove contaminants and undesirable functional
groups that maintain the graphite oxide layers bonded. After
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Figure 1: Taylor’s cone in the electrospinning system.
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Figure 2: Electrospinning system.

that, ultrasonic agitation for three hours: in formic acid,
KOH-NaOH basic or peroxide solution was performed.
Afterwards, floating particles were collected, filtered, rinsed,
and dried at ambient temperature to obtain the GO.

2.1.2. Nylon 6-6 Electrospun Film. Two types of coating sam-
ples were prepared; one was electrospinning Nylon (Ny)
fibers under environmental room temperature (25∘C) with
1.20 g nylon 6-6 dissolved in 7ml of formic acid.Thismixture
was left under gentle agitation for approximately 12 h. The
other coating was prepared adding graphene oxide (GO) to
the nylon solution. Electrospinning was carried out using a
power source and a dosage syringe, at 12 kV voltage and a
tip-collector distance of 12 cm and a flow rate of 0.2mL/h
(Figure 2). An electrospun nylon 6-6 film was formed after
a few hours and collected over a porous silica (because it is a
conductive material) plate used as screen.

2.2. Electrodes Preparation

2.2.1. Ny/FGO Electrochemical Coating Preparation. Two dif-
ferent electrospun Ny/GO coatings were prepared from a
polymeric solution, consisting of 90% of formic acid, 0.36%
or 2% by wt. of GO, and the rest of Ny. To functionalize
the GO to form the composite coating the system was elec-
trochemically treated, preparing electrochemical cells using
porous silica covered with electrospun Ny/GO films as elec-
trodes. Further oxidation and reduction by electrochemi-
cal procedures to obtain Ny/FGO composite were carried
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out. Polarization curves were performed to determine the
best oxidation/reduction potentials under different acidic
(H
2
SO
4
), alkaline (KOH), and peroxide (H

2
O
2
) solutions.

After obtaining the best electrochemical conditions, the
procedure adopted was to oxidize in alkaline and reduce in
acid solutions, adding up a few drops of hydrazine to suppress
the oxygen reduction reaction improving the efficiency of
the reduction process to obtain the nylon-graphene oxide
composite bonding taking place during this process.

2.2.2. Ny/GO Coating Prepared by Deposit. Another sample
of coating was prepared in order to compare the efficiency of
the electrospun coating. In this case, a nylon 6-6 electrospun
film was collected over a porous silica substrate, and then
a GO layer was placed over it, followed by the oxidation/
reduction process from the electrolytic solution, obtaining
the Ny/FGO composite coating at the end.

2.3. Characterization. Functionalized graphene oxide sam-
ples were characterized using SEM and FTIR techniques.
Nylon fiber samples were characterized, and the results were
presented by the authors previously [8].

2.3.1. Scanning Electron Microscopy. To determine their size
or form, GO flakes samples, used as part of the composite
electrode coating for electrochemical measurements, were
prepared for SEM (Model LEO operating at 6 kV, at 1, 2, and
10 kX resolution) analysis. Flakes were vacuum sputtered and
covered with Au-Pd to provide conductivity.

Energy dispersive X-Ray spectroscopy (EDX), a semian-
alytical technique attached to SEM, was performed to deter-
mine the elemental analysis of GO in order to corroborate the
presence of oxygenated functional groups.

2.3.2. Infrared Spectroscopy (FT-IR). FT-IR spectra were reg-
istered, in the frequency range 500–4000 cm−1, resolution
4 cm−1, in a spectrophotometer Model Bruker Vector 22,
equipped with ATR accessory and the OPUS 5.5 software.

2.3.3. UV-Visible. UV-visible absorption spectrawere record-
ed on a Cary 5000 UV-Vis-NIR scanning spectrophotometer
and using nylon fiber as the reference sample (blank).

2.4. Electrochemical Measurements. Electrochemical mea-
surements, namely, polarization curves and electrochemical
impedance (EIS), were performed using a Gill ACM elec-
trochemical instrument. Polarization curves were performed
to determine the best oxidation/reduction potentials under
different acidic, alkaline, and peroxide solutions. Polarization
curves were performed from −1500 to 1500mV at a rate of
100mV/min. Potentiostatic oxidation and reduction curves
were performed at 1000 and −1000mV, respectively, versus
a Ag/AgCl

2
electrode, to further oxidize carbon species and

then to reduce them in both types of Ny/GO films. The
Ny/FGO composite coatings were formed.

Electrochemical impedance measurements were per-
formed to evaluate the coating and compared to the sil-
ica or nylon “only” samples. EIS measurements were done at

the open circuit potential, in the frequency interval 10000 to
0.05 Hz with ±20mV amplitude using an SCE and a graphite
auxiliary electrode. Fifty points were obtained, and 7 decades
of frequency were covered during measurements [9–11].

3. Results

3.1. SEMGraphene Oxide Characterization. Figure 3 presents
the SEM micrographs characterizing the MEG and treated
graphite with temperature and different solutions in ultra-
sound (Figures 3(a) to 3(d)). Apparently the acid or basic
treatments render solids consisting of aggregates of smaller,
disordered, and slightly folded layers of graphene oxide. In
the thermally treated sample a porous structurewas observed,
probably due to impurities present in the original graphite
and eliminated during the thermal treatment at 700∘C
(Figure 3(a)). After the thermal treatment, to facilitate the
separation of the graphite plates from the porous structure,
a subsequent chemical treatment in acid, basic, and peroxide
solutions (formic acid, KOH :NaOH or H

2
O
2
), and with

ultrasonic vibrations was performed (Figures 3(b), 3(c), and
3(d), resp.).This procedure renders a solid with lower dimen-
sions in the graphene oxide plates or sheets, especially in the
case for the peroxide solution treatment, in which planar or
slightly folded separated GO layers are clearly seen over the
surface.

3.2. EDX Graphene Oxide Characterization. Folded particle
samples thermally pretreated at 700∘C followed by ultrasonic
vibration in an H

2
O
2
solution are presented in Figures 4 and

5. A SEM general view (2000x) of the surface and a higher
magnification (10000x) show the effect of this treatment that
rendered folded sheets thinner and varied in size.

A folded particle sample was characterized using SEM
and EDX as can be seen in Figure 5. The chemical composi-
tion of a GO thin sheet (Figure 5(a)) was determined through
energy dispersive X-rays (EDX), as seen in Figure 5(b). Sheet
characterization shows the presence of carbon and oxygen
in its structure, confirming the presence of oxygen groups
attached over a structure principally constituted by carbon
(Figure 5(b)). The low oxygen percentage may be due to
the weak peroxide oxidation process, compared to other
chemical oxidation, such as the Hummer’s process. The O/C
ratio obtained in our procedure is 0.048 between the ratios
for pristine graphite (0.014) and GO (0.582) [12, 13].

3.3. FT-IR Characterization. Taking into consideration the
best conditions for the graphene oxide particles formedunder
peroxide solution, analysis with SEM, FT-IR, and UV was
performed. This analysis was carried out to observe the
material structural changes and compared to the MEG blank
(Figure 6). The graph presents the spectrum obtained for
MEG after chemical treatment in the peroxide solution show-
ing characteristic bands related to the graphene oxide (GO),
around 1628 cm−1 corresponding to the stretching vibration
of the C=C bond, assigned to the 𝜋-bonds that form the
extended conjugated and aromatic layer of graphene.

Other bands around 1050 cm−1 correspond to the char-
acteristic vibration of C–O bonds, as well as the bands
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(a) (b)

(c) (d)

Figure 3: SEM images of MEG under thermal treatment at 700∘C with temperature and in different solutions with ultrasound: (a) treated to
700∘C, (b) treated to 700∘C and formic acid, (c) treated to 700∘C and KOH :NaOH 1M (1 : 1), and (d) treated to 700∘C and H

2
O
2
.

(a) general view (b) higher magnification

Figure 4: SEM images at of the GO sample pretreated at 700∘C and ultrasonic vibration in H
2
O
2
solution.

associated to the stretching and bending of the OH bond
at 3000–3500 cm−1 and 1419 cm−1, respectively. Also an 880
cm−1 bandwas observed, attributed to vibrations of the epoxy
group, although small bands near the region of the 1700 cm−1
could be related to the presence of carbonyl (C=O) or
carboxyl (–COO) groups formed at the edges of the graphite
plate layers. These results confirm the best condition for
graphene oxide plate formation.The presence of all the above
oxygen in the GO layer is accompanied with loss of planarity

of the affected carbons which, combined with the more
hydrophilic nature of these groups, induces the penetration of
solvent molecules and makes possible the separation of some
layers.

According to the literature [14], the most characteristic
features in the FT-IR spectrum of GO are the adsorption
bands corresponding to the C=O carbonyl stretching at
1733 cm−1, the O–H deformation vibration at 1412 cm−1, the
C–OH stretching at 1226 cm−1, and the C–O stretching at
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Figure 5: SEM image of GO and the characterized area through EDX.

1053 cm−1.TheO–H stretches appear at 3400 cm−1 as a broad
and intense signal; the resonances at 1621 cm−1 are assigned to
the vibrations of the adsorbed water molecules, overlapped
with the C=C skeletal vibrations of unoxidized graphitic
domains. This is compared to the bands obtained (Figure 6).

Once the best GO sheets formation conditions were
established, they were used to form the composite electro-
spunNy/GOcoating.Thenylon film thickness formedduring
three hours was established and determined through SEM
analysis and presented in Figure 7. An average around 9.5𝜇m
film thickness of nylon fibers was obtained through the
electrospinning deposition. In the film area the presence of
large and well-defined nylon fibers can be observed in an
intricate and compactmesh that covers the substrate. Because
of its size, the presence of theGO layers cannot be clearly seen.

3.4. Electrochemical Coating Formation

3.4.1. Polarization Curves. To obtain the best electrochemical
conditions for the Ny/FGO coating formation, polarization
curves were determined under acid, neutral, and basic
solutions to observe the best oxidation-reduction conditions.
Figure 8 presents the polarization curves, where the higher
oxidation and reduction current densities can easily be
observed.The best oxidation condition was obtained in KOH
and peroxide solutions, and the best reductionwith hydrogen
peroxide was obtained whenH

2
SO
4
solution was used.These

conditions were established according to the polarization
curves obtained.

In view of the above-mentioned results, potentiostatic
oxidation and reduction curves were applied to further oxi-
dize carbon species and then to reduce them over the porous
silica substrate containing either the electrospun Ny/GO
composite film or the electrospun nylon film covered with a
layer of GO, to form the Ny/FGO composite coating in both
cases.

The potentiostatic oxidation/reduction polarization
curves obtained, using KOH (0.5M) or H

2
SO
4
(pH = 2)
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Figure 6: FT-IR spectra: (a) thermally pretreated graphene oxide
plates in peroxide solution and ultrasonic vibration and (b) MEG
blank.

Figure 7: Ny/GO fibre film thickness formed after three hours of
electrospinning.
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Figure 8: Polarization curve for electrospunNy/FGO coating under
acid, neutral, and basic solutions.

solutions, as a function of time, are presented in Figures 9(a)
and 9(b). For comparison, potentiostatic polarization curve
for a porous silica electrode was performed and included as
a reference sample (blank). For the potentiostatic oxidation
(Figure 9(a)) and reduction (Figure 9(b)) curves, the highest
current density values were for the graphene oxide deposited
over the electrospun nylon film electrode. The lower values
registered were for the porous silica electrode (blank), as
expected. A composite electrospun Ny/FGO film coating
was obtained.

Furthermore, an electrospun Ny/FGO composite coating
was obtained, which SEM micrographs show a general
view and magnification of the coated system (Figure 10). In
Figure 10(a) a complex network of Ny/FGO plates can be
observed. It is possible to observe, in the micrograph of
Figure 10(b), the presence of functionalized graphite oxide
layers bonded and surrounded but not crossed by the nylon
fibres. This peculiar pathway suggests that the presence of
hydrophilic groups in the periphery of the GO layers makes
possible its interaction with the amide groups (–CO–NH–)
of the nylon fibers. The nature of both species in the
materials can be observed and confirmed through visible UV
spectroscopy.

3.4.2. UV-Vis Characterization. In the visible UV absorption
spectra of the Ny/GO 0.36% and 2% systems were observed.
For the Ny/FGO 2% system an absorption peak at 230 nm
assigned to the 𝜋-𝜋∗ transition of the aromatic C=C bonds
is observed (Figure 11). Also, an absorption peak at 300 nm
for both compounds is present and representing the graphite
oxide reduction [15]. As long as the absorption spectrum
displacement is larger towards the visible region, the graphite
oxide deoxygenation is higher according to some authors
[16]. This especially occurs when the reduction does not
restitute the double bonds C=C to the rest of the conjugated
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Figure 9: Potentiostatic curves, at 1000mV for the (a) oxidation
of the Ny/GO in basic KOH, 0.5M solution during 3.5 hr and (b)
reduction of the Ny/GO in H

2
SO
4
, pH 2 solution during 8 hr.

𝜋-electrons system of the graphite oxide layer. As was above-
mentioned, the presence ofmore sp3 carbon hybridization, as
consequence of the oxidation reaction, increases the nonpla-
narity of GO. Reduction of few oxide groups was reached.

Electrochemical impedance measurements were per-
formed to evaluate the Ny/FGO at 2% electrospun composite
coating under different Na

2
SO
4
concentration solutions. The

Bode plots presented in Figure 12 show the total impedance
values for the Ny/FGO sample for different solution concen-
tration. In general, an inverse relation was obtained for the
overall impedance as a function of solution concentration,
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Table 1: Determined capacitance at low and high frequency of the Ny/FGO systems using different Na2SO4 concentrations.

Na2SO4 concentration
Ny/FGO 0.36% electrospun Ny/FGO 2% electrospun Ny/FGO 2% deposited

Capacitance (F/cm2)
𝑓 = 0.8

Capacitance (F/cm2)
𝑓 = 0.8

Capacitance (F/cm2)
𝑓 = 0.8

0.001M 1.37803𝐸 − 05 8.90726𝐸 − 07 1.52𝐸 − 4

0.01M 2.66143𝐸 − 05 1.06257𝐸 − 07 1.60𝐸 − 4

0.1M 4.48955𝐸 − 05 8.58827𝐸 − 07 1.52𝐸 − 4

1M 4.49426𝐸 − 05 7.47008𝐸 − 07 1.81𝐸 − 4

(a) general view (b) detail

Figure 10: SEM of electrospun Ny/FGO composite at 10 k x magnification.
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Figure 11: UV-Vis spectra of the systems: Ny/FGOwith 2% andwith
0.36%.

reflecting coating performance [17]. This is possibly due to
the possible difficulty of aggressive species diffusing through
the coating as well as modifying the electron discharge of the
cathodic reaction, therefore diminishing the metal degrada-
tion [18, 19]. This also reflects the effects of the solution over
the porous silica substrate [17].
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Figure 12: Electrochemical evaluation of the system Ny/FGO at 2%
GO with the impedance as a function of Na

2
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4
solution concen-

tration.

Coating capacitance was obtained from (1). The values
obtained from the impedance parameters for Ny/FGO at 0.36
and 2% for different Na

2
SO
4
solution concentrations are

shown in Table 1:

𝐶coat =
1

2𝜋𝑓𝑅pore
, (1)

where 𝐶coat represents the coating capacitance and 𝑅pore the
coating resistance related to the porosity.
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Capacitance values obtained for the Ny/FGO suggest a
charge storage capacity for the coating condition. The capac-
itance obtained for the deposited GO sample presents higher
values, therefore greater charge storage. A proposal is made
of the functionalized graphene oxide, and polymeric fibres
association occurs by means of the dipole-dipole and hydro-
gen bridge interactions, according to the proposed model in
Figure 13.This union is formed between the hydrogen or oxy-
gen from the amide group (–CO–NH–) and one hydrogen
or oxygen from the functional groups present in the graphite
oxide, possibly carboxyl (–COOH)or carbonyl (C=O) groups
[20].

4. Conclusions

A composite coating consisting of electrospun Ny/FGO was
produced through electrochemical procedures. The coupling
of nylon and the graphite oxide layers can be explained
mainly by the interactions of the amide groups of nylon and
the hydrophilic groups present in the periphery of the GO.
Their coating electrochemical performance was evaluated
presenting good coating properties and capacitance values.
The best coating capacitance was obtained for the Ny/FGO
2% sample by deposit. Good charge storage properties were
obtained.
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Poly(dichlorophosphazene) was prepared by melt ring-opening polymerization of the hexachlorocyclotriphosphazene. Poly[bis(2-
hydroxyethyl-methacrylate)-phosphazene] and poly[(2-hydroxyethyl-methacrylate)-graft-poly(lactic-acid)-phosphazene] were
obtained by nucleophilic condensation reactions at different concentrations of the substituents. The properties of the synthesized
copolymers were assessed by FTIR, 1H-NMR and 31P-NMR, thermal analysis (DSC-TGA), and electron microscopy (SEM). The
copolymers have a block structure and show two 𝑇

𝑔
’s below room temperature. They are stable up to a temperature of 100∘C. The

type of the substituents attached to the PZ backbone determines the morphology of the polymers.

1. Introduction

Polyesters, polyorthoesters, polyanhydrides, poly(R-amino
acids), and polyphosphazenes are degradable polymers that
have been investigated for a variety of biomedical applications
such as sutures, drug delivery systems, and scaffolds for tissue
engineering [1]. Useful properties can be obtained by blend-
ing two different polymers. However, compatible polymer
blends require strong molecular interactions between poly-
mer chains [2]. Poly(organophosphazenes) offer an appealing
platform for the design and synthesis of novel biodegradable
polymers as well as critical advantages for the design of bio-
logically functional macromolecules with a broad structural
diversity [3], high functional density, and tailored biodegrad-
ability [4]. These polymers are of scientific and technolog-
ical concern since the first work of synthesis reported by
Allcock et al. [5, 6]. Polyphosphazenes (PZs) posses special

characteristics, including flame-retardant properties, high
resistance to oil and solvents, and feasibility for tailored
properties according to the choice of organic, inorganic, or
organometallic side groups [7]. As biomaterials they have
inherent advantages, due to their biocompatibility and fast
degradation rate. In addition, degradation residues, phos-
phate, ammonia, and side groups are either nontoxic when
they are present in small quantities or are easily metabolized
by the human body [8, 9]. Polyphosphazenes are hybrid
polymers with a flexible inorganic backbone of alternating
phosphorus and nitrogen atoms and organic side groups.
Their composition vary from 3 to 10,000 (–N=P–) repetitive
units having two substituents (–R) attached to the phospho-
rus atom [7]. Polyphosphazenes are synthesized by reactions
with alkoxides, aryloxides, or amines from a highly reactive
macromolecular intermediate, poly(dichlorophosphazene),
which is prepared by thermal ring opening polymerization
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Figure 1: Synthesis by substitution of poly(organophosphazenes).

of hexachlorocyclotriphosphazene (HCCP) at 250∘C. The
chlorine atoms can be further replaced via nucleophilic
substitution, using amino acid ester, imidazolyl, glyceryl, or
glycosyl side groups that are also hydrolytically sensitive [5].
The flexible inorganic backbone of the poly(phosphazene)
structure plays an important role in tissue regeneration. It can
be modified with ester, anhydride, and unsaturated groups
to improve chemical stability and mechanical properties.
Cosubstituted poly(organophosphazenes) with unsaturated
side groups are used to prepare interpenetrating polymer
networks with acrylonitrile, styrene, acrylic acid, and methyl
methacrylate, using sequential interpenetrating methods.
Such polyphosphazenes can be readily crosslinked either by
exposure to heat or to ultraviolet light [10]. In this work,
poly[(2-hydroxyethyl methacrylate)-graft-poly(lactic acid)-
phosphazene] and poly[bis(2-hydroxyethyl-methacrylate)-
phosphazene] were synthesized by condensation polymer-
ization reactions. The 2-hydroxyethyl methacrylate (HEMA)
was selected to improve biocompatibility and bifunctionality.
HEMA was firstly attached to the side chain along with
glycine-ethyl ester to form a precursor with the unsaturated
substituents. HEMA is used for prosthesis, teeth, and bones
reconstructive materials, and it is frequently mixed with
acrylic polymers, like bisphenol-A-glycidyl-dimethacrylate
(Bis-GMA), in photopolymerizable dental resins. HEMA is
intended to infiltrate the demineralised dentin and prevent
collagen collapse [11]. HEMAmelts at about −12∘C.The lactic
acid, LA, was selected because it is a biocompatible and
biodegradable material with goodmechanical properties and
is neither nontoxic nor cancerogenous to the human body
[5, 12]. The poly(lactic acid) (PLA) chemistry involves the
processing and polymerization of lactic acidmonomer. Lactic
acid (HOCH

3
CHCOOH) is a simple chiral molecule which

exists as two enantiomers, L- and D-lactic acid. The polymer
is relatively hard, with a glass transition temperature between
60∘C and 70∘C and a melting point between 170 and 180∘C.

2. Experimental

2.1. Materials and Methods. Hexane (MERK), n-heptane
(Aldrich), tetrahydrofuran (THF-Aldrich), and triethylamine
(TEA-Aldrich) were distilled from CaH

2
and drying with

MgSO
4
. HEMA (Aldrich) and acid lactic (Purac H588) were

distilled just before use. HCCP (Aldrich) was purified by two
times sublimation (30∘C/0.1mmHg).Themelting point of the
purified HCCP was 113-114∘C.

ATR infrared spectra were obtained in a Thermo Nicolet
Avatar 360 FTIR Spectrometer (Thermo Scientific, USA).
The 1H (400MHz) and 31P (161.9MHz) Nuclear Magnetic
Resonance (NMR) spectra were recorded in the Fourier
transformmodewith CDCl

3
as solvent (Bruker AvanceNMR

400, USA). Chemical shifts were relative to tetramethylsilane
at 𝛿 = 0 ppm for protons and carbons. The phosphorus
chemical shifts were relative to external 85% H

3
PO
4
at 𝛿 =

0 ppm.The glass transition temperatures (𝑇
𝑔
)were measured

by differential scanning calorimetry (DSC) at a heating rate of
10∘C/min from −100 to 150∘C under dry nitrogen atmosphere
(MDSC 2910 TA Instruments, USA). The thermogravimetric
analysis (TGA) were measured in the range of 25–600∘C at
a heating rate of 10∘C min−1 using dry nitrogen as purge gas
(SDT Q600 TA Instruments, USA). Finally, the morphology
of the copolymers were characterized by Scanning Electron
Microscopy at an acceleration voltage of 20 kV (JSM5900-LV
SEM, JEOL, USA).

2.2. Syntheses of Polymers. The scheme of the poly(organo-
phosphazenes) synthesis by nucleophilic substitution is
shown in Figure 1. The single substituted and cosubsti-
tuted PZs were obtained from poly(dichlorophosphazene) as
described below. The poly(dichlorophosphazene) (PZ) was
obtained by melt ring-opening polymerization of hexachlo-
rocyclotriphosphazene (HCCP) under vacuum at 250∘C for
3 h. After this time, the polymer was dissolved at room
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temperature in anhydrous THF, and it was separated by
precipitation into n-heptane. Its characteristics were 98%
yield; characteristic IR bands were 1215 and 748 cm−1 (linear
phosphazene); 31P-NMR peak at −16.1 (𝛿 = ppm relative to
85% of H

3
PO
4
at 0 ppm).

The substitution of poly(dichlorophosphazene) (PZ) with
HEMA was made at two molar relations: 1 : 3 and 1 : 6mmol
PZ-HEMA. Triethylamine (TEA) was added at 1 : 1 mmol
relation HEMA : TEA as effective acceptor to trap hydrogen
chloride. The PZ was dissolved in THF (10mL) under stir-
ring, after 10min HEMA and TEA were added and the glass
vial reactor was kept for two days at room temperature. The
product was purified following the procedure described for
PZ; the yield was 51%.The phosphazene backbone character-
istic IR bands (cm−1) were 2947 (CH

2
), 1720 (C=O), 1635

(C=C), 1473 (CO–O), 1033 (P–O–C), 1168 (phosphazene
backbone C–O), and the 31P-NMR peaks: 1.5 (𝛿 = ppm); 1H-
NMRHEMA [13] at 6.0 (1H), 5.4 (1H), 4.3 (2H), 2.0 (3H), and
1.7 (2H) (𝛿 = ppm).

The substitution reactions of PZwithHEMAandLAwere
carried out in a similar way. The PZ :HEMA : LA molar rela-
tion was 1 : 3 : 3mmol, and for HEMA-TEA the relation was
1 : 1mmol. The product was purified following the procedure
described for PZ; obtaining a 50% yield [14]. The typical IR
bands (cm−1) were 3452 (polymeric –OH), 2947 (CH

2
), 1745

and 1724 (C=O), 1635 (C=C), 1477 and 1150 (CO–O), 1037 (P–
O–C), and 1172 (phosphazene backbone) and the 31P-NMR
peaks 1.5 and 0.6 (𝛿 = ppm); 1H-NMRHEMA, 6.0 (1H), 5.4
(1H), 4.3 (3H), 2.0 (2H), and 1.7 (2H) (𝛿 = ppm), as well as
1H-NMRLA peaks: 1.3 (3H), 3.5 (1H), and 11.5 (1H) (𝛿 = ppm).

3. Results and Discussion

In the Figure 2(a) we show the IR spectra of PZ-HEMA-1: 3;
PZ-HEMA-1: 6, PZ-HEMA-PLA and the Figure 2(b) present
de comparative groups (zoom) between the blank and sub-
stituent copolymers. The band at 1170 cm−1 corresponds to
the phosphazene backbone. The substitution of the chlorine
on PZ chain (Figure 2(b)) by the two components is observed
by the elimination or reduction of peak in 748 cm−1, also
by the presence of a band at 1035 cm−1corresponding to the
interaction P–O–C.

With the formation of a new band at 1720 cm−1 for PZ-
HEMA and the evidence of two shifts of similar intensities at
1724 and 1745 cm−1 for PZ-HEMA-LA, the carbonyl groups
of the monomers could be confirmed within the copolymer
due the substitution of the chlorines.

Additionally, the new bond P–O–C could be confirmed
too with the absence of the band of the OH at 3516 cm−1
and the presence of the double bonds bands in 1635 cm−1
for the HEMA (Figure 2(a)). In the case of lactic acid, the
OH band decreases for primary alcohol, but remain present
for the polymeric OH in 3452 cm−1, an indication that we
conservated the OH of lactic acid in the copolymer.

The stepwise substitution reactions of PZ weremonitored
by 31P-NMR spectroscopy (Figure 3). The PZ spectrum
shows a peak at −16.1 ppm corresponding to low molecular
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Figure 2: FTIR spectra of (a) PZ-HEMA-1 : 3, PZ-HEMA-1 : 6,
and PZ-HEMA-LA and (b) PZ-BLANK, PZ-HEMA-1 : 6, and PZ-
HEMA-LA.

weight [P(Cl
2
)=N]n [15], while the polymers PZ-HEMA-

1 : 3, PZ-HEMA-1 : 6, and PZ-HEMA-PLA show a peak in
positive values; it may be presumed that chlorine atoms were
completely replaced by subsequent reaction. The peak at
1.5 ppm is assigned to modified phosphazene [P(OR)

2
=N]n.

In addition, the PZ-HEMA-1 : 3 shows a peak at 20 ppm
which is assigned to [R–P=O]. When the HEMA ratio was
increased to 6mmol a complete chlorine substitution was
obtained, the spectrum only presents one peak; in another
hand, for PZ-HEMA-LA, another peak appears at 0.6 ppm
assigned to the substitution of chlorine by LA.

The 1H NMR spectrum of PZ-HEMA-1 : 6 and PZ-
HEMA-LA is shown in Figure 4. We observed the peaks cor-
responding to different hydrogens of the organic substituents.
The presence of the signals at 6 and 5.58 ppm indicates that
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Figure 3: 31P NMR spectra of (a) PZ, (b) PZ-HEMA-1 : 3, (c) PZ-HEMA-1 : 6, and (d) PZ-HEMA-LA.
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the majority of the end double bonds are on the material. In
addition, the peaks to OH in 4.9 ppm (HEMA) and 3.4 ppm
(AL) are not present in the spectrum.

The thermal stability of the polymers was analyzed by
TGA (Figure 5). PZ lost about 5% of weight between 50∘C
and 100∘C due to residual monomer evaporation. Between
200∘C and 300∘C there is another 5% loss of weight, which
is attributed to the elimination of chlorine. Nevertheless, the
PZ is fairly stable up to 300∘C.

In contrast, when the inorganic back bone is substituted
for organic molecules the temperature of decomposition
decreased at ∼225∘C; according to the literature, the pure
poly(HEMA) began its decomposition at∼300∘C.Thismeans
that HEMA was grafted in the inorganic chain and changed
the thermal stability of PZ.

PZ-HEMA and PZ-HEMA-LA are quite stable up to
100∘C, the stability of PZ-HEMA increaseswith the content of
HEMA attached on PZ because of the good thermal stability
of HEMA, the initial thermal decomposition of poly(HEMA)
exhibited at 195∘C [16]. In PZ-HEMA-LA the decomposition
temperature of LA starts at 109∘C, this value is much less
than of the initial decomposition of the PLA at ∼300∘C [17].
Excluding monomer evaporation in PZ, its thermal stability
is greater than that observed in the copolymers.

The thermal transitions of the polymers were determined
by DSC (Figure 6). The obtained data indicate that all poly-
mers are flexible above 0∘C. PZ showed a single 𝑇

𝑔
at −90∘C

while both PZ-HEMA and PZ-HEMA-LA have two 𝑇
𝑔
’s: (a)

for PZ-HEMA-1 : 3 −71∘C and −6.6∘C; (b) for PZ-HEMA-1 : 6
−67∘C and −7.5∘C; and (c) for PZ-HEMA-LA −75∘C and
−15∘C. The lowest 𝑇

𝑔
value shown by each copolymer

corresponds to the PZ backbone.The 𝑇
𝑔
of PZ-HEMA-LA at

−15∘C corresponds to the LA grafted on the PZ backbone.The
𝑇
𝑔
of PZ-HEMA at about −7∘C is attributed to the HEMA

chemically attached to the PZ backbone. The observed 𝑇
𝑔

temperatures are similar to those reported elsewhere [14, 18].
The properties of the poly(organophosphazenes) depend

on the type of side groups linked to the polymer chain. If the
side groups are small or are highly flexible organic units, like
2-butenoxy or trifluoroethoxy, the polymers will show low
glass transition temperatures (−100 to −30∘C) [16].

The surface of the polymers was examined by SEM
(Figure 7). The PZ was an amorphous white solid and
shows a semiuniform surface while the copolymers show
distinctive characteristics. PZ-HEMA-1 : 3 and PZ-HEMA-
1 : 6 show a rod like microstructure that is enhanced as the
concentration of HEMA; it is possible that polyphosphazene
had a crosslinking reaction between itself and conducive to
a geometry structure. PZ-HEMA-PLA shows a rod structure
with more plastic appearance.Thus, morphology depends on
the type of the substituent attached to the PZ backbone [19].

After obtaining the copolymers, it is intended to add them
to an acrylic resin to increase the mechanical properties and
subsequently will bemade of composite fibers by electrospin-
ning technique to improve their lifetime.

4. Conclusions

Poly(dichlorophosphazene) was prepared directly by melt
ring-opening polymerization of hexachlorocyclotriphospha-
zene. This polymer was useful for the design and synthesis of
Poly [(2-hydroxyethyl-methacrylate)-graft-poly(lactic-acid)-
phosphazene] and poly[bis(2-hydroxyethyl-methacrylate)-
phosphazene] by ring-opening polymerization reactions, at
different concentrations of the substituents. The incorpora-
tion of organic substituents HEMA and AL was proved by
FTIR, NMR, and DSC. All polymers are flexible above 0∘C
and are thermally stable up to 100∘C. The morphology of the
polymers was considerably modified by the incorporation of
substituents and will be of great importance when testing
copolymers in dental resins. The PZ-HEMA-1 : 6 copolymer
yields the best results and suggest that it could potentially be
used in biomedical applications such as dental resins.
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Figure 7: SEM images of (a) PZ, (b) PZ-HEMA-1 : 3, (c) PZ-HEMA-1 : 6, and (d) PZ-HEMA-LA.
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The purpose of this study is to investigate the effect of size distribution and concentration of crumb rubber on the performance
characteristics of porous asphalt mixture. The recycling of scrap tires in asphalt pavements appears as an important alternative
providing a large-scale market. The characteristics of bitumen are very important with regard to service life of porous asphalt
pavement.The experimental study consists of twomain steps. Firstly, the mixture design was performed to determine the optimum
bitumen content. In the latter step, the mixtures were modified by dry process using crumb rubber in three different grain size
distributions of #4∼#20, #20∼#200, and #4∼#200 and rubber content of 10%, 15%, and 20% as weight of optimum bitumen. The
permeability, Cantabro abrasion loss, indirect tensile strength, moisture susceptibility, and resilient modulus tests were carried out
on the specimens. Test results show that #20∼#200 sized rubber particles reduced air voids and coefficient of permeability, while
they increased the Cantabro abrasion loss. In general, increasing the crumb rubber size and content decreased the performance
characteristics of the porous asphalt mixtures.

1. Introduction

The worn-out tires from vehicles leave billions of waste tires
every year becoming a significant source of waste materials.
Scrap tires are still a serious environmental and financial
issue for many countries in the world occupying landfill
spaces and becoming a threat for health and safety hazards
to the community. The scrap tires consist of rubber, carbon
black, steel, and so forth potentially to be very useful in
various applications which have been evaluated effectively
as a valuable resource. There are some different recycling
strategies developed for waste tires. The main markets in the
assessment of waste tires include tire-derived fuel (TDF), civil
engineering applications, and ground rubber. The recycling
of waste tire has a good trend. However, it has still potential
to consume more waste tires. In addition, TDF corresponds
to 54% of the total scrap tires which may not represent an
ideal application in the current recycling methods for waste
tires from environmental conservation perspective [1]. More
value-added alternatives are required to be discovered in
order to motivate public and private agency to recycle them.

One of the approaches of recycling scrap tires is to use
crumb rubber from the tires as a component in asphalt
pavementmixtures.The crumb rubber is combined in asphalt
mixtures to improve the performance of asphalt concrete
pavements.The large-scale usage of crumb rubber fromwaste
tyres in asphalt mixtures appears to be more feasible alter-
native in terms of engineering applications and environmen-
tal consideration. Asphalt-rubber pavements can minimize
environmental impact and maximize the conservation of
natural resources.

The ability of crumb rubber to improve the asphalt
mixture performance depends on many factors such as the
mixing methods, reaction time with bitumen, nature of the
rubber, and size and concentration of the rubber particles.
There are two different processes using crumb rubber in the
asphalt mixtures, a dry process and a wet process. In the wet
process, the finer crumb rubber is mixed with asphalt cement
at high temperature. It reacts with the bitumen and creates
modified bitumen. In the dry process, the crumb rubber is
mixed together with the aggregates prior to the addition to
the asphalt. During dry process in which the crumb rubber



2 International Journal of Polymer Science

is used as an aggregate, the chemical reaction between crumb
rubber and bitumen is quite limited [2].

The advancement in hot-mix asphalt pavement technol-
ogy resulted in the development of a different type of asphalt
mixture. Porous asphalt is used widely as an application
of pavement surface in Europe. Porous asphalt or open-
graded asphalt concrete is an environmentally friendly road
material which was developed by using advanced technology
in hot-mix asphalt mixture design. It is used effectively in
regions with the highest level of precipitation. The porous
asphalt used as surface layer mostly has an air void content
of 20% and can improve the ride quality for drivers during
wet weather by reducing skidding. This pavement system
prevents hydroplaning and spraying on the road surface and
improves visibility by eliminating the light reflected from the
road surface.The porous asphalt mixture is designed by using
a relatively large proportion of coarse aggregates (more than
80%) with few fine aggregates to create a large space for water
drainage. It also significantly reduces traffic induced noise
emissions by means of the high porosity [3]. The selection
of asphalt binder with high viscosity is an important issue
on account of the specific structure of its high void content
in the mixtures. To improve the durability of porous asphalt
mixtures, polymer-modified bitumen was recommended to
be used in moderate and hot climates with heavy traffic [4].

Modified bitumen with polymers and synthetic and
natural rubber used in porous asphalt surfaces significantly
reduce the level of noise from vehicles compared with the
dense graded asphalt surfaces [5]. The use of polymer-
modified or rubberized binders instead of unmodified binder
in the 4.75mm open-graded mixture reduced permeabil-
ity but increased acoustic absorption. Mixtures containing
rubberized bitumen show the most acoustic absorption
improvement [6]. One advantage of using rubber modified
asphalt is that it raises the viscosity of the bitumen and pro-
vides increase of the bitumen content in the mixture. Thus,
massive asphalt film surrounding the aggregate enhances
durability of the asphalt mixtures. The open-graded asphalt
with asphalt-rubber binder had significantly reduced not
only moisture sensitivity but also superior fatigue resis-
tance and cracking as compared to traditional porous or
semiporous asphalt mixtures [7, 8]. A previous study claim
that Large Stone Porous Asphalt-Rubber Mixture has better
performance than conventional large stone porous asphalt
mixture using polymer-modified asphalt, and it could be
used as stress absorbing layers of semirigid base asphalt
pavement [9]. Moreover, the experimental results of repeated
triaxial-loaded and wheel tracking permanent deformation
tests confirmed that the asphalt-rubber porousmixtures have
superior performance against rutting [10]. Several studies
have shown that rubber content between 10% and 30% of
the bitumen improves resistance to moisture damage, the
susceptibility to temperature, and the tendency to flow [11, 12].
The particular facts of performance evaluation of test sites in
Florida indicated that the wet process addition of asphalt-
rubber blended into the bitumen improved the cracking
resistance of the surface mixtures [13]. The characteristics
of the crumb rubber can influence properties of asphalt
rubber such as rubber quantity in the blend and particle size

Table 1: The physical properties of coarse aggregate.

Properties Specification Results Specification
Min. Max.

Los Angeles abrasion (%) ASTM C131 13.5 — 30
Sodium sulfate soundness (%) ASTM C88 0.64 — 12
Percent fractured faces (%) ASTM D5821 100 100 —
Flakiness index (%) BS 812 20 — 25
Polish value ASTM C3319 53 50 —
Stripping resistance (%) ASTM D1664 60–65 — 50

Table 2: Test results on aggregate specific gravity and absorption
properties.

Properties Course aggregate Fine aggregate Filler
Bulk specific gravity 2.586 2.639 —
Apparent specific gravity 2.735 2.763 2.782
Water absorption (%) 2.1 1.7 —

distribution. Additional factors include crumb rubber surface
area, grinding process, crumb rubber chemical composition,
and contaminants as water, fibre, and metal [14].

Considering the preceding information from the litera-
ture, this study was designed to examine the effects of the
content and size of crumb rubber on the porous asphalt
mixture performance.

2. Experimental Program

This section includes material characterization of basalt
aggregate, bitumen and crumb rubber, and test methods
such as permeability, Cantabro abrasion loss, indirect tensile
strength, moisture susceptibility, and resilient modulus tests.

2.1. Materials Characterization. Crushed basalt aggregates
and conventional bitumen of penetration grade 50/70 were
used in this experimental study. Also, crumb rubber obtained
from waste tires was used as a modifier in different sizes and
concentrations. The characterization tests conducted in the
laboratory were given in this section.

2.1.1. Aggregate. High-quality aggregates are required to pro-
vide the field performance of the large-void porous asphalt
during the service life. In this study, one type of crushed basalt
aggregate was used as coarse and fine aggregate. Also, stone
dust which was obtained from the same basalt aggregate was
used as the filler material. The basalt aggregate was provided
from a quarry in Eskişehir, Turkey. The main physical
properties of the coarse aggregate with the criteria are given
in Table 1. The aggregate specific gravity and absorption test
results were shown in Table 2.

The aggregate gradation for porous asphalt mixtures was
selected between broad bands (boundary lines) according
to Porous European Mix (PEM) Specification. The aggregate
gradation is given in Figure 1.
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Figure 1: Aggregate gradation of porous asphalt mixture with
specification limits of PEM.

Table 3: Physical properties of conventional bitumen.

Properties Specification Results
Penetration at 25∘C, 100 g, 5 s (0.1mm) ASTM D5 63
Softening point (∘C) ASTM D36 49
TFOT residue ASTM D2872-04

Mass loss (%) ASTM D2872 0.096
Retained penetration (%) ASTM D5 37
Softening point after hardening (∘C) ASTM D36 61

Flashing point (∘C) ASTM D92 240
Specific gravity at 25∘C ASTM D70 1.021

2.1.2. Bitumen. Bitumen from one source was used in this
study.The penetration grade bitumen of 50/70 obtained from
the Asphalt Production Refinery is widely used in Turkey.
This type of asphalt binder was chosen instead of modified
bitumen so that effect of the crumb rubber on porous asphalt
mixtures could be clearly determined. Table 3 gives physical
properties of the bitumen.

2.1.3. CrumbedRubber. Thecrumb rubberwas obtained from
tire buffing process. It includes removing the worn tread by
a special machine and applying a new tread. The different
sizes of rubber were separated by sieves. The grain size
distributions of crumb rubber were given in Figure 2. The
grain size distribution group of #4∼#20, #20∼#200, and #4∼
#200 includes different sizes of rubber particles. Figure 3
represents a general appearance of each group. Even though
Figure 3 gives some information about the form of #4∼#20,
the forms of small particles such as #100∼#200 mesh size
cannot be determined from it. Therefore, Scanning Electron
Microscopy (SEM) images of the crumb rubber in Figure 4
were presented. The fiber-like shape of the pine needle
rubber can contribute to reinforcing the porous pavement
and decrease the bitumen drain down.
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Figure 2: Grain size distributions of crumb rubber.

2.2. Test Methods. The test program in this study consisted of
two steps. Step I covered the mix design of porous asphalt
mixtures. Step II was to investigate the effect of crumb
rubber concentration and size on design and performance
characteristics of the porous asphalt mixtures.

The principle design of porous asphalt mixtures is to
determine the bitumen content that will optimize its engi-
neering properties in relation with the in-service behavior
during pavement life. The Porous European Mix Specifica-
tion including the tests of air void, permeability, particle
loss resistance (Cantabrian), and indirect tensile were used
to determine the optimum bitumen content. In addition,
performance-related tests such as moisture susceptibility and
resilient modulus tests were conducted on the porous asphalt
mixtures with and without crumb rubber.

2.2.1. Mixing and Production. Each specimen was comprised
of about 1200 g of aggregate batches and bitumen. Modified
specimens were prepared by dry process in which crumb
rubber was added in the aggregate batch and mixed for 2
minutes. The aggregates and asphalt binder were blended
at their corresponding mixing temperatures. A compaction
process was followed subsequently by applying 50 blows
on each face of the specimen using the standard Marshall
hammer.

2.2.2. Air Voids Determination. To provide sufficient perme-
ability in the porous asphalt mixtures, an air void content
ranging between 16% and 22% (or greater) is recommended
[15, 16]. The air void percentages of the porous asphalt
specimens were very difficult to determine due to the higher
porosity. This test procedure determines the bulk specific
gravity of specimens of compacted asphalt mixtures. In this
method, compacted specimens were coated with paraffin
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Figure 3: Appearance of crumb rubber particles: (a) #4∼#20; (b) #20∼#200; (c) #4∼#200.
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Figure 4: Scanning ElectronMicroscopy (SEM) pictures for different sizes of crumb rubber particles: (a) #4∼#20; (b) #20∼#200; (c) #4∼#200;
(d) #100∼#200; (e) #100∼#200.
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film, and then the bulk specific gravity with regard to the
procedure in AASHTO T275 [17] was determined.

2.2.3. Hydraulic Conductivity Test. Hydraulic conductivity
is a significant characteristic of porous asphalt mixtures on
account of designing a drainage layer in pavement structures.
The hydraulic conductivity of the compacted specimens
symbolized in terms of the coefficient of permeability (𝑘)
was determined by using a falling-head water permeameter.
The apparatus of falling-head permeability test consists of a
metal cylinder and demountable metal plates at the top and
bottom of the metal mold. The top plate has a hole with at
least 31.75mm inner diameter of graduated pipe for water
inflow, and the bottom plate has an a outlet hole of minimum
inner diameter of 18mm and valve so that water can flow out.
The specimen in the mold was placed between the bottom
plate and the top plate and compressed by using clamps for
sealing the bottom and top plates.The graduated pipe is filled
with distilled water, and the valve is opened to flow through
a saturated specimen. The time period taken for level change
of water between two fixed points on the perspex pipe was
recorded. The coefficient of permeability is then determined
based on Darcy’s law. A minimum permeability coefficient of
10−2 cm/s (≈100m/day) is commonly recommended for the
pervious pavement structure [18, 19].

2.2.4. Cantabro Abrasion Test (Particle Loss Resistance). The
Cantabro test was conducted to evaluate the resistance to
particle loss of the mixtures according to ASTM D7064
[20]. The compacted specimens were individually put in the
Los Angeles testing machine without steel balls. After Los
Angeles drum had been rotated for 300 revolutions at a
speed of 30–33 revolutions per minute, the loose material
broken off from surface of the test specimen was discarded.
The masses of the specimens before and after the test were
recorded.The percentage loss by weight of original specimen
was calculated as the Cantabro abrasion. The percentage of
Cantabro abrasion must be less than 25% in the European
Specification.

2.2.5. Indirect Tensile Strength Test. The indirect tensile (IDT)
strength test has beenwidely used for hot-mix asphalt (HMA)
mixture design. The splitting strength is determined in this
test as an indicator of the tensile strength of the compacted
specimen. The results of (IDT) strength are employed to
obtain the comparative relative strength of asphalt mixtures
and predict the potential for pavement distress. Since the
performance of porous mixtures depends on tensile strength
of bitumen film, the IDT strength is also an important
characterization test for porous asphalt mixture. The test
is performed by using Marshall stability test equipment
at 50mm/min deformation rate and 25∘C temperature in
accordance with ASTM D6931 procedure [21]. In the test, a
cylindrical specimen is exposed to a compressive load. It acts
along the vertical diameter plane by a curved loading strip.
The developed tensile stress, perpendicular to the direction
of the applied load, ultimately causes the specimen to fail
by splitting along the vertical diameter. The ultimate load at

failure is recorded and used to calculate the IDT strength of
the specimen.

2.2.6. Moisture Susceptibility. Moisture causes a loss of adhe-
sion between the bitumen and the aggregate surface and
accelerates the process of distresses such as rutting, cracking,
and raveling in the asphalt mixture. Moisture susceptibility
is extremely an important characteristic for the performance
of the porous asphalt mixtures exposed to water damage.
The test was performed according to Modified Lottman
Test (AASHTO T283) that is one of the most largely used
procedures for determining HMA water damage [22]. Six
compacted specimens are required at 6%–8% air voids in the
Modified LottmanTest.The specimens are separated into two
groups. The first group of three is unconditioned specimens
as the control group. The second group is conditioned
specimens of vacuum-saturated saturation level between 55
percent and 80 percent. After conditioned specimens are
placed in a freezer at −18∘C for 16 hours, they are moved to
at 60∘C water bath for 24 hours. All of the specimens are
subjected to the IDT strength test conducted with a loading
rate of 50mm/min at 25∘C.The tensile strength ratio (TSR) is
calculated by the average IDT strength of conditioned subset
divided by the average IDT strength of control subset. The
allowable value of TSR must be more than 70% for this test
method.

2.2.7. Resilient Modulus (Stiffness Modulus) Test. Resilient
modulus of asphalt mixtures is the most popular form of
stress-strainmeasurement used to evaluate elastic properties.
The five-pulse indirect tensilemodulus test used to determine
the stiffness of material was performed in accordance with
ASTM D4123 [23] using Universal Testing Machine (UTM-
5P). In the test, the cylindrical specimen is subjected to
a pulsed diametric loading force, and the resulting total
recoverable diametric strain is then measured at axes 90∘
from the applied force. Because the strain in the same
axes is not measured, a value of 0.4 for Poisson’s ratio of
asphalt mixtures is accepted as a constant. The specimens
were placed in the indirect tensile test equipment, and test
results were recorded in the computer by data logger system.
The test load sequence consists of 150 conditioning pulses
and five-pulse test periods. The conditioning stage provides
that the loading plates are seated onto the specimen for
consistent results. The stiffness module is calculated by five-
pulse test period. In addition, the specimen’s skin and core
temperatures were measured by transducers inserted in a
dummy specimen located near the test specimen in order
to control the testing temperature. In this study, specimens
prepared in the laboratory were tested under the waveform
type ofHaversine at load pulse period of 3000ms, pulsewidth
of 80ms, and peak loading force of 1000N.

3. Test Result and Discussion

The results of porous asphalt mixture design were given in
this section. In addition, the effects of rubber size and con-
centration on performance characteristics were discussed.
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Figure 5: Graphics of mix design for porous asphalt mixtures: (a) air voids; (b) Cantabro abrasion loss; (c) coefficient of permeability; (d)
indirect tensile strength.

3.1. Mix Design. European Porous Asphalt Mix Design
Approach is generally based on determining the voids and
the percentage of particle abrasion loss at various binder
contents. The design bitumen content is optimized for air
voids and abrasion. It is recommended that the modified
bitumen is used to improve the resistance against particle loss.
It achieved a longer durability bymeans of its higher cohesion
and viscosity [4].

Porous asphalt design procedures used in Europe and
America mostly include the air void ratio, permeability,
Cantabro abrasion loss, and indirect tensile strength tests.
In this study, the following design criteria widely accepted
in these countries were selected. The minimum permeability
coefficient depends on the target air voids (18–23%) and
is 100m/day. A maximum Cantabro particle loss of 25% is
allowed at 25∘C. The allowable asphalt content ranges 4–6

percent.The bitumen content ensuring these limit values was
selected as a percentage of optimum bitumen. The graphics
of the mix design were given in Figure 5.

The air void and permeability coefficients were decreased
by increasing bitumen content (Figures 5(a) and 5(c)). The
maximum values of these characteristics were obtained for
bitumen content of 5.5%. The minimum Cantabro abrasion
loss provided the bitumen content of 6.5%. However, test
result at bitumen content of 7% is quite close to results at 6.5%
as shown in Figure 5(b). The maximum value for indirect
tensile strengthwas also obtained for bitumen content of 6.5%
as shown in Figure 5(d). The optimum bitumen content of
6.5% was determined according to these results. All design
values of porous asphalt mixture were given in Table 4.
Although the mix design of porous asphalt mixture was
achieved, design requirements with the penetration grade
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Table 4: Result of the Porous Asphalt Mix Design.

Design characteristics Results
Optimum bitumen, % 6.5
Air void, % 18.6
Cantabro abrasion loss, % 24.8
Coefficient of permeability, m/day 128.5
Indirect tensile strength, kPa 204.8
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Figure 6: Effect of crumb rubber size and content on coefficient of
permeability.

bitumen of 50/70, the low values in Cantabro abrasion loss,
and IDT strength test were introduced due to the necessity of
modified bitumen.

3.2. Effect of Crumb Rubber on Performance Characteristics.
The effects of crumb rubber size and content on performance
characteristics of porous asphalt mixtures were analyzed and
discussed in this section.

3.2.1. Hydraulic Conductivity. Figure 6 illustrates the varia-
tions of permeability coefficient with rubber content for all
three sizes (#4∼#20, #20∼#200, and #4∼#200). Increasing
the content of the crumb rubber significantly reduced the
coefficient of permeability. Analyzing the crumb rubber in
terms of particle size, it was indicated that #4∼#20 rubber
size had the maximum value of permeability coefficient. The
addition of crumb rubber remained below limit value of
permeability coefficient (100m/day) except in the case of the
10% content of the #20∼#200 crumb rubber. For #4∼#200
crumb rubber, the addition of 20% crumb rubber similarly
remained below limit value of 100m/day. In all other cases,
coefficient of permeability was provided over the limit value.
These results show that the small size of rubber particle
reduced air voids and the coefficient of permeability due to
its surface area.
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Figure 7: Effect of crumb rubber size and content on Cantabro
abrasion loss.

3.2.2. Cantabro Abrasion Loss. The experimental results were
analysed as given in Figure 7. It can be clearly seen that
Cantabro abrasion loss was achieved less than control spec-
imens in the case of all contents of the #20∼#200 crumb
rubber. The addition of 10%, 15%, and 20% rubber content
of #20∼#200 showed an improvement of 19%, 27%, and 33%,
respectively, compared to control. Particle loss of mixtures
increased as the content of rubber increased for all rubber
particle sizes.The optimum rubber concentration of 10% was
determined. The degree of particle loss in the mixtures with
#4∼#20 and #4∼#200was observed to increase in comparison
with control specimens. This increase of 130% reached at
20% content of #4∼#20 rubber sizes in which the maximum
particle loss occurred. #20∼#200 mesh size include finer
particles in comparison to the other mesh size (Figure 3).
Finer rubber particles formed homogeny and rigid matrix
(bitumen-fine aggregate, crumb rubber) due to the fact that
they were uniformly mixed in the asphalt mixture. Because
the coarse rubber particles in #4∼#20 and #4∼#200 mesh
sizes caused increasing discontinuity in the bitumen film,
it weakened the strength of the bitumen film. In addition,
the #20∼#200 mesh size increased the surface area which
required surrounding particles by bitumen. Thus, decreasing
bitumen film thicknesses tended to improve tensile strength
of porous asphalt mixtures. As a result, Cantabro abrasion
loss values decrease by using #20∼#200 crumb rubber.

3.2.3. Indirect Tensile Strength. The indirect tensile (IDT)
strength test is very useful in deciding the performance of
porous asphalt mixtures which depend on the cohesion of
bitumen film. The variations of indirect tensile strength with
rubber content for all three sizes are given in Figure 8. IDT
strength test results were in compliance with Cantabro abra-
sion test results. The addition of crumb rubber significantly
reduced the IDT strength except in the case of the 10%content
of the #20∼#200 crumb rubber. The case was the only one
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Figure 8: Effect of crumb rubber size and content on indirect tensile
(IDT) strength.

combination which increased the indirect tensile strength
by 12% compared to the control specimens. IDT strength
values were less than the control specimens for all rubber
contents of #4∼#20 and #4∼#200. The maximum reduction
in IDT strength by 32% was obtained in the case of the 20%
content of the #4∼#20 crumb rubber. In general, increasing
the crumb rubber size has decreased the IDT strength of the
porous asphalt mixtures. These results can be explained by
the fact that the strongmatrix was formed by homogeneously
mixing small rubber particles in themixtures andmaintained
an adhesion between the bitumen and the aggregate. It can
be concluded that the cohesion and IDT strength of the
bitumen film were negatively affected by the form of rubber
particle as shown in Figure 4. Although larger crumb rubber
particle shaped like pine needle rubber improves indirect
tensile strength of dense graded asphalt pavement [24], it
affects the performance of porous asphalt mixtures negatively
because the porous asphalt mixtures have less fine aggregate.

3.2.4. Moisture Susceptibility. The moisture damage in the
asphalt concrete pavements is an important problem. The
porous asphalt pavement is particularly subjected tomoisture
damage more than dense graded asphalt mixtures.Themois-
ture damage counts on the loss of adhesion between bitumen
and aggregate surface or cohesion of the bitumen. The
modification of bitumen or mixture is the most commonly
used method in the improvement of the resistance to the
moisture damage.

The TSR value for the control specimens was determined
to be 58%. This value remained below the limit value of
70% because unmodified bitumen was used to prepare the
control specimens.The unmodified bitumenwas preferred to
be employed for a better understanding of the effect of crumb
rubber on the porous asphalt mixtures. An examination
of the graphical presentations in Figure 9; the addition of
crumb rubber significantly reduced the TSR value except
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Figure 9: Effect of crumb rubber size and content on moisture
susceptibility.

in the case of the 10% content of the #20∼#200 crumb
rubber. For #20∼#200 crumb rubber, the addition of %10
crumb rubber has obtained a similar TSR value with control
specimens. TSR values were less than the control specimens
for all rubber contents of #4∼#20 and #4∼#200. Increasing
the crumb rubber size has substantially decreased the TSR
values.Themaximum reduction in TSR by 63%was obtained
from the addition of the 20% content for the #4∼#20 crumb
rubber. As explained above, while the mixtures with small
rubber particles improved performance of porous asphalt,
the big size rubber particle negatively affected cohesion of
bitumen and IDT strength. This effect increased largely the
IDT strength of conditioned specimens. Therefore, the TSR
values are significantly reduced compared to the control
specimens.

3.2.5. Resilient Modulus. The resilient modulus measured in
the indirect tensile mode represents the elastic properties of
asphalt mixtures under repeated load effectively.The resilient
modulus was one of the most commonly used methods for
measuring the stiffness modulus of hot-mix asphalt. The
variations of resilient modulus with rubber content and
rubber size were given in Figures 10 and 11, respectively.
The addition of crumb rubber reduced the resilient modulus
except in the case of the 10% and 15% contents of the #20∼
#200 crumb rubber. The maximum resilient modulus value
was obtained in rubber content of 10% at #20∼#200. In this
case resilient modulus was increased by 22% compared to
the control specimens. Increasing the crumb rubber size
reduced the resilient modulus of the porous asphalt mixtures
substantially. The maximum decrease in resilient modulus
of 56% was determined in rubber content of 20% for #4∼
#200 crumb rubber. Resilient modulus values were decreased
as crumb rubber content in the mixtures for all rubber
particle sizes. The optimum content of crumb rubber was
determined in 10%. This test results coincided with IDT
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Figure 11: Effect of crumb rubber size on resilient modulus.

strength and Cantabro abrasion test results. Therefore, the
impact of crumb rubber size and content on resilientmodulus
can be interpreted as noted above.

4. Conclusion and Recommendation

This study presented an evaluation of recycled scrap tire
obtained from tire recapping or tire buffing in the porous
asphalt mixtures. The impacts of crumb rubber size and
concentration on the performance characteristics of porous
asphaltmixtures were investigated in this experimental study.
Porous asphalt mixtures were modified by dry process using
crumb rubber in three different grain size distributions
(#4∼#20, #20∼#200, and #4∼#200) and rubber contents of
10%, 15%, and 20% as weight of bitumen. The permeability,
Cantabro abrasion, indirect tensile, moisture susceptibility
(Modified Lottman), and resilient modulus tests were carried

out in this experimental program. Based on the analysis of
the results obtained from this study, the following conclusion
and recommendation can be drawn.

(i) Theoptimumbitumen content in the design of porous
asphalt was determined to be 6.5%. Although the
mix design of porous asphalt mixture has achieved
design requirements with penetration grade bitumen
of 50/70, the low values in Cantabro abrasion loss and
IDT strength tests have demonstrated the necessity of
modified bitumen.

(ii) Increasing the crumb rubber size and content sig-
nificantly reduced the coefficient of permeability.
The #20∼#200 crumb rubber exhibited better per-
formance than other grain size distributions, and
the coefficient of permeability at the 10% rubber
content remained over the limit value (100m/day).
The permeability test result showed that the small size
of rubber particle reduced air voids and the coefficient
of permeability due to its surface area.

(iii) Cantabro abrasion loss of mixtures increased as the
content of rubber increased for all rubber particle
sizes. The optimum rubber concentration was deter-
mined to be 10%. All rubber contents of #20∼#200
indicated an improvement of Cantabro abrasion loss
compared with other rubber gradation. The maxi-
mum particle loss of 130% occurred at 20% content
of #4∼#20. The larger rubber particle size leads to an
increase in the Cantabro abrasion loss on the account
of the discontinuity in the bitumen matrix.

(iv) While IDT strength of 12% only improved at 10% con-
tent of the #20∼#200 crumb rubber, IDT values were
significantly reduced for all rubber contents com-
pared to the control specimens. In general, increasing
the crumb rubber size decreased the IDT strength
of the porous asphalt mixtures. The discontinuity in
the matrix formed by large size rubber particle has a
negative effect on the cohesion and IDT strength.

(v) The addition of crumb rubber significantly reduced
the TSR value except in the case of the 10% con-
tent of the #20∼#200 crumb rubber. This value was
similar to the TSR of control specimens of 58%
which remained below limit value of TSR (70%)
because of the fact that the control specimens were
prepared with unmodified bitumen. Increasing the
crumb rubber size has substantially decreased the
TSR values. Modified Lottman Test results indicated
that the addition of crumb rubber did not improve the
moisture susceptibility performance.

(vi) Resilient modulus test results corresponded to the
IDT strength and Cantabro abrasion test results.
Resilient modulus values were decreased with addi-
tion of crumb rubber to the mixtures for all rub-
ber particle sizes. In addition, increasing the crumb
rubber size decreased it substantially. The maximum
resilient modulus value was obtained in rubber con-
tent of 10% at #20∼#200. The optimum content of
crumb rubber was determined in 10%.
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(vii) All test results show that #20∼#200 mesh size which
includes more spherically formed rubber particles
than the other mesh sizes (Figure 4(d)) mixed uni-
formly in the mixtures and constituted a more
rigid bituminous matrix. Therefore, it has partially
improved the performance characteristics of porous
asphalt mixtures. In contrast, larger rubber particle
size leads to the discontinuity in the bitumen film.
This larger size affected tensile strength of bitumen
film negatively resulting in loss of performance. This
effect largely increased the IDT strength of condi-
tioned specimens due to loss of adhesion.

(viii) The larger fiber-like shaped crumb rubber particles
improve the indirect tensile strength of dense graded
asphalt pavement, but it negatively affects the perfor-
mance of porous asphalt mixtures depending on less
finer aggregate in the porous asphalt mixtures.

It can be recommended that the case of 10% content of
the #20∼#200 crumb rubber should be used to improve the
performance characteristics of porous asphalt mixtures. The
rubber content higher than %10 and the size larger than #20∼
#200 decrease the performance of the mixture significantly.
Although the rubber particles size and concentration which
was determined in this study by using dry process crumb
rubber modification has provided the performance improve-
ment for porous asphalt mixtures, the future investigation
can be carried out about fractions of #20∼#200 rubber
gradation and concentrations less than 10%. Moreover, the
wet process which requires additional cost in application
should be studied to improve the performance of porous
asphalt mixture.
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Conducting polymer composites of polyaniline/vanadium pentaoxide PANI/V
2
O
5
(with different initial weight percentage of

V
2
O
5
) has been synthesized by in situ polymerization method. DC conductivity of compressed pellets has been analyzed in the

temperature range 300–550K and was found to increase with V
2
O
5
doping. This increase in conductivity is mainly due to band

conduction. It has also been observed that the dielectric constant and dielectric loss increase with the level of doping of V
2
O
5
but

remain independent of the frequency (50KHz–1MHz). X-ray diffraction pattern shows some order of crystallinity of composites
due to interaction of polyaniline with V

2
O
5
. UV-visible spectroscopy shows an increase in the optical band gap with doping.

1. Introduction

The conducting polymers have emerged as a new class of
materials because of their unique electrical, optical, and
chemical properties. By proper doping the conductivity
of these materials can be varied from semiconducting to
metallic regime, which offers new concept of charge transport
mechanism. Among different conducting polymers, conduc-
tive polyaniline (PANI) has been studied extensively because
of its ease of synthesis in aqueous media, its environmental
stability, special electrical, and other properties. PANI and
its derivatives have received much attention because of their
various technological applications, reversible proton doping,
high electrical conductivity, and ease of bulk synthesis. PANI
is also a suitable candidate for a variety of technological
applications such as solar cells, electromagnetic shielding,
electrodes for rechargeable batteries, and sensors [1–11].

Many authors have studied the progress of chemical poly-
merization and doping of aniline and its derivatives. The
effort was to correlate mechanisms of oxidation of anilines
and properties of PANI such as electrical conductivity,molec-
ular weight, and crystallinity. However, when they were taken
in the composite form, their electrical as well as dielectric
properties alter from those of basic materials. A number of

groups had reported on the electrical conductivity and dielec-
tric properties of composites of a variety of conducting poly-
mers [12–15]. Recently heterogeneous conducting polymer
composites, especially organic-inorganic composites, became
the subject of extensive study. Among the basematerials used,
polyaniline (PANI) is one of the most extensively studied
conducting polymer. Ever since its discovery in a pioneering
work by Mc Diarmid et al. [16–21]. The DC conductivity
of a conjugated polymer depends on the doping level, and
for a given dopant in a particular polymer, the conductivity
increases up to a certain level and then saturates.

The vanadium oxygen system (V
2
O
5
and VO

2
) has been

widely studied because the system shows metal semicon-
ductor transitions, which imply an abrupt change in their
optical and electrical properties. For example, VO

2
exhibits

a change in electrical resistivity in the order of 105Ω cm over
a temperature change of 0.1 at 68∘C in a single crystal. This
oxide is therefore used in thermal sensing and switching.
Similarly, V

2
O
5
has been a subject of several theoretical and

applied studies, due to its industrial importance for many
technological applications, such as heterogeneous catalyst.
V
2
O
5
also plays the role of active electrode in a rechargeable

lithium battery. High electrochemical activity, high stability,
and ease of thin film formation by numerous deposition
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techniques led to its use as a highly promising intercalation
material in solid statemicrobattery applications. It is themost
stable oxide in the V–O system with an energy gap of ∼2.2 eV
and shows a semiconductor-metal transition at about 250∘C
[22–26].

In the present study, composites of PANI/V
2
O
5
have

been synthesized by in situ polymerization of aniline using
ammonium persulphate ((NH

4
) S
2
O
8
) as oxidizing agent, in

the presence of V
2
O
5
. The V

2
O
5
concentrations were varied

from0 to 40%weight.The composites obtained have different
concentrations of V

2
O
5
.

In present work electrical conductivity by two-probe
method and dielectric behavior by LCR methods of these
synthesized composites have been studied. X-ray diffraction
(XRD) and UV-visible absorption spectroscopy have been
carried out to characterize these samples.

2. Experimental

All chemicals used were of analytical reagent (AR) grade.
The monomer aniline was doubly distilled prior to use.
Ammonium persulphate ((NH

4
) S
2
O
8
), hydrochloric acid

(HCl), and vanadium pentoxide V
2
O
5
were used as received

in the present study.
Polyaniline has been synthesized by in situ oxidative poly-

merization of aniline, hydrochloric acid (HCl), and ammo-
nium persulphate ((NH

4
) S
2
O
8
) as oxidant. The oxidant

monomer ratio is 1 : 1.25. Aniline (1.25M) has been dissolved
in 10mL of HCl (1M) taken in 200mL round bottom flask
and stirred well. Further finely ground V

2
O
5
powder taken

in different (20, 30, and 40) wt% with respect to aniline
concentration has been added to the previous mixture under
vigorous stirring in order to keep V

2
O
5
powder suspended

in solution. The reaction mixture has been cooled up to 5∘C,
and the precooled solution of ammoniumpersulfate (1M) has
been slowly added drop by drop over a period of 30min.The
reaction has been allowed to proceed for 6–8 h. The mixture
was further cooled down to 4∘C for 24–36 hours. It was then
filtered and washed with ammonia until filtrate was colorless.
The dark colored polymer powder so obtained was dried
thoroughly in an oven at 100∘C until constant weight was
attained, then grinded and sieved. PANI has been synthesized
in the same manner in the absence of V

2
O
5
.

TheDC conductivity of pure PANI and PANI/V
2
O
5
com-

posites wasmeasured by using two-probemethod in the tem-
perature range 300–550K.The powder was made into pellets
of 1 cm diameter and different thickness for PANI/V

2
O
5

composites. The bulk DC conductivity was measured by
mounting between two steel electrodes inside a specially
designed metallic sample holder [22]. The temperature was
measured with a calibrated copper-constantan thermocouple
mounted near the electrodes. The samples were annealed
at a temperature of 100∘C to avoid any effect of moisture
absorption. These measurements were made at a pressure
of about 10−3 Torr. A stabilized voltage of 1.5 V was applied
across the sample, and the resultant current was measured
with a picoammeter.

In order to get information about the crystallinity, X-
ray diffraction patterns of all samples are recorded at room
temperature by using a Panalytical (PW 3710) X-ray powder
diffractometer with Cu K𝛼 radiation. All the samples were
scanned in angular range of 0–90∘ with scan speed of 0.01∘/s
under the similar conditions. UV-visible spectroscopy has
been carried out using Camspec M550 double beam UV-
visible spectrophotometer [22–26].

3. Results and Discussion

3.1. Temperature DC Conductivity Studies. The variation of
DC conductivity with temperature for pure PANI and the
PANI/V

2
O
5
composites (with different wt%) is shown in

Figure 1. Arrhenius plot of DC conductivity shows straight
line behavior. The DC conductivity of pure PANI increased
exponentially with doping, exhibiting semiconductor charac-
teristics.The conductivity as a function of temperature can be
represented by the relation [27]

𝜎DC = 𝜎
0
exp (−Δ𝐸

𝑘𝑇
) , (1)

where (ΔE) is the activation energy for the DC conduction
mechanism, “𝑘” is the Boltzmann constant, and “𝜎

0
” is the

preexponential factor. The activation energy (Δ𝐸) has been
calculated from the slope of Figure 1 for pure PANI and
the PANI/V

2
O
5
. The DC conductivity of undoped PANI

is measured to be 3.58 × 10−9 S/cm. After doping with
different weight % of V

2
O
5
the conductivity was found to

change from 10−7 to 10−9 S/cm, attaining a maximum value
at 30 weight % of V

2
O
5
and then reduced at 40 weight

% of V
2
O
5
. The doping of conducting polymers implies

charge transfer, the associated insertion of a counter ion,
and the simultaneous control of Fermi level or chemical
potential. Through doping, electronic and optical properties
of conducting polymers can be controlled over a long range.
The electrical conductivity of conducting polymers results
frommobile charge carriers introduced into the 𝜋-electronic
system through doping. At low doping levels these charge
carriers are self-localized and form nonlinear configurations.
Because of large interchain transfer integrals, the transport
of charge is believed to be principally along the conjugated
chains, with interchain hopping as a necessary secondary
condition [28–31]. When the polymer is heavily doped (40
weight %), the wave functions are delocalized over many
lattice constants along the polymer chain. In PANI, since
there are nearly degenerate ground states, the dominating
charge carriers are polarons and bipolarons [32]. When
PANI is doped with V

2
O
5
hydrochloric acid, the charge

carriers form nonlinear configurations, and as a result the
conductivity does not change substantially. The nonlinear
formation may be more in the case of heavy doping of 40
weight % of V

2
O
5
, due to which it exhibits lesser conductivity

than 30 weight % doped polymer.
The activation energy ΔE, DC conductivity 𝜎DC, and

preexponential factor 𝜎
0
of pure PANI and PANI/V

2
O
5

composites have been measured and tabulated in Table 1.
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Figure 1: Temperature dependence of DC conductivity in the temperature range (300–550K) for pure PANI and PANI/V
2
O
5
composites

(different weight %).

Table 1: Electrical and dielectric parameters of pure PANI and PANI/V2O5 composite (different weight %).

Sample 𝜎dc (Ω
−1 cm−1) Δ𝐸 (eV) 𝜎

0
(Ω−1 cm−1)

𝑇 = 302K and 𝑓 = 850KHz
𝜀


𝜀


PANI 3.58 × 10
−9 0.22 2.99 × 10

−6 7.59 173.43
PANI/V2O5 20wt% 6.20 × 10

−8 0.61 2.00 × 10
−1 8.35 3158.35

PANI/V2O5 30wt% 2.48 × 10
−6 0.17 1.10 × 10

−4 235.68 3193.48
PANI/V2O5 40wt% 6.16 × 10

−8 0.46 8.6 × 10
−4 242.34 85682.81

3.2. Dielectric Parameters as a Function of Frequency and
Temperature. Dielectric parameters as a function of fre-
quency and temperature are calculated using the values of the
equivalent parallel capacitance, 𝐶

𝑃
, dissipation factor,𝐷, and

parallel equivalent resistance, 𝑅
𝑃
, recorded by the LCRmeter

(Model Wayne Kerr) at selected frequencies range. Tempera-
ture dependence of the dielectric constant (𝜀) and dielectric
loss (𝜀) is studied for PANI and PANI/V

2
O
5
composites in

the different range of temperature (300–320K) and frequency
range from 50 kHz to 1MHz. Dielectric parameters have been
calculated using the following equations:

𝜀

=
𝐶
𝑃

𝐶
0

,

𝜀

=

𝜀


𝜔𝐶
𝑃
𝑅
𝑃

= 𝜀

𝐷,

(2)

where 𝐶
0
= (0.08854A/t) pf is the geometrical capacitance of

vacuum of the same dimensions as that of the sample,A and 𝑡
are the area and thickness of the sample, respectively,𝐶

𝑃
is the

capacitance measured in pf, 𝜔 = 2𝜋𝑓, and 𝐷 = tan 𝛿, with 𝛿
being the phase angle. The 𝜀 and 𝜀 are, respectively, the real
and imaginary parts of the complex dielectric constant 𝜀(𝑓),
which are represented by the relation

𝜀 (𝑓) = 𝜀

(𝑓) − 𝑖𝜀


(𝑓) . (3)

Thedielectric constant of amaterial consists of ionic, elec-
tronic, and dipolar polarizations. Temperature dependence of
the dielectric constant (𝜀) and dielectric loss (𝜀) is shown
in Figures 2 and 3. It is clear that dielectric constant (𝜀)
and dielectric loss (𝜀) remain constant with temperature
for pure PANI and 20 weight % of PANI/V

2
O
5
, whereas a

slightly increase is observed in (𝜀) for 30% and 40% doped
samples, and (𝜀) slightly increases for 40 weight %. Figures
4 and 5 show variation of dielectric constant and dielectric
loss as a function of frequency for pure polyaniline and
V
2
O
5
composite (different wt%). The results show constant

behavior with frequency; their value increases with doping
of V
2
O
5
(different wt%). At 850KHz, the dielectric constant

for the composite samples with 40 weight % of oxide is about
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Figure 2: Dielectric constant (𝜀) versus temperature at fixed fre-
quency for pure polyaniline and PANI/V
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composites (different

weight %).

300 302 304 306 308 310 312 314 316 318 320
0

200

400

600

800

Temperature (K)

PANI
Initial 20 weight%

Initial 30 weight%
Initial 40 weight%

f = 850kHz

𝜀


×10
−2

Figure 3: Dielectric loss (𝜀) versus temperature at fixed frequency
for pure polyaniline and PANI/V

2
O
5
composites (different weight

%).

242.34. This value decreases to about 8.35 for the composite
samples having 20 weight % of oxide. On the other hand,
the value of the dielectric constant for pure PANI at this
frequency is about 7.59. The corresponding dielectric loss for
the composite samples with 40 weight % of oxide is about
85682.81 at 850KHz frequency. The value decreases to about
3158.35 for the composite with 20weight%of oxide. Similarly,
the value of dielectric loss for pure PANI is about 173.43 at
same frequency. Similar trend in the dielectric behaviour of
PPy/Fe

3
O
4
composites has been reported [33, 34]. Higher

dielectric constant and dielectric loss observed with high
doping of oxide.

The dielectric loss consists of two contributions, one from
the dielectric polarization processes and the other from DC
conduction. To study the origin of the dielectric loss in the
operating temperature range, the DC conduction loss was
calculated using the relation

𝜀


DC =
𝜎DC
𝜀
0
𝜔
. (4)
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Figure 4: Dielectric constant (𝜀) versus frequency at fixed tem-
perature (302K) for pure polyaniline and PANI/V

2
O
5
composites

(different weight %).

The DC conduction loss is small compared to the observed
dielectric loss (𝜀). It can also be noted that the DC con-
duction loss increases with increasing dopant’s concentration
due to the increase of polarons and bipolarons. Various
other workers have also observed such type of behavior
[35, 36]. Polaron formation depends upon the viscosity of
the medium. The theories based on charged defect centers
serve as basis for understanding the dielectric response and
conduction mechanisms of such materials. In the correlated
barrier hoppingmodel of Elliott (CBH) [37, 38], two electrons
are assumed to transfer between charged defect sites (𝐷+ and
𝐷
−) by hopping over a potential barrier separating them.

The maximum value of the potential barrier separating the
charged defect sites (𝑊

𝑚
) can be approximately equated to the

band gap of the material. Based on the same model of Elliott
[38], the slope obtained from Figure 6 can be written as

(𝑚) =
−4𝑘𝑇

𝑊
𝑚

, (5)

where𝑚 is defined here as 𝑠 − 1 and𝑚 is in line with 𝑇. As an
outcome of CBH model, the value of 𝑠 decreases from unity
with increasing temperature, and 𝑠 is a band gap-dependent
property [39, 40]. The values of 𝑚 are calculated from the
slopes of these straight lines in Figure 6. The values of 𝑚
are negative, and the magnitude of𝑚 decreases linearly with
increasing weight % of V

2
O
5
. Thus, these results indicate

that the observed dielectric dispersion is recognized mainly
to dipolar type dispersion in the present study. The DC
conduction loss and numerical value of power (𝑚) are given
in Table 2.

3.3. Powder X-Ray Diffraction Analysis. XRD patterns of all
the four samples, pure PANI, PANI/V

2
O
5
composites (with

different weight %), show similar structure of amorphous
nature in Figure 7. In undoped powder, an intense hump near
19∘–24∘ is found, which is shifted towards lower angle side at
14–18∘ in doped samples. There are other three small peaks
appearing in 20weight %V

2
O
5
doped samples near 15∘ (200),

20∘ (001), and at 26∘ (110), which conform the concentration
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Table 2: Temperature dependence of slope (𝑚) and DC conduction
loss of pure PANI and PANI/V2O5 composites (different weight %).

Sample 𝜀


dc (𝑚) Indirect band
gap 𝐸

𝑔
(eV)

PANI 2.9 × 10
−3

−0.2 3.22
PANI/V2O5 20wt% 1.5 × 10

−3
−0.03 3.27

PANI/V2O5 30wt% 1.28 −0.009 3.31
PANI/V2O5 40wt% 4.8 × 10

−3
−0.0034 3.32

of V
2
O
5
in the composites.These peaks continued to be up to

40 weight % doped samples.Thus V
2
O
5
dopant is interacting

well with PANI; this explains the continuous increase in the
conductivity as well as crystallinity of composites. Sharpness
of the peaks also shows increase in the crystallinity of
composites [41, 42].

3.4. Optical Properties. The optical parameters of the pure
PANI and PANI/V

2
O
5
composites have been calculated by

0 10 20 30 40 50 60 70 80

PANI

C
ou

nt
s/

s

Initial 20 weight%

Initial 40 weight%

Initial 30 weight%

2𝜃 (deg)

Figure 7: XRD of pure PANI and PANI/V
2
O
5
composites (different

weight %).

using the UV-spectrophotometer (190–1100 nm). In amor-
phous materials, the optical band gap between the valence
band and the conduction band [43] is given by

𝛼ℎ] = 𝐵(ℎ] − 𝐸
𝑔
)
𝑚

, (6)

where “𝐸
𝑔
” is the optical band gap and “𝐵” is band tailing

parameter related constant. At the fundamental edge of
amorphous materials, two types of optical transitions can
take place. In both types of optical transitions, the photon
interacts with the electron in the valence band and raises it
to the conduction band. There is no interaction with lattice
in the direct transition, and the photon interacts with lattice
in indirect transition. In the given equation “𝑚” decides the
transition; for𝑚 = 1/2 the transition is direct allowed,𝑚 = 2

for indirect allowed transition,𝑚 = 3 for indirect forbidden,
and 𝑚 = 3/2 for direct forbidden band gap. After applying
all values of 𝑚, the composites 𝑚 = 2 (indirect transition)
is found most suitable to calculate band gap. Extinction
coefficient (𝐾) is calculated by using the relation [44]

𝐾 =
𝛼𝜆

4𝜋
, (7)

where “𝛼” is the absorption coefficient and “𝜆” is the
wavelength of photon.The extinction coefficient is a measure
of fractional loss due to absorption and scattering per unit
distance of the medium participating [45–47]. Figure 8 gives
the (𝛼ℎ])1/2 dependence on energy for composites. The
intercept of slope on 𝑥-axis gives the value of optical band
gap. The optical band gap measured for pure PANI and
PANI/V

2
O
5
is given inTable 2which is found to increasewith

the increase of the concentration of V
2
O
5
. Due to the increase

in the band gap with V
2
O
5
concentration the disorderliness

reduces, and defect state density decreases. With the addition
of V
2
O
5
, the unsaturated defects decrease in composites, and

a number of saturated bonds are produced. The density of
localized states decreases with the reduction in the number
of unsaturated defects. According to the Davis and Mott
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composites (different weight %).

model [48] of density of states, the width of the localized
states near the mobility edge depends on defects and degree
of disorder present in amorphous structure. It is known that,
with saturated bonds, some unsaturated bonds are produced
as a result of some insufficient numbers of atoms deposited
in the amorphous materials. The high concentration of these
localized states is responsible for the low value of optical
band gap. The addition of V

2
O
5
in the PANI decreases the

unsaturated defects producing a number of saturated bonds.
This reduction in the unsaturated bonds or defects decreases
the density of localized states in band structure increasing the
optical band gap.

4. Conclusion

A series of PANI/V
2
O
5
composites have been prepared by in

situ polymerizationwith different weight percentage of V
2
O
5
.

XRD study reveals the encapsulation of oxide particles by
polymer and some degree of crystallinity.TheDC conductiv-
ity of polyaniline and PANI/V

2
O
5
composites together with

the dielectric constant and dielectric loss measurements have
been determined from the measured values of capacitance
in the frequency range from 50KHz to 1MHz and in the
temperature range of 300–550K. The conductivity measured
is in the range 10−7–10−9 S/cm at a temperature 302K. The
conductivity increasedwith doping, aswell as the crystallinity
increased when compared to undoped sample. This increase
in conductivity of composites at dielectric constant and
dielectric loss results indicates that the observed dielectric
dispersion is recognized mainly to dipolar type dispersion
in the present study and shows independent behavior of
frequency. Indirect transition (𝑚 = 2) is found most suitable
to calculate band gap. The optical band gap (𝐸

𝑔
) increases

as the concentration of V
2
O
5
increases; it shows that the

disorderliness reduces and defect state density decreases.
Dielectric behavior is possible for application in conductive
paints, rechargeable batteries, sensors, MOS devices, and so
forth.
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This paper describes polymer modification of bitumen with gamma-irradiated recycled (𝛾-LDPER) low-density polyethylene. The
recycled low-density polyethylene (LDPER) was obtained from greenhouse films exposed to sunlight at least one year. The surface
of the LDPER was treated by gamma beam irradiation that provided formation of free radicals and some functional groups that may
contribute to the creation of strong chemical bonds between polymer modifier and bitumen. Five different samples of bitumen/𝛾-
LDPER compositions with the modifier content, wt. %: 1, 3, 5, 7 and 9, were prepared. The effects of the 𝛾-LDPER on original and
aged bitumen were investigated by means of morphological, chemical, and physical testing program, including FTIR spectroscopy,
conventional tests, rotational viscosity (RV), dynamic shear rheometer (DSR), and bending beam rheometer (BBR) tests. Superior
performing asphalt pavements (Superpave) specifications were used to analyze mechanical test results as well as to determine the
performance grades (PG) of the binders. Optimum usage of the 𝛾-LDPER as modifier in bitumen were suggested after testing
program. The results reveal the stiffening effect of the 𝛾-LDPER on bitumen that provide enhanced temperature susceptibility and
also promise better performance grades (PG) with 𝛾-LDPER polymer modification.

1. Introduction

The modification of bitumen by means of polymers is the
most widespread method in flexible pavement applications.
The polymers such as Styrene Butadiene Styrene (SBS), Ethy-
lene vinyl acetate (EVA) are satisfactorily used to enhance
temperature susceptibility by increasing stiffness at high
temperature and decreasing stiffness at low temperature [1–
4]. In addition to SBS, various polymers are utilized in bitumi-
nous materials. Polyolefins such as low-density polyethylene
(LDPE), high density polyethylene (HDPE), and polypropy-
lene (PP) have been used asmodifier, for generally to enhance
mechanical properties of bitumen [5–8].

On the other hand, using recycled polymers cont-
ributes to reducing amount of waste materials; it has many
benefits, such as environmental protection, lower energy

consumption, and their affordable cost. Therefore, it is fun-
damental to find an application area for recycled polymers,
in order to increase their commercial use [9–11].

The aim of this work is to study the effect of recycled
LDPE (LDPER) asmodifier on bitumen bymeans ofmorpho-
logic, chemical, andmechanical testmethods. However, there
is no chemical reaction between LDPER and bitumen which
results in a two-phase mixture after the preparation of mod-
ified bitumen. In order to provide strong polymer/bitumen
bonding, surface of the recycled LDPEwas activated by using
gamma beam irradiation. The surface activation helps to
create double bonds (>C=C<) that can interact with bitumen.

The study contains a comprehensive laboratory evalua-
tion of the 𝛾-irradiated recycled LDPE (𝛾-LDPER) modified
bitumen (𝛾-LDPER/B) in terms of morphology and physical-
chemical properties. Fluorescence microscopy has been used
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Table 1: Physical properties of the base bitumen.

Properties Standard 160/220
Penetration (25∘C; 0.1mm) ASTM D5 195.5
Softening point (∘C) ASTM D36 38.7
Ductility (25∘C; cm) ASTM D113 103
Penetration index (PI) — −0.73
Specific gravity (25∘C; gr/cm3) ASTM D70 1.03

to observe morphological changes, while rheological testing
have been undertaken by means of dynamic shear rheometer
(DSR) and bending beam rheometer (BBR). To understand
the influence of 𝛾-irradiation on structure and efficiency
of the LDPER recycled LDPE, Fourier transform infrared
(FTIR) spectroscopy has been performed as well.

2. Experimental

2.1. Materials. The binders were prepared with the type of
bitumen having 160/220 penetration grade. Physical prop-
erties of the bitumen are given in Table 1. The LDPER used
as modifier in bitumen was supplied from Sicily, Italy. The
LDPER was obtained from greenhouse films exposed to
sunlight, as well as to other external environmental factors
for one year. The waste films were washed, dried, cut into
the pieces of dimensions 12 × 12mm, and finally extruded.
The chemical composition of the LDPER used was LDPE 65–
70%, LLDPE 12–17%, EVA copolymer 12–15%, 𝑇m = 109∘C,
𝐸 = 180MPa, TS = 16MPa, EB = 500%, MFI190/2.16 =
0,29 g/10min, and MFI230/2.16 = 0,95 g/10min.

2.2. Gamma Irradiation Activation Method. In order to pro-
vide a chemical bonding between bitumen and polymermod-
ifier, gamma irradiation method was applied to the LDPER
[12]. Gamma irradiation method is used in several applica-
tions such as food processing, cancer treatments, and some
sterilization systems. Gamma irradiation is electromagnetic
of high frequency and rays are ionizing radiation. It provides
a reformed chemical composition of the materials exposed to
decay thatmight contribute to creating strong bonds between
polymer modifier and bitumen. The irradiation source was
an electron accelerator—complex electric device, where the
transition from regimes of treatment with charged particles
(electrons) to regimes of treatment with stream of gamma
quanta of a wide range of energies is possible. The LDPER
granules were 𝛾 irradiated with a dose of 20 kGy.

2.3. Preparation of Samples. 𝛾-LDPER granuleswere obtained
as pellet shaped. In order to work with smaller pieces,
they were milled by using grinder and the particles were
sieved with No 50. The amount of additives was selected
as %: 1, 3, 5, 7, and 9 by total weight of the binder which
is enough to examine the effect of the polymer modified
bitumen. High shear mixer was employed for preparing
sample. 160/220 penetration grade bitumen was heated for
90 minutes at 163∘C and then poured into the mixer flask
adjusted to 500 rpm. Subsequently, the 𝛾-LDPER was added

to bitumen by portions in 15 minutes at certain intervals and
then the mixing rate was increased to 1300 rpm and mixing
was continued for 150 minutes. After the end of the mixing
process, the samples were removed from the flask, divided
into small containers, coveredwith aluminum foil, and stored
for various testing.

The different binders were coded as follows:

(i) base bitumen–“B;”
(ii) base bitumen + 1% 𝛾-LDPER−“B-1-𝛾-LDPER;”
(iii) base bitumen + 3% 𝛾-LDPER−“B-3-𝛾-LDPER;”
(iv) base bitumen + 5% 𝛾-LDPER−“B-5-𝛾-LDPER;”
(v) base bitumen + 7% 𝛾-LDPER−“B-7-𝛾-LDPER;”
(vi) base bitumen + 9% 𝛾-LDPER− “B-9-𝛾-LDPER;”

2.4. Testing Program

2.4.1. Fourier Transform Infrared Spectroscopy. Fourier trans-
form infrared (FTIR) spectroscopy was used to characterize
various functional groups in asphalt and polymer modifier.
FTIR spectra were recorded with a Bruker Tensor 27 DTGS
spectrometer between 4000 and 450 cm−1 using the atten-
uated total reflection (ATR) mode. For each spectrum, 32
consecutive scans with a resolution of 4 cm−1 were averaged.

2.4.2. Morphology. In order to determine the grade of the
dispersion of the modifier within the bitumen, fluorescent
microscopy was used. Florescent microscopy allows resea-
rchers to study the morphology of bitumen by using a prin-
ciple inwhich polymers become swollen after absorbing some
of the constituents of the original bitumen [13].

The method of sample preparation for fluorescent
microscopy followed the regular procedure that is consisted
of heating, homogenizing, and cooling process. The samples
were examined under a Carl Zeiss Primo Star generated from
a 40W halogen lamp and magnify up to 1000X.

2.4.3. Conventional Bitumen Tests. The samples of the base
and modified bitumen were subjected to conventional tests
that are, namely, penetration (ASTM D5), softening point
(ASTM D36), and ductility (ASTM D 113). By using pen-
etration and softening point values, penetration index was
calculated for each sample of bitumen to investigate the
temperature susceptibility of bitumen. A classical approach
related to PI calculation has been given in the Shell Bitumen
Handbook [14] as shown in the following equation:

PI =
1952 − 500 × log (Pen

25
) − 20 × SP

50 × log (Pen
25
) − SP − 120

, (1)

where Pen
25
is the penetration at 25∘C and SP is the softening

point temperature of the unmodified and modified bitumen.

2.4.4. Rotational Viscosity Test. The rotational viscometer
determines the bitumen viscosity by measuring the torque
necessary to maintain a constant rotational speed of a
cylindrical spindle submerged in a bitumen specimen held
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at a constant temperature, described in AASHTO TP48.
Unlike the capillary viscometers used with the viscosity-
graded method, the rotational viscometer can evaluate mod-
ified bitumen binders. Viscosity of bitumen binders can
be measured within the range from 0.01 Pa⋅s (0.1 poise) to
200 Pa⋅s (2000 poise) [15]. Though this test, which is one
of the Superpave Performance Grade (PG) asphalt binder
specification, can be conducted at various temperatures for
different purposes, the test performed for Superpave PG
asphalt binder specification is always conducted at 275∘F
(135∘C). In order to observe the changes in viscosity at various
temperatures, a second viscosity reading is taken generally
at 165∘C. A Brookfield viscometer (DVRV-II Pro Extra) was
used in this study for the viscosity tests of the base and the
modified bitumens. Viscosity values were measured at 135∘C
and 165∘C, respectively.

2.4.5. Dynamic Shear Rheometer Test. The most commonly
used methods for the fundamental rheological characteriza-
tion of bitumen are dynamicmechanicalmethods using oscil-
latory type testing, generally conducted within the region
of linear viscoelastic response by using a dynamic shear
rheometer (DSR). In order to characterize the viscoelastic
behavior of bitumen binders at intermediate and high ser-
vice temperatures, DSR is used in Superpave specification
providing an indication of the rutting resistance of bitumen
immediately following the construction. It is also possible to
evaluate the resistance to rutting at high service temperatures
in the early stages of pavement life and fatigue cracking at
immediate service temperatures in the later stages of service
life by DSR [16].

The principal viscoelastic parameters obtained fromDSR
are the complex shear modulus (G∗) and the phase angle
(𝛿). G∗ is defined as the ratio of maximum (shear) stress to
maximum strain, a measure of the total resistance to defor-
mation when the bitumen is subjected to shear loading. The
phase difference between stress and strain in an oscillatory
test is named as 𝛿, a measure of the viscoelastic balance of the
material behavior [17].

In this study, the principal viscoelastic parameters such
as G∗, 𝛿, rutting parameter (G∗/sin𝛿), and high-temperature
performance grades of the base and modified bitumens were
determined by DSR test.

2.4.6. Bending Beam Rheometer Test. The bitumen binder
plays a critical role in the thermal cracking potential of
hot mix asphalt (HMA) pavement. HMA pavements with a
high stiffness modulus at low temperatures are susceptible
to thermal cracking. Bitumen binders become harder, or
stiffer, as the ambient temperature decreases. Given that the
stiffness of an HMA pavement is directly proportional to the
stiffness of bitumen binder, high stiffness at low temperatures
increases the potential of thermal cracking. The bending
beam rheometer (BBR) was developed to determine the
stiffness of bitumen binders at low service temperatures and
to evaluate the potential of the binder for thermal cracking
[16].

Creep tests were conducted at −6, −12, and −18∘C which
are equivalent to −16, −22, and −28∘C, respectively, in low

Ab
so

rp
tio

n

1800 1600 1400 1200 1000 800
Wavenumber, � (cm−1)

LDPER
𝛾-LDPER

1739

1657

1640

1549

1466

1373

1239

1239

1149 1091

1175

1022

720

Figure 1:The normalized FTIR spectra of the LDPER and 𝛾-LDPER.

temperature performance grade, using a BBR according to
ASTMD6648-01. The bitumen beam (125mm long, 12.5mm
wide, and 6.25mm thick) was submerged in a constant-
temperature bath and kept at the test temperature for 60min.
After preloading procedure, a constant load of 100 g (980mN)
was then applied to the rectangular beam supported at both
ends by stainless steel half-rounds (102mm apart), and the
deflection of center point was measured continuously. Creep
stiffness (S) and creep rate (m-value) of the binders were
determined at several durations of loading ranging from 8 to
240 s [18].The creep stiffness is an indicator of the specimen’s
ability to resist the constant creep load and the creep rate is
the rate at which the creep stiffness changes with loading time
[16]. For an adequate low-temperature cracking resistance,
the creep stiffness must be less than 300MPa and them-value
must be greater than 0.3 to be in compliance with Superpave
specification [19].

3. Results and Discussions

3.1. FTIR Spectroscopy. In Figure 1, the normalized FTIR
spectra (the band at ] ≈ 720 cm−1 has been used as internal
standard) of the virgin LDPER and 𝛾-LDPER are shown. As
can be seen from Figure 1, there is no significant difference
in position and intensity of the main absorption bands at ] ≈
720, 1022, 1373, and 1466 cm−1, which are the characteristics
for vibrations of C–C and C–H bonds of hydrocarbon chain
of virgin LDPE and 𝛾-LDPER. However, the new peaks
are additionally observed at ] ≈ 1091, 1175, 1549, and
1657 cm−1 in the spectrum of 𝛾-LDPER accompanied by
decreasing intensity of the peaks at 1239 cm−1 and 1739 cm−1.
These new peaks evidence formation of unsaturated bonds in
macromolecular chains of gamma-irradiated LDPE (the peak
with maximum at ] ≈ 1657 cm−1 corresponds to the non-
conjugated C=C bond) that is occurred as a result of high-
energy action of the gamma-rays on LDPE. At irradiation
treatment free radicals appear at breakage of polymer chains,
which can then transform to different groups and bonds
including formation of double bonds (>C=C<). Certainly,
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Figure 2: (a) 50X magnification, (b) 200X magnification, and (c) 500X magnification.

Table 2: Characteristic properties of base and 𝛾-LDPER modified bitumens before and after short-term ageing.

Properties
Binder types

Modified Bitumens
Base 1-𝛾-LDPER 3-𝛾-LDPER 5-𝛾-LDPER 7-𝛾-LDPER 9-𝛾-LDPER

Penetration (25∘C; 0.1mm) 195.5 168.8 135 102 83.1 57.2
Softening point (∘C) 38.7 42.5 48.4 64.2 60.3 70.5
Ductility (cm) at 25∘C 103 92 84 77 69 63
Penetration index (PI) −0.73 0.23 1.31 1.85 2.54 3.28

After ageing
Change of mass (%) 0.76 0.68 0.65 0.40 0.37 0.35
Penetration (25∘C; 0.1mm) 102 85.6 125 93.8 76.5 52.5
Retained penetration (%) 52 50.7 92.5 91.9 92 92
Softening point (∘C) 42.7 45.3 49.5 65.1 61.1 66.5
Change in softening point (∘C) 4 2.8 1.1 0.9 0.8 −4

the unsaturated bonds formed in 𝛾-LDPER are reactive
towards the unsaturated bonds of bitumen components that
provides effective reactive compatibilization of the blends of
modifier with bitumen through the chemical reactions of the
surface functional groups of the activated polyethylene and
the double bonds of the bitumen components. In air, the free
radicals formed can react with oxygen forming some oxygen-
containing functional groups in polymer structure (e.g.,
C(O)O– group of organic acids or esters with a maximum
around ] ≈ 1549 cm−1 and –C–O–C– bond in ethers with
an absorption bands around ] ≈ 1091, 1175). These groups
can also contribute to physical-chemical compatibilization of
𝛾-LDPER with bitumen.

3.2. Morphology. The morphology of 𝛾-LDPER modified
bitumen was observed with a fluorescent microscope The
images given in Figure 2 belong to B-9-𝛾-LDPER, the highest
polymer content among the all binders. The surface images
were taken with using different magnification (i.e. 50X, 200X
and 500X). Figure 2(a) shows the texture of the modified
bitumen in general, whereas Figure 2(c) shows a detailed
image on texture and allows observing the phase structure of
the modified bitumen. Two major phases that can be clearly
seen (Figures 2(a), 2(b), and 2(c)) are a continuous bitumen-
rich phase (brown) and a dispersed polymer phase (yellow).
Excluding a few greater particles, the main amount of 𝛾-
LDPER is mostly ranging from 3 to 10 𝜇m in diameter and

is quite well dispersed in bitumen. While modifier particles
with a size greater than 30 𝜇m were not seen generally in
the modified bitumen samples, it can be said that polymer
particles have been swollen by absorbing an amount of
the bitumen content. A third phase (mixed phase) can be
observed in the image taken at the 500X magnification
(Figure 2(c)) formed in interface region obviously due to
chemical bonding between bitumen and gamma-irradiated
polymer particles.

3.3. Conventional Bitumen Test. In order to understand the
effect of 𝛾-LDPER additives on physical properties of the
bitumen, conventional tests were conducted. The results,
including both before and after short-term ageing, are given
in Table 2. As can be seen, penetration decreases continuously
with increasing amount of 𝛾-LDPER polymer content.

Hence, B-9-𝛾-LDPER binder has the lowest penetration
value with 57.2. Softening point test results support penetra-
tion results, as it increases with increasing 𝛾-LDPER polymer
content. These physical tests results point out a significant
increase in stiffness of the bitumen with increasing amount
of the polymer modifier. There is no specification limits for
ductility, it is generally expected to be higher than 100 cm.
Consequently, decreasing ductility means, binders become
more brittle with increasing amount of 𝛾-LDPER modifier.

The PI values increase progressively from −0.73 to 3.28,
as modifier content increases that signifies 𝛾-LDPER polymer
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Table 3: Viscosity values of the of base and 𝛾-LDPER modified bitumens.

Binder types Rotational viscosity (cP) 𝜂modified/𝜂pure Temperature range (∘C)
135∘C 165∘C 135∘C 165∘C Mixing Compaction

B 202.5 65.5 1 1 135–142 122–128
B-1-𝛾-LDPER 250 80 1.23 1.22 142–148 129–135
B-3-𝛾-LDPER 380 122.5 1.88 1.87 152–159 139–145
B-5-𝛾-LDPER 702.5 208 3.47 3.18 165–171 154–159
B-7-𝛾-LDPER 798 330 3.94 5.04 187–195 170–177
B-9-𝛾-LDPER 1286 435 6.35 6.64 189–195 175–181

modified bitumen can be used in a wider temperature range
than base bitumen.

The tests performed on aged samples reveal that 𝛾-
LDPER additives have a positive effect on ageing properties
of bitumen, as mass loss of the bitumen diminishes. Further-
more, the results of all the samples are within the limitation
of change of mass (i.e., 1%). After short-term ageing, the
retained penetration tends to increase as 𝛾-LDPER content
increases which shows that increasing polymer content helps
to diminish the effects of ageing on bitumen binders.

3.4. Rotational Viscosity Results. Rotational viscosities per-
formed at 135 and 165∘C for base and 𝛾-LDPER modified
bitumens are shown in Table 3. For all the samples, mixing
and compaction temperatures were determined from the vis-
cosity versus temperature graph given in Figure 3.The results
reveal a gradual increase in viscosity with modification. As
in the penetration and softening point test, this increasing
in viscosity gives a clear indication of the stiffening effect
of 𝛾-LDPER modification. Modification indices, which can
be calculated as the viscosity of modified bitumen divided
by the viscosity of base bitumen, especially have greater
values for B-5-𝛾-LDPER, B-7-𝛾-LDPER, and B-9-𝛾-LDPER
binders. Calculated mixing and compaction temperatures
for the base and modified binders tend to increase con-
tinuously. Although there are no viscosity values exceeding
the Superpave specifications (i.e., 3000 cP) for both base
and modified bitumen, this increase in mixing and com-
paction temperatures means that the workability of bitumen
considerably decreases. Besides, mixing temperature of B-
7-𝛾-LDPER and B-9-𝛾-LDPER binders reaches 195∘C, which
can be considered as unfavorable result, because it means
that the energy consumption will increase to high levels in
applications.

3.5. Dynamic Shear Rheometer Test. In this study, high-
temperature performances grades of base and modified
bitumenswere investigated bymeans ofDSR tests.The funda-
mental rheological parameters for bitumen such as G∗, 𝛿,
and G∗/sin 𝛿 were also determined for original and aged
samples in this DSR testing program, and the results are
given in Table 4 and Figure 4. Table 4 also contains the
high-temperature performance grades (PG) calculated with
minimum rutting parameter (G∗/sin 𝛿) criteria of 1 kPa for
original samples and 2.2 kPa for aged samples recommended
in Superpave binder specifications. As can be seen, the
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Figure 3:The mixing-compaction temperatures for the base and 𝛾-
LDPER modified bitumens.

values of G∗, the measure of the total resistance of bitu-
men against the deformation subjected to the shear stress,
increase significantly for both original and aged samples with
increasing 𝛾-LDPER modifier content.This result determines
that binders become hardened after 𝛾-LDPER modification.
Therefore, it can be said that the 𝛾-LDPER modified binders
are more durable than original binders against shear stress
deformations.

The phase angle (𝛿) is generally considered to be more
sensitive to the chemical structure than the complex modu-
lus, 𝛿 generally tends to decrease as the amount of modifier
increases, and, therefore, predominantly viscous behavior
with increasing temperatures, 𝛾-LDPER modifier improves
the elastic response of the modified binders.

The effect of 𝛾-LDPER modification on the rheological
parameters (G∗ and 𝛿) leads to an increased rutting param-
eter (G∗/sin 𝛿) of binders that promises an improvement
of the rutting deformation. As values of G∗/sin 𝛿 within
the limitations, DSR test is maintained to the next test
temperatures.

The increased G∗/sin 𝛿 parameters also affect the PG of
the binders.There is a significant increase in PGwith increase
of 𝛾-LDPER modifier, especially content of 5, 7, and 9%. For
instance, high-temperature performance grades step up to
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Table 4: DSR test results of the original and aged of base and 𝛾-LDPER modified bitumens.

Binders Temperature (∘C) G∗ (KPa) 𝛿 (∘) G∗/sin 𝛿 (KPa) Specification limits (Pa) Performance grading

B
Original

52 4.64 86.6 4.65
≥1000

PG 52-Y
58 1.85 87.4 1.85
64 0.766 88.2 0.767

Aged 52 3.06 87.1 3.07
≥2200

58 1.39 87.2 1.39

B-1-𝛾-LDPER

Original
52 2.75 80.7 2.78

≥1000

PG 58-Y

58 1.31 77.3 1.35
64 0.702 72.7 0.735

Aged
52 9.47 82.3 9.56

≥220058 4.07 84 4.10
64 1.88 84.9 1.89

B-3-𝛾-LDPER

Original
52 3.60 85.8 3.61

≥1000

PG 58-Y

58 1.66 85.5 1.66
64 0.843 84.3 0.84

Aged

52 10.6 78.7 10.6

≥220058 4.66 77.9 4.76
64 2.42 74.7 2.42
70 1.25 71.2 1.32

B-5-𝛾-LDPER

Original

52 5.36 81.6 5.42

≥1000

PG 64-Y

58 2.47 79.9 2.51
64 1.27 77.1 1.30
70 0.72 73.4 0.75

Aged

52 16.8 80 17.1

≥220058 7.07 82.4 7.13
64 3.14 83.7 3.16
70 1.52 84.3 1.53

B-7-𝛾-LDPER

Original

52 7.69 84.5 7.72

≥1000

PG 64-Y

58 3.34 85.4 3.35
64 1.62 85.4 1.63
70 0.863 84.1 0.868

Aged

52 20.7 77.7 21.2

≥220058 9.04 80.2 9.18
64 4.26 81.7 4.30
70 2.13 82.3 2.15

B-9-𝛾-LDPER

Original

52 10.3 71.9 10.8

≥1000

PG 76-Y

58 5.37 68.4 5.78
64 3.13 64.6 3.47
70 1.99 60.7 2.28
76 1.33 57 1.59
82 0.881 53.4 1.10

Aged

52 51.4 69.1 55

≥2200

58 25 70.9 26.4
64 13 71.7 13.7
70 5 70.3 5.31
76 2.89 68.2 3.11
82 1.78 65.2 1.96
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Figure 4: Rutting parameter of binders.

Table 5: Creep stiffness and𝑚-value of the binders at a loading time of 60 s and different temperatures.

Binder types Creep stiffness (MPa) m-value Performance grading (PG)
−16∘C −22∘C −28∘C −16∘C −22∘C −28∘C

B 42.13 99.50 199.05 0.479 0.432 0.309 PG Y-28
B-1-𝛾-LDPER 40.71 139.69 219.12 0.381 0.343 0.281 PG Y-22
B-3-𝛾-LDPER 67.61 146.12 228.33 0.325 0.318 0.274 PG Y-22
B-5-𝛾-LDPER 66.93 156.68 248.98 0.324 0.301 0.285 PG Y-22
B-7-𝛾-LDPER 78.77 176.58 — 0.311 0.267 — PG Y-16
B-9-𝛾-LDPER 79.39 143.8 — 0.310 0.263 — PG Y-16

64-Y and 76-Y from 52-Y, when content of the modifier is
5 and 9%, respectively.

3.6. Bending Beam Rheometer Test. In order to study the
influence of polymer additives on the low-temperature creep
responses of bitumen, the bending beam rheometer test was
employed at different loading times of 8, 15, 30, 60, 120, and
240 s and temperatures of −16∘C, −22∘C, and −28∘C. Table 5
contains of compares creep stiffness and m-values obtained
at three temperatures and at a loading time of 60 s. The
creep stiffness values andm-values of the base and 𝛾-LDPER
modified bitumens are also graphed in Figures 5 and 6. As can
be seen, creep stiffness of binders increases with increasing
polymer modifier content. It can be said that this result
was expected, as conventional and rotational viscosity test
results indicate the effect stiffening of 𝛾-LDPER modification.
Although it is known that binders with higher creep stiffness
are not convenient for cold regions, as we can see from
the results, the creep stiffness values of binders obtained
do not exceed Superpave specifications (i.e., 300MPa) at
any test temperatures. As to m-value, there is a trend to
exceed limitations with increasing polymer modifier content.
Consequently, binders of B-7-𝛾-LDPER and B-9-𝛾-LDPER
are failed at −22∘C to remain within specifications (i.e.,
0.3) whereas the rest of the binders step up to next testing

temperature. However, any of the binders were not able
to provide m-value specification at −28∘C excepting base
bitumen. Since creep stiffness is within the limitations, m-
values determine the low-temperature performance grade
of binders. Hence, there is a slightly decreasing trend in
low-temperature performance grades as polymer modifier
content increases. As can be seen from Table 5, it steps down
to −22 and −16 from −28∘C, as polymer modified content is
increased to 1% and 7%, respectively.

3.7. The Effect of 𝛾-LDPER on Performance of Modified
Bitumen. As it was discussed above, 𝛾-LDPER has positive
the effect on high temperature performance grades, while
it decreases slightly low temperature performance grades.
Thus, in order to clarify the total effects of 𝛾-LDPER on the
performance and to recommend for optimum usage of 𝛾-
LDPER in bitumen, Table 6was prepared to showdependence
of the modifier content on failure temperatures of binders for
DSR andBBR test. Table 6 also contains the PGof the binders.

The results indicate that, the improvement at high tem-
peratures can be seen clearly at even low polymer modifi-
cation. For instance, B-1-𝛾-LDPER, which is able to be used
in regions with a wider temperature range, as improvement
of the binder, is 4.53∘C. As content of polymer modi-
fier increases, the improvement also continues to increase.
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Table 6: The effect of 𝛾-LDPER on high and low service temperatures and on performance grade (PG).

Binder types Fails at
HT (∘C)

Fails at
LT (∘C)

HT (∘C)
improvement

LT (∘C)
decrement Improvement/decrement Performance grading (PG)

B 54.3 −28.78 — — — PG 52-28
B-1-𝛾-LDPER 61 −26.61 6.7 2.17 4.53 PG 58-22
B-3-𝛾-LDPER 63.5 −24.45 9.2 4.33 4.87 PG 58-22
B-5-𝛾-LDPER 66.9 −22 12.6 6.78 5.82 PG 64-22
B-7-𝛾-LDPER 68.6 −20.5 14.3 8.28 6.02 PG 64-16
B-9-𝛾-LDPER 80.5 −17.95 26.2 10.83 15.37 PG 76-16

300

200

100

0

Cr
ee

p 
sti

ffn
es

s,
S

(M
Pa

)

−16 −22 −28
Temperature (∘C)

B

B-3-𝛾-LDPER

B-1-𝛾-LDPER

B-5-𝛾-LDPER
B-7-𝛾-LDPER
B-9-𝛾-LDPER

Max. 300 MPa

Figure 5: Creep stiffness values of the base and 𝛾-LDPER modified
bitumens.

−16 −22 −28
Temperature (∘C)

B

B-3-𝛾-LDPER

B-1-𝛾-LDPER

B-5-𝛾-LDPER
B-7-𝛾-LDPER
B-9-𝛾-LDPER

0.5

0.4

0.3

0.2

0.1

0

m
-v

al
ue Min. 0.3

Figure 6:m-values of the base and 𝛾-LDPER modified bitumens.

Thereby, temperature improvement of B-3-𝛾-LDPER and B-
5-𝛾-LDPER binders rises up to 4.87 and 5.82∘C, respectively.
B-9-𝛾-LDPER has the largest improvement with 15.37∘C.
However, although failure temperatures are more precise
than PG classifications, it is necessary that analyzing the
effect of the polymer modifier by using both the failure
temperatures and PG.

The PG of the base bitumen was found as PG 52–28,
whereas B-1-𝛾-LDPER was a binder of PG 58–22. It can

be understood that there is no improvement since high-
temperature performance grade steps up to one level (52 to
58) while the decreasing in the low-temperature PG is the
same (−28 to −22). However, in fact, as can be seen above
there is an improvement in terms of failure temperatures.

B-3-𝛾-LDPER has the same PG (58–22) with B-1-𝛾-
LDPER, whereas B-5-𝛾-LDPER has PG 64–22, which indi-
cates there is an improvement in terms of both failure
temperatures and PG. As for B-7-𝛾-LDPER, low-temperature
performance grading steps down to two level compared with
base bitumen (−16), thereby B-7-𝛾-LDPER has a poorer PG
than B-5-𝛾-LDPER. The B-9-𝛾-LDPER has the biggest PG
(76–16) along all the binders due to vast high-temperature
improvement. It might be interpret as a benefit; however, this
stiffening effect causes some problems in application while
binder is being mixed and compacted. Nevertheless, it is
undesirable due to high energy consumptions, as discussed
in RV results.

Consequently, in spite of gradual increasing in temper-
ature improvement as polymer content increases, as can be
seen B-7-𝛾-LDPER and B-9-𝛾-LDPER have a lower temper-
ature grade of −16 that also indicates that there must be a
limitation to the usage of 𝛾-LDPER. According to the rheo-
logical test (DSR and BBR), and considering RV results it can
be suggested that the usage of 𝛾-LDPER polymers as modifier
in bitumen with content of 5% as B-5-𝛾-LDPER has the most
stable results due to the previously mentioned reasons.

4. Conclusion

𝛾-LDPER modified bitumen has been investigated by means
of conventional, chemical, andmechanical tests. It was found
that the rheological properties of bitumen are enhanced
with 𝛾-LDPER polymer modification as identified by testing
program. The surface images of the binders obtained with
fluorescence microscopy revealed formation of multiphase
system with bitumen continuous phase, 𝛾-LDPER dispersed
phase, and mixed phase (interfacial layer), which is a sign
of the presence of chemical bonding between bitumen and
gamma-irradiated polymer particles.

FTIR spectroscopy confirmed the appearance of reactive
(>C=C<) bonds in 𝛾-LDPER macromolecules after gamma
irradiation of the LDPER. Conventional tests, such as pen-
etration and softening point, indicate a significant increase
in stiffness of the bitumen with increasing amount of the 𝛾-
LDPER modifier.
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After short-term ageing by means of RTFOT, all the
modified binders are within the Superpave limitations. Fur-
thermore, 𝛾-LDPER polymer has a positive effect on bitumen
ageing. In addition to the observed stiffening effect of 𝛾-
LDPER on bitumen, RV test results also suggest that using 𝛾-
LDPER as modifier more than 5% in bitumen can cause some
mixing and compacting problems in applications.

The results obtained from the DSR tests show that 𝛾-
LDPER modifier provides an increased complex shear mod-
ulus (G∗) values and rutting parameters (G∗/sin 𝛿) and
decreased phase angle (𝛿) values which means the 𝛾-LDPER
modified binders aremore resistant against rutting compared
to the base bitumen.This improvement also affects the PG of
the binders that increases gradually with increasing modifier
content. However, there must be a limitation for the usage
of the 𝛾-LDPER polymer due to BBR results that indicate an
increasing creep stiffness and decreasingm-value as polymer
content increases.

Consequently, in this paper, with taking into account the
rheological tests and RV results, it was suggested that the
optimum usage of 𝛾-LDPER is 5% by weight of bitumen.
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Poly-𝜀-caprolactone (PCL) is a biodegradable polyester that has received great attentions in clinical and biomedical applications as
sutures, drug delivery tool, and implantable scaffoldmaterial. Silica aerogel is amaterial composed of SiO

2
that has excellent physical

properties for use in drug release formulations and biomaterials for tissue engineering. The current study addresses a composite
of silica aerogel with PCL as a potential bone scaffold material for bone tissue engineering. The biocompatibility evaluation of
this composite indicates that the presence of silica aerogel effectively prevented any cytotoxic effects of the PCL membrane during
extended tissue culture periods and improved the survival, attachment, and growth of 3T3 cells and primary mouse osteoblastic
cells.Thebeneficial effect of silica aerogelmay be due to neutralization of the acidic condition that develops during PCLdegradation.
Specifically, it appears that silica aerogel to PCL wt/wt ratio at 0.5 : 1 maintains a constant pH environment for up to 4 weeks and
provides a better environment for cell growth.

1. Introduction

Poly-𝜀-caprolactone (PCL) is one of the polyester polymers
that possess several advantages including benign biocompat-
ibility, low cost, biodegradability, and easy fabrication. Pre-
vious studies have suggested that PCL was a good candidate
biomaterial for cartilage tissue engineering in terms of cell
attachment, proliferation, and matrix production [1–4]. Pos-
itive effects of PCL composites on osteoblasts when using as
bone graft substitute have also been demonstrated [3, 5–7].
In addition, PCL has been investigated for reconstruction of
many other tissues such as skin, nerve, and retina [8]. The
major drawback to the use of PCL as tissue scaffold is the
production of an acidic environment during the PCL degra-
dation process, which may influence the local microenviron-
ment and cell viability.

Aerogels are materials with extremely high porosity and a
high surface area [9].They are usually produced by supercrit-
ical extraction of a stable gel using sol-gel technology [10, 11].
Aerogels have useful properties such as high heat insulation
[12, 13], low refractive index [14, 15], and dielectric constant
close to gas properties [16, 17]. For the past decade, aerogels
have gained increased attention in the biomedical field as a
potential tool for targeted drug delivery systems [18–20]. Sil-
ica aerogel is amaterial composed of SiO

2
with physical prop-

erties that include (1) amorphous properties with extremely
low bulk density (0.003–0.35 g/cm3), (2) optical transparency
that facilitates the identification of captured material(s)
within the aerogel, (3) high thermal insulation, and (4) light
weight. Silica aerogel exhibits a high surface area with a struc-
ture comprised of three-dimensional beaded connections of
silica particles with several nanometers in diameter, forming
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uniform pore sizes of tens of nanometers in diameter [21].
Silica-based bioglass has been successfully used for bone-
filling material in orthopedic surgery and dental care [22–
24]. Hench et al. [25] first reported the development of 45S5
Bioglass in 1971, which contained the following compositions:
45wt.% SiO

2
, 24.5 wt.% Na

2
O, 24.5 wt.% CaO, and 6wt.%

P
2
O
5
(46.1 SiO

2
, 24.4 Na

2
O, 26.9 CaO, and 2.6 P

2
O
5
mol%).

Subsequently, various systems of silica bioglasses have been
described for wide applications in regenerative medicine
including bone graft substitutes [26–31]. Using a rat model,
Sabri et al. tested the biocompatibility properties of a polyurea
cross-linked silica aerogels implant as a potential biomaterial
for biomedical applications [32].

Our long-term goal is to develop a biocompatible bone
graft substitute with seeding cells. The current study will test
our hypothesis that the addition of the basic silica aerogel in
the composite scaffold can neutralize the acidic environment
and promote cell survival and growth. Specifically, silica aero-
gel + PCL membranes were fabricated with various contents
of silica aerogel, and in vitro tests were performed to evaluate
their degradability, cell biocompatibility, and cytotoxicity.

2. Materials and Methods

2.1. Silica Aerogel/PCLMembranes Preparation. Silica aerogel
was prepared as described previously [11]. In brief, 1mL of
silica sols (pH= 10, ShanghaiHengxin Chemical Reagent Co.,
China) was mixed with 2mL of ethanol. The mixture was
stirred and heated at 50∘C for 5 hours followed by addition
of another 2mL of ethanol to the mixture. The mixture was
then heated at 60∘C for 24 h. After adding 0.4mL of tetraethyl
orthosilicate (TEOS) and 2mL of ethanol, the mixture was
further heated at 70∘C for 48 hours. The pulverized silica
aerogel was obtained at the end of the heating process.

The silica aerogel/PCL composite membranes were fab-
ricated at silica aerogel to PCL (Mn 80000, Sigma-Aldrich
Chemicals, St. Louis, MO) wt/wt ratios of 0 : 1 (sample A),
0.125 : 1 (sample B), 0.25 : 1 (sample C), or 0.5 : 1 (sample D).
Briefly, 1 g of PCL was dissolved in 10mL of tetrahydrofuran
(Sigma-Aldrich) followed by mixing silica aerogel powders.
The mixture was then cast into petri dishes at room tem-
perature. After evaporation of the solvent overnight at room
temperature, the silica aerogel/PCL membranes were placed
under vacuum for 5 h at room temperature to remove tetrahy-
drofuran residue.

2.2. Determination of pH Changes in Solutions Soaking Silica
Aerogel/PCL Membranes. The composite membrane pieces
(10mm × 5mm × 0.04mm) with various silica aerogel, PCL,
ratios were immersed, respectively, in 5mL of distilled water
for up to 4 weeks. pH values of the immersion water from
different samples were tested every 7 days using a pH meter
(model AB15, Fisher Scientific).

2.3. Cell Cultures. The 3T3 cells (ATCC, Manassas, VA) were
cultured in Dulbecco’s modified eagle’s medium (DMEM)
supplemented with 5% fetal bovine serum (FBS) (Invitrogen,
Grand Island, NY), 2mM glutamine (Invitrogen), 100U/mL

penicillin (Invitrogen), and 100 𝜇g/mL streptomycin (Invitro-
gen) at 37∘C with 5% CO

2
atmosphere.

Primary osteogenic cells were induced from mouse bone
marrow mononuclear cells isolated by density centrifugation
over Histopaque-1083 (Sigma-Aldrich, USA), as detailed
previously [33, 34].The cells were cultured in completemedia
consisting of DMEM supplemented with 10% FBS, 10mM 𝛽-
glycerol phosphate (Sigma-Aldrich), 10−4M L-ascorbic acid
(Sigma-Aldrich), 10 nM dexamethasone (Sigma-Aldrich),
2mM glutamine, 100U/mL penicillin (Invitrogen), and
100 𝜇g/mL streptomycin. Cells were subcultured when con-
fluence and the 3rd passages of the cells were used for the
biocompatibility studies. Over 90% of the induced osteoblas-
tic cells were able to express alkaline phosphatase (ALP)
and osteocalcin (established techniques in the lab, data not
shown) [34, 35].

2.4. Biocompatibility Evaluations on Cells with the Silica
Aerogel/PCLMembranes. At 90% confluence, 3T3 cells or the
primary osteoblastic cells were subcultured in each well of a
24-well plate at 104 cells/well with the testing materials (in
16mm diameter disc) for up to 7 days. Cells cultured without
testing composite material were kept as nontreated controls.
At day 4 or day 7, a cell proliferation assay (MTT assay)
was performed as described previously [36]. Briefly, 100𝜇L
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, Aldrich-Sigma) at 5mg/mL in PBS was added into
each well for 6 hour incubation, followed by 10% sodium
dodecyl sulfate (SDS) treatment at 37∘C overnight. 200𝜇L of
supernatant from each well was transferred to a 96-well plate
the next day to read at 590 nm wavelength on a SpectraMax
Plus 384 microplate spectrophotometer (Molecular Devices,
Sunnyvale, CA). For cell viability estimation, the lactate
dehydrogenase (LDH) assay was performed, using a CytoTox
96 Non-Radioactive Cytotoxicity Assay kit (Cat no. G1780,
Promega, Madison, WI). LDH activity in the culture media
and the lysed cells was, respectively, assayed by colorimetric
reaction with the substrate provided in the kit. The optical
density (OD) values were recorded spectrophotometrically at
490 nm; the cell viability and cytotoxicity were calculated by
relativemediumLDH level over the cell lysis LDH as stated in
the vendor’s protocol.

2.5. Cytotoxicity Potential of the Eluted Solutions from the Sil-
ica Aerogel/PCL Membranes. Testing membranes (10mm ×
10mm) were immersed in 333𝜇L culture medium in a sterile
test tube at 37∘C.The culture medium was collected 24 hours
later (as day 1 releasemedium), and the same amount (333 𝜇L)
of fresh medium was added to the tube. The same procedure
was repeated everyday to obtain day 2 to day 8 release media.

3T3 cells were seeded in a 96-well plate at 104/100 𝜇L
medium/well for 24 h in an incubator (37∘C, 5% CO

2
in

air) before introduction of the membrane release media
(100 𝜇L/well). Fresh culturemediumwithout releasemedium
was used as a control. Cells were then incubated at 37∘C,
5% CO

2
for 72 h, followed by adding 20𝜇L MTT (5mg/mL)

in each well. The MTT was replaced after 6 h incubation by
200𝜇L of 10% SDS, and the cells were incubated overnight
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Figure 1: The pH values of the distilled water over the time (in
weeks) with sample A (silica aerogel to PCLwt/wt ratio 0 : 1), sample
B (silica aerogel to PCL 0.125 : 1), sample C (silica aerogel to PCL
0.25 : 1), and sample D (silica aerogel to PCL 0.5 : 1). ∗𝑃 < 0.05.

at 37∘C, 5% CO
2
. The next day, these 96-well plates were read

at a 590 nm wavelength on a microplate photospectrometer
(Molecular Devices). The OD values were recorded for cyto-
toxicity index determination. Cytotoxicity index of the sam-
ples was calculated by normalizing theMTT assay valueswith
the proliferation data of the nontreated cells:

Cytotoxicity Index

= 100 − (
sample’s OD value

mean OD value of controls
× 100) ,

(1)

while the cytotoxicity index would be 0 if the sample OD
value/controls mean OD value was larger than 0.7, suggesting
no cytotoxic influence.

2.6. Scanning Electron Microscope (SEM) Assessment. Pri-
mary osteoblastic cells at 105/mL were cultured on the testing
materials in a 24-well plate at 37∘C, 5% CO

2
for 4 days. The

samples were then fixed in 1.5% glutaraldehyde (Fisher Scien-
tific, USA) and 2% osmium tetroxide (Sigma-Aldrich, USA),
followed by dehydration in series of ethanol. The samples
were left air dry for 4 hours under a laminar flow hood before
sputter coating with gold and observed using a S-2400 Hita-
chi scanning electron microscope at 15 kV.

2.7. Statistical Analysis. The results were expressed as arith-
meticmean and standard deviation of six separate samples for
each test and control group, with total of three independent
experiments. Statistical analysis between groups was per-
formed by single factor analysis of variance (ANOVA) test,
with the LSD formula for post hoc multiple comparisons
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Figure 2: MTT assay was performed to assess the survival and pro-
liferation of 3T3 cells when exposed to the testingmaterials (samples
A–D). Significantly cell growth was observed in sample D (silica
aerogel to PCL wt/wt ratio 0.5 : 1) at day 7 in comparison with other
groups (∗𝑃 < 0.05).

(SPSS v16, Chicago, IL). A 𝑃 value of less than 0.05 was con-
sidered as significant difference.

3. Results

3.1. pH Changes following Silica Aerogel/PCL Membranes
Immersion in Distilled Water. Figure 1 summarizes the pH
changes during the immersion test over a period of 4 weeks.
The results clearly showed that an increase in the silica aerogel
ratio in the composite correlated with the elevation of pH.
While the pH values of the distilled water immersed with
samples A, B, and C progressively declined over the extended
time period, the SiO

2
-PCL composite at 0.5 : 1 ratio (sample

D) sustained in thewater for up to 4weekswithout significant
pH changes, and the data were statistically significant at 2, 3,
and 4 weeks when compared to samples A and B (𝑃 < 0.05).

3.2. Biocompatibility of Silica Aerogel/PCL Membranes. The
MTT assay indicated a level of cell growth inhibition dur-
ing the early days of culture with the high silica aerogel
composite (sample D), in comparison with other testing
materials (Figure 2). However, it appeared that increasing the
SiO
2
ratios (samples B–D) positively correlated with the cell

survival at the 7-day cultures (𝑃 < 0.05, Figure 2). LDH
assay on the primary osteoblastic cell cultures clearly showed
improved cell survival when exposed to the membranes with
higher silica aerogel ratios (𝑃 < 0.05, Figure 3). The SEM
observations correlated with the results of the proliferation
and cell survival assays in that significantly more primary
osteoblastic cells were attached on the surface of sample D
compared to those on samples A and B after 4-day culture
(𝑃 < 0.05, Figure 4).
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Figure 3: LDH assay was performed to evaluate the viability of the primary osteoblastic cells when exposed to the testing materials (samples
A–D). While the cell death rate was low on all the groups at early days, elevated cell death was observed on samples A to C after 7-day culture
except in the sample D group (∗𝑃 < 0.05).
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Figure 4: Representative SEM images of the primary osteoblastic cells cultured on the testing materials for 4 days: panel (a): sample A, panel
(b): sample C, and panel (c): sample D. Panel (d) summarizes the cell numbers per mm2 membrane on each group, using a computerized
image analysis system (∗𝑃 < 0.05).
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3.3. Cytotoxicity Effects of the Elution Products from the Sil-
icaAerogel/PCLMembranes. MMT-based cytotoxicity assays
were performed to assess the influence of the release media
from the composite materials on the viability and growth of
3T3 cells. While there were no cytotoxic effects of the testing
materials at the first 4 days elution, media from samples A, B,
andC started to inhibit the cell growth after the 5-day immer-
sion (Figure 5). However, the media from sample D (high
SiO
2
to PCL ratio membrane) immersion remained nontoxic

for at least 8 days (𝑃 < 0.05, Figure 5).

4. Discussion

When developing a biomaterial scaffold for tissue engineer-
ing, it is desirable that the local microenvironment be main-
tained at pH 7.2–7.4. Since the acidic degradation product of
PCL restrains the growth of cells or tissues, we hypothesize
that addition of silica aerogel to PCL to form a PCL-silica
aerogel composite material may neutralize the acidic condi-
tion that results from degradation of PCL and thus optimize
the tissue repair microenvironment to allow cell growth and
tissue regeneration. The data in this experiment is consistent
with our hypothesis, showing that an increase in the ratio of
SiO
2
resulted in an elevation and stabilization of the environ-

mental pH, particularly for a silica aerogel to PCL wt/wt ratio
of 0.5 : 1.

In vitro assays were performed in this study to evaluate
the biocompatibility of the silica aerogel-PCL membranes.
NIH3T3 cells are standard fibroblastic cells which represent
the most common cells in various connective tissues and
have been broadly used for in vitro determination of general
biocompatibility of potential biomaterials, including in bone
scaffold research [31, 37]. Primary osteoblastic cells were also
used as a targeted cell type for bone graft substitutes. It is note-
worthy that the presence of silica aerogel decreased the prolif-
eration of the cells on themembranes during the early culture
period, but the division rate of cells on themembranes recov-
ered quickly and improved with the increase of silica aerogel
amounts in the composite membranes. PCL, as one of the
most popular synthetic polymers in tissue engineering and
regenerative medicine, appears to be biocompatible yet not
very intrinsic osteoinductive by itself [34, 38, 39]. In the cur-
rent study, significant cell cytotoxicity was found in cultures
on PCL alone and the lower ratios of SiO

2
composite starting

around day 5, suggesting that a suboptimal environment such
as lower pH for cell survival was developed at this stage.
However, cell viability and proliferation on the sample with a
high ratio of SiO

2
weremaintainedwithout overt cytotoxicity.

It is apparent that the acidic degradation products of PCL
were responsible for the inhibition of the cell growth, since
the cell viability of PCL alone was approximately half of the
values compared to the nonmaterial controls (Figure 2). The
presence of silica aerogel neutralized the acidic condition and
maintained the appropriate growth of cells. SEM revealed a
significantly larger number of cells growing on the surface of
sample D (Figure 4(c)). Cell quantification indicated that the
cell attachment correlated with the increase of SiO

2
ratios in

the composite membranes.
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Figure 5: Cytotoxicity index was calculated based on MTT assay
values to assess the cytotoxic influence of the release product from
the testingmaterials (see Section 2 for calculation formula). Delayed
cytotoxic effects were obvious on the texting samples except sample
D (∗∗𝑃 < 0.01).

5. Conclusions

Thedata suggest that the presence of silica aerogel in the silica
aeregel/PCL compositemay inhibit the cell growth to aminor
extent during the initial culture period, but neutralization of
the acidic condition at the extended culture period is benefi-
cial in maintaining and stimulating the ultimate cell survival
and growth. The study provides intriguing information of
the silica aerogel/PCL composite, and further investigation
is underway to characterize its properties in animal models
for bone and cartilage tissue repair/engineering, as well as the
cellular and molecular mechanisms that may be involved in
the regulation of the cell survival and proliferation under the
presence of the biomaterial components.
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Concretes consisting of portland cement (OPC), silica sand, gravel, water, and recycled PET particles were developed. Specimens
without PET particles were prepared for comparison. Curing times, PET particle sizes, and aggregate concentrations were varied.
The compressive strength, compressive strain at yield point, and Young modulus were determined. Morphological and chemical
compositions of recycled PET particles were seen in a scanning electron microscopy. Results show that smaller PET particle sizes
in lower concentrations generate improvements on compressive strength and strain, and Young’s modulus decreases when the size
of PET particles used was increased.

1. Introduction

Polyethylene terephthalate (PET) is one of the most used
materials in the packaging of several kinds of products. The
packagesmade with PET are light, transparent, and with high
resistance to impact, they do not interact chemically with the
contents, and they are not toxic. All these characteristics have
made them gain presence in the polymer market and earn a
major presence in the global industry. The growth demand
in Mexico has been estimated 13% annually since 2000 [1].
Mexico has become the first per capita market of water
packaged in PET bottles around the world. The annual aver-
age consumption per person is 234 liters; it means 13% of
water sold in the whole world via PET bottles takes place in
Mexico.

During 2009, the massive PET disposal in Mexico has
reached more than 7800 million of nonreturnable bottles,
because the nonbiodegradability nature of this material and
the solid handle materials in all state jurisdictions have expe-
rienced an important impact. Approximately, 21.3 million
bottles will be used every day by consumers; it is estimated
that only 20% of these bottles will eventually reach the
facilities for recycling solid, and the rest will be accumulated
in rubbish dumps [2].

PET recycling consists in the transformation of bottles
through two different kinds of processes: (1) mechanical pro-
cess is the most employed physical process to recycle PET. It
has three stages that include separation, washing, and grind-
ing of containers.With this process, PET flakes produced can
be directly employedwithout the need of being reprocessed as
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pellets in the creation of products by injection or extrusion;
(2) chemical process consists of the separation of the basic
components or monomers.Themethanolysis, glycolysis, and
hydrolysis are the elemental processes to achieve this trans-
formation.

One transcendental alternative to recycling PETmaterials
consists of using them as substitute of concrete aggregates.
Due to demands of technological development in the con-
struction area, the possibility for generating alternative mate-
rials that can be applied with increasing functionality, low
costs, and better physical, chemical, and mechanical proper-
ties than conventional materials is being explored [3–5].

Fiber-reinforced concrete represents the current ten-
dency to apply more efficient crack-resistant concrete. For
instance, PET has been widely used to produce fibers, par-
ticles, or flakes to obtain cement-based products with
improved properties [6, 7]. Several studies using reinforced
concrete with polymer fibers like polypropylene, polystyrene,
polyethylene terephthalate, and polyethylene have evidenced
variation of concrete properties according to the nature and
size of the aggregate [8, 9].

Referring to environmental aspects, Rebeiz concludes
that the inclusion of recycled PET can help diminish the pro-
duction costs of concrete allowing long term disposal of
plastics [10].

The effects of light aggregates of recycled PET in rein-
forced concrete were analyzed by compression, tension resis-
tance, elasticity module, and density. Choi et al. concluded
that 28-day compression index using a PET concentration
of 75% diminishes approximately by 33% compared to plain
concrete; however workability improves by 123% [11].

Another research showed that replacement of sand with
less than 50% by volume with 5mm granulated PET affects
neither compression nor flexion strength [12]. Ochi et al.
describe a method that can be used to produce concrete-
reinforcing PET fiber from used PET bottles. By using this
method, concrete and PET fibers are easily mixed with fiber
contents as high as 3% [13].

Fibers with lengths of 10, 15, and 20mm and volume
fractions of 0.05, 0.18, and 0.30% related to the volume of
the concrete were used. Physical and mechanical characteri-
zations of concrete were performed, including determination
of compressive strength, flexural strength, Young’s modulus,
and fracture toughness, as well as pore analysis usingmercury
intrusion and scanning electron microscopy. Flexure and
impact tests were performed after 28 and 150 days. No signifi-
cant effects on compressive strength andmodulus of elasticity
were observed with the addition of fibers [6]. Moreover,
Young’s modulus decreased as fiber volume increased. At
28 days, concrete flexural toughness and impact resistance
increased with the presence of PET fibers, except for the
sample with 0.05% by volume [6].

Other authors havemade preliminary analysis of concrete
reinforced and waste polyethylene terephthalate as an aggre-
gate [14–16].

In the present paper, compressive strength and Young’s
modulus of cement-based materials with recycled PET were
evaluated. Particle sizes and concentrations of recycled PET
were obtained from waste bottles.

Table 1: Sieve analysis of silica sand (Fineness modulus = 1.59).

Sieve size
(number) Retained (g) % Retained

(individual)
% Retained
(cumulative)

16 0 0 0

30 79.0 29 29

50 74.9 27 56

100 52.4 19 75

200 36.9 13 88

Bottom tray 33.7 12 100

Table 2: Sieve analysis of gravel.

Sieve size (in) Retained (g) % Retained
(individual)

% Retained
(cumulative)

3/4 0 0 0

3/8 20.3 2 2

4 902.8 91 93

8 57.8 6 99

Bottom tray 7 1 100

2. Materials and Methods

2.1. Specimen Preparation. Before preparing concrete spec-
imens, one set of PET flakes was obtained from recycled
PET bottles, in three different sizes: 0.5, 1.5, and 3mm, and
was used in concentrations of 1.0, 2.5, and 5.0% by volume;
these values were intentionally selected higher than those
reported in previous investigations in order to avoid problems
concerning homogeneity and workability, even with the use
of plasticizer additives [17].

To obtain PET flakes for being added to concrete, in first
stage, PET bottles were collected and cut. In order to achieve
homogeneous size and make the cutting easy, only the body
was used, excluding the neck and the bottom of them. First
cut provided 50mm long and 5mm width (in average) PET
flakes, and with a second cut, one-fifth of the original size was
obtained. Finally, these flakes were submitted to a grinding
process for one hour, in an SG Granulator model SG-2324E,
and screened for 45 minutes through different sieves (nos.
6, 10, 14, 18, and 35), corresponding to 3.3, 2.0, 1.4, 1.0, and
0.5mm, respectively.

Different mixes were elaborated with portland cement
(OPC); silica sand (1.4mm size); gravel (9.5mm maximum
size), and water. Proportions of components in the mixes
were 1/2.75 for cement/aggregates, with water/cement ratio of
0.485. All materials were mixed according to practice ASTM
C-305 [18]. Sand and gravel aggregates were obtained from
Calimaya county and Tula Hidalgo, Mexico, respectively.

Sieve analysis of silica sand and gravel aggregates is shown
in Tables 1 and 2.

Three different sizes of PET flakes, 0.5, 1.5, and 3.0mm,
were considered for the study, and for each size, three differ-
ent concentrations of recycled PET particles were considered,
1.0, 2.5, and 5.0% by volume as shown in Table 3.
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Table 3: Components of concrete with recycled PET.

PET (vol %) PET (g) Portland cement (g) Silica sand (g) Gravel (g) Water (g) Total volume∗ (cm3)
1.0 3.26 420 914.7 1152 413 1338.9

2.5 8.17 420 909.8 1152 413 1339.9

5.0 16.33 420 901.6 1152 413 1342.8

∗Total volume was calculated considering specific gravity (g/cm3) of each material, as follows: PET (1.45), cement (3.15), silica sand (2.55), gravel (2.67), and
water (1.00).

Table 4: Physical and mechanical properties of PET.

Mechanical properties Units Value
Density lbs/in3

0.0499

Water absorption, 24 h % 0.10

Specific gravity g/cm3
1.38

Tensile strength at break, 73∘F psi 11,500
Tensile modulus, 73∘F psi 4 × 105

Elongation at break, 73∘F % 70

Flexural strength, 73∘F psi 15,000
Flexural modulus, 73∘F psi 4 × 105

2.2. Physical andMechanical Properties of PET. For reference,
some physical and mechanical properties of PET are pre-
sented in Table 4.

After mixing, concrete cylindrical specimens (2.0 diam-
eter and 4.0 long) were molded. After 24 hours, they were
placed in a controlled temperature room (at 23.0 ± 2.0∘C and
95% of relative humidity according to ASTM C/192 M-00)
[19], with the surface exposed to moisture. The moist room
conditions were the same as above, according to ASTMC-511
[20]. It is important to remark that PET flakes replaced silica
sand.

2.3. Mechanical Tests. Compressive strength evaluation of
all concrete cylindrical specimens was carried out in an
universal testing machine model 70-S17C2 (Controls, Cer-
nusco, Italy), according to ASTM C-39M-01 [21], located
at Laboratory of Research and Development of Advanced
Materials (LIDMA) of the Autonomous University of the
State of Mexico (UAEM). Specimens were tested after 7 and
28 days of moist curing. Testing tolerance allowed for the
specimens was 7 days ± 6 hours and 28 days ± 12 hours.

2.4. Morphological Characterization. Before mechanical test-
ing, some PET flakes were dried in a rotovapor for 24
hours; then their surfaces, particle size distribution, and
chemical composition were analyzed by a scanning electron
microscopy (SEM) in a JEOL model JSM-5200 machine, in
the secondary-electron mode.

3. Results and Discussion

The composition and morphological surface of recycled PET
particles were evaluated by a scanning electron microscopy

Table 5: Compressive strength values of plain concrete.

Curing time (days) Compressive strength (MPa)
7 19.36

28 26.76

with EDS. The composition shows 72.55% of carbon and
27.45% of oxygen.

Recycled PET particles varying from 134 𝜇m to 1mm
were obtained following a first cutting process of PET bottles
(Figure 1(a)). Applying a continuous cutting process, PET
particle sizes diminish as seen in Figure 1(b), with sizes less
than 100𝜇m. In the present work, we decided to use PET
particles ranging from 0.5 to 3.0mm.

3.1. Compressive Strength. Compressive strength values of
plain concrete are reported in Table 5.

Compressive strength values of concretes made with PET
are shown in Figure 2. Analysis in terms of (a) PET particle
size, (b) PET particle concentration, and (c) curing time
was realized. Values of concrete strength range from 10.0
to 21.3MPa, with a maximum improvement of 40% when
1.5mm PET particles is added. Concretes without PET
particles show moderate values, but when adding different
sizes and volume percentages of PET particles, compressive
strength increases.Moreover, the compressive strength values
increase progressively for curing times ranging from 7 to 28
days given the condition that PET particle sizes do not exceed
1.5mm as found in this investigation. Such behavior can be
related to the presence of non degradable material (PET),
which in principle can reduce the cement hydration. This is
based on results, due to the fact that compressive strength at
7 days is less than the one obtained at 28 days.

According to PET particle size, the values are higher
for concrete with 1.5mm PET particles and lower for those
with 3.0mm PET particles. Moreover, the highest values are
obtained for 2.5% by volume of PET particles. As it is known,
the strength of materials can be improved by blending,
insertion of fibers, using fillers, and/or combinations of these
techniques. Smaller particles usually provide more reinforce-
ment.

3.2. Compressive Strain at Yield Point. Results for compres-
sive strain at the yield point are presented in Figure 3. The
values for concretes with PET particles vary from 0.0032
to 0.009mm/mm, higher than standard values for portland
cement (OPC) concrete (0.003mm/mm).
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(a) (b)

Figure 1: SEM images of (a) cut PET and (b) grinded PET.
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Figure 2: Compressive strength of concrete with recycled PET
particles.

Different behaviours for concretes are seen. For concrete
with PET particles of 0.5mmand 1.5mmof size, a continuous
increase of compressive strain as a function of time can
be observed. The highest compressive strain values are for
concrete with 1.5mm PET particles, followed by concrete
with 0.5mm PET particles. Nevertheless, bigger PET particle
sizes (3.0mm) generate lower compressive strain values.

In terms of time dependence, at 28 days of curing time,
a minimum and maximum can be seen when using 0.5mm
or 1.5mm, respectively. The PET particle concentration con-
stitutes a minority component but plays a role in enhancing
the compressive strain values with respect to concrete made
with 3.0mm PET particle size.The values decrease for higher
concentration of PET particles and higher sizes, comparing
results of concrete tested with PET. Thus, higher sizes mean
detrimental values for strain. This can be noticed in Figure 2
where compressive strength shows roughly 40%higher values
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Figure 3: Compressive strain of concrete with recycled PET parti-
cles.

for 0.5 and 1.5mm PET particle sizes than values obtained
for 3.0mm PET particle size. From Figure 2 and results
shown in Table 5, it can be seen that compressive strength
of plain concrete increased by 12% compared to concrete
madewith 1.5mmPETparticle size (whichwas the best result
with PET), and the lowest strength was obtained in concrete
made with 3mm PET particle size (46% compared to plain
concrete).

3.3. Modulus of Elasticity under Compression. Figure 4 shows
modulus of elasticity of concretes under compression; the
values range from 1.1 to 5.2GPa, which means a maximum
improvement of 153% with respect to plain concrete when
PET particles are added. The highest values are for concrete
with 1.5mm PET particles at a concentration of 2.5% by
volume and 28 days of curing time. On the other hand, the
lowest value was obtained with 3.0mm PET particle size, at
a concentration of 5.0% by volume and 28 days of curing
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Figure 4: Modulus of elasticity under compression of concrete with
recycled PET particles.

time. In general, the time dependence of concretes with PET
particles shows maximum values at 28 days.

When analyzing elasticity results depending on PET
particle size, the values are increasing from0.5mm to 1.5mm,
but for 3.0mm the values decrease.

Finally, the highest Young’s modulus was obtained with
0.5mm PET particles and 2.5% by volume of PET in the
concrete mix. For 1.5mm PET particles, Young’s modulus is
quite the same for every dose of PET used (1.0, 2.5, and 5.0%
by volume).

4. Conclusions

As expected, mechanical properties of the concrete depend
on the PET particle size and its concentration. Lower sizes
and concentrations of PET particle create less space in
the concrete, and in consequence the compressive strength
and the compression strain increase and Young’s modulus
decreases when the size of PET particles used was increased.
Whenever less PET size is used in the concrete mix, deforma-
tions tend to be lower but maximum stresses are increased in
magnitude.

The highest compressive strength was obtained for PET
particle sizes of 0.5mm and 2.5% volume and cured for 28
days, while the highest strain values were detected for 1.5mm
and 5.0% volume and cured for 7 days.

On the other hand, in absolute terms, the highest Young’s
modulus was obtained using 0.5mm PET at a 2.5% dose in
the concrete mix. We can also conclude that PET size has
an inverse relationship to the Young’s modulus obtained,
which means as less PET size is used, Young’s Modulus
increases.
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Soil stabilization has been widely used as an alternative to substitute the lack of suitable material on site. The use of nontraditional
chemical stabilizers in soil improvement is growing daily. In this study a laboratory experiment was conducted to evaluate the
effects of waterborne polymer on unconfined compression strength and to study the effect of cement grout on pre-venting of
liquefiable sandy soils.The laboratory tests were performed including grain size of sandy soil, unit weight, ultrasonic pulse velocity,
and unconfined compressive strength test.The sand and various amounts of polymer (1%, 2%, 3%, and 4%) and cement (10%, 20%,
30%, and 40%) were mixed with all of them into dough using mechanical kneader in laboratory conditions. Grouting experiment
is performed with a cylindrical mould of 150× 300mm.The samples were subjected to unconfined compression tests to determine
their strength after 7 and 14 days of curing. The results of the tests indicated that the waterborne polymer significantly improved
the unconfined compression strength of sandy soils which have susceptibility of liquefaction.

1. Introduction

Soil stabilization refers to produce in which a special soil, a
cementing material, or other chemical materials are added
to the liquefiable sandy soils to improve one or more of
their properties. There are two methods to enhance the
properties of sandy soils, one of them is the mechan-
ical stabilization which is mixed the natural soil and sta-
bilizing material together for ob-taining a homogeneous
mixture and the second one is adding stabilizing material
into un-disturbed soils to obtain interaction by letting it
permeate through soil voids [1, 2]. Chemical stabilization
is the modification of properties of a locally available soil
to improve its engineering performance. The two most
commonly used chemical stabilization methods are lime
stabilization and cement stabilization. Additives such as fly
ash and phosphogypsum can be added to the lime soil
and cement soil mixtures to enhance the properties of the
stabilized soil. The use of polymeric materials in setting soil
improvement is growing daily. Unfortunately, little research
has been completed to distinguish between products that
deliver enhanced performance and those that do not. The
nature of soil stabilization dictates that products may provide

soil-specific properties and/or provide compatibility with
environment. In other words, some products may work well
in specific soil types in a given environment but perform
poorly when applied to dissimilar materials in a different
environment. Application of stabilizing agent on soils has a
long history [3]. Cement was first used as stabilizing agent
at the beginning of the 20th century to mix with the soils
and form roadmaterial in the United States. Since thenmany
other materials such as lime [4, 5], organic polymers [6], and
their mixtures [7] have been used as stabilizing agents. Also
several researchers [8–10] have discussed aqueous polymer
applications while others [11–13] have provided useful data on
polymer-soil interactions that determine the effectiveness of
polymer solution in various applications.The objective of this
research is to evaluate the effect of waterborne polymer and
cement on unconfined compressive strength of liquefiable
sandy soils.

2. Materials

2.1. The Properties of Cement. The cement used for the study
is Portland cement labelled CEMI 42.5 R and the properties
of which are given in Table 1.
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Table 1: Properties of the cement.

Properties Values
Grade 42.5 R
Specific gravity 3.17
Fitness (%) 3750
Consistency (%) 1.3
Initial and final setting time (min) 200–260

Table 2: Important physicochemical properties of as-received
emulsion.

Name Vinyl Acrylic-Copolymer watered solution
Physical state Liquid-white colour
Solvability in water Solution
Boiling point 100∘

Viscosity 280
Sparkling point Over 600
Non-self-burning Nonexplosive
Temperature Over 3200
Density (g/cm3) 1.11 (20∘)
PH 4–7.5

2.2. Epoxy Resin. A commercial product of epoxy resin
was used, which is an emulsion synthetic elastic chemical
substance that increases the bound with the substrate as
additive in optimum moisture, as well as the cohesion and
the strength. Amulti component resin grout usually provides
very high-tensile compression and bond strengths. Some
important properties were given in Table 2.

2.3.The Properties of Soil Sample. Locally available sandy soil
was utilized for this study and was obtained from source of
sand inDuzceCity in Turkey. It is necessary for the samples to
be stabilized to lie in the interval of upper and lower borders
on the sieve analysis graph determined by Union of Japanese
Civil Engineers. For this purpose, the gradation of samples
was prepared on the upper and lower borders of sieve analysis
graph to be applied the emulsion according to the Union
of Japanese Civil Engineers. The samples were sieved by the
number of the 8mm, 4.76mm, 2mm, 1mm, and 0.425mm
and the gradation was supplied mixing the grains remained
on those sieves [14, 15].

The grain-size distribution of the soils was presented in
Figure 1. The properties of the tested soils in term of particle
size and sandy soil parameters were given in Table 3.

2.4. Laboratory Studies. This experimental work has been
conducted to investigate the influence of curing time and
percentage of waterborne polymer on the unconfined com-
pression strength of sandy soils in Department of Civil
Engineering, Faculty of Technology in Duzce University. Use
of unconfined compressive strength for soil stabilizers is a
quick and simple test and provides a convenient basis for
comparison between stabilizer types.

Table 3: Engineering properties of sandy soils.

Property Sample
Specific gravity 2.73
Grain size

Gravel (>20mm) (%) 0
Sand (75–20mm) (%) 100
Max. void ratio (𝑒max) 0.77
Min. void ratio (𝑒min) 0.45
Relative density,𝐷

𝑟
(%) 45

Void ratio, 𝑒 (%) 1.024
Optimum moisture content (%) 13
Maximum dry unit weight (g/cm3) 1.92

Soil classification (USCS) S
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Figure 1: Grain size distribution of sandy soils.

Sandy soils with a different rate of cement mixing were
used and various percentages of waterborne polymers were
added to soils to investigate the ultrasonic pulse velocity,
unit weight, and compressive strength of stabilized samples.
The soils were dried before using in the mixtures. First, the
required amounts of polymer as a percentage of dry weight
of sample and cement were blended and then added to dry
soils. The amount of aqueous polymer was chosen as 1, 2,
3, and 4% by total weight of dry sample and the amount of
cement was chosen as 10, 20, 30, 40% byweight of dry sample,
respectively. The mixing sample was placed into the mould.
After 24 hours later, the specimens were taken out of the
moulds and specimens were stored in the curing room at the
temperature ranging from 21 to 25 centigrade and then tested
at 7 and 14 days.



International Journal of Polymer Science 3
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Figure 2: Viev of preparing the specimens in laboratory.

2.4.1. Preparation of the Samples. The preparation of the
soil sample is of great importance for laboratory research.
Because of using polymer which was insoluble in water, in all
experiments, sands were owned dried for 24 hrs to eliminate
sand’s moisture and then specified amount of polymer added
to the dry cement-sand. After completing this treatment, the
specimens were prepared by mixing the polymer with sand
in the loose dry density of 19 kN/m3. The polymer mixture
was developed in to dough using mechanical kneader. The
uniformly mixed dough was subsequently placed into a steel
mold measuring 150mm in height and 300mm in diameter
(Figure 2). Finally, the molded specimens were left to cure at
room’s temperature. Specimens containing 1, 2, 3, and 4wt.%
(% by dry weight) polymer and 10, 20, 30, and 40wt.% (% by
dry weight) cement were prepared using this method. Other
sets of samples were prepared using the same method and
submerged in water to be cured for 7 and 14 days. In the
following stage, the moisture content of the sandy soil was
determined.

2.5. Curing Time. Curing times of 7 and 14 days were used
in this research. Three samples for each curing time were
prepared in order to provide an indication of reproducibility
as well as to provide sufficient data for accurate interpolation
of the results.

2.6. Submerge of Specimens in Water. In this study, each
specimen was arranged vertically in a steel mould and
submerged in. a water tank after the specimen in each steel
mould was allowed to be cured under room temperature.
The specimens submerged in water for 7 and 14 days and
then taken out from the water and tested within 24 hrs of
removal from the soaking reservoir, and their unconfined
compressive strength was recorded.Thus, the effect of curing
period on compressive strength, unit weight, and ultrasonic
pulse velocity of stabilized samples was evaluated.

2.7. Unconfined Compressive Strength Testing. Unconfined
compressive strength testing was performed on all extracted
specimens with a constant stress rate by manually controlled
test machine (Figure 3). A data acquisition system was used
to record the applied load. Each specimen was loaded until
peak load was obtained.

2.8. Ultrasonic Pulse Velocity Testing. The ultrasonic pulse
velocity (UPV) measuring devices can be applied for the

complex investigation of the soil properties (density, porosity,
and strength, as well as its integrity). However, inmany inves-
tigations up to now, there have been frequent references on
the effect of soil stabilization close to the tested product soil
cement mixing as it increases the UPV in soil. To investigate
this issue more comprehensively, the specimens were made,
where soil and cement with polymer of same diameter and
length were assigned. The acoustic velocity wave speed of
a given soil-concrete (that mixing soil is strengthened like
concrete) specimen can easily be obtained with the travel
time of a stress wave and the length of the specimen. The
pulse is sent from the sending transducer to the receiving
transducer through the soil concrete specimen as seen in
Figure 4. The relationship of a specimen’s acoustic velocity is
simply calculated from a time and a length measurement. It
should be noted that cracks, flaws, voids, and other anomalies
within a material specimen could increase time of travel
therefore decreasing thematerials acoustic velocity. However,
assuming the specimen in Figure 4 is free of anomalies, its
acoustic velocity can be calculated simply by sending the
pulse. The length of the specimen is 300mm. Figure 4 shows
typical ultrasonic pulse velocity test procedure.

3. Test Results

For this research, it was desired to evaluate the effectiveness of
the soilsmixedwith stabilizer at dry andwet conditions being
cured after 7 and 14 days. Low to high dosage rates were used
for soils at dry and wet conditions.The stabilizer dosage rates
used for this study were 1, 2, 3, and 4% as polymers and 10, 20,
30, and 40% as cement.

3.1. Effect of Curing Time on Strength. The results of curing
times on unconfined compression strength results were
shown in Figures 5 and 6. The unconfined compression
strength of stabilized samples increases with curing time.
Both specimens containing polymer content of 1–4% by wt.%
and cement content of 10–40wt.%were cured in air andwater
during 7 and 14 days. So, by increasing the polymer contents,
cross-linking between polymer network increased and the
strength of soil increased. The strength of the specimens
containing 3% polymer and 30% cement content at 7 days
of curing time achieved 90% of the 14 days compressive
strength. It is clear from Figures 5 and 6 that compressive
strength of the stabilized soils was increased while increasing
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Figure 3: Arrangement of specimen for compressive test in lab.

Figure 4: Ultrasonic pulse velocity measurement.
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Figure 5: The unconfined compressive strength for specimens in
water.

the curing time in both water and air curing conditions. As
it is expected the effect of water curing on strength is more
effective than air curing.

3.2. Effect of Curing Condition on Strength. Effects of wet con-
ditions on unconfined compression strength stabilized soils
containing polymer and cement were presented in Figure 5.
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Figure 6:Theunconfined compressive strength for specimens in air.

As discussed earlier in this paper, the treated samples were
tested using dry and wet curing conditions to provide an
indication of the material’s moisture content. After 7-day
curing period, placing the specimens in water tank provided
an excellent indicator of the material’s strength under wet
conditions. Strength properties of the specimens that consist
of 20–40wt.% cement and 2–4% polymer content increased
after submerging in water relatively. The reason of increasing
the unconfined compressive strength of specimens is based
on the role of water as catalyst.

3.3. Effect of Cement and Polymer Content on Strength. The
results of unconfined compressive strength on stabilized
soils with 10–40wt.% cement and 1–4wt.% polymer were
presented in Figure 7. Stabilized soils with the 1% polymer
have lower strength than 2, 3, and 4% polymer and could
not record the value of unconfined compressive strength
in this study. For each specimen, the unconfined compres-
sion strength increases with increment cement and polymer
content. This means that the sandy soil becomes hardened
with an increase in the cement content. This phenomenon
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is explained by the fact that the fine grains of cement are
positioned around and among the sand grains; the polymer
covered all of sample’s area.

The unconfined compressive strength increased linearly
with a polymer concentration up to 4wt.% for all of the sandy
soil used. Comparing the performance of the emulsion in.
improving the unconfined compressive strength, it could be
seen that the unconfined compression strength increases with
increment polymer content. This phenomenon is explained
by the fact that an increment in polymer content resulted in
enhancing bondmechanisms of the sand-emulsion interface.
It could be seen that specimens consist of 4 wt.% polymer
gave the highest value for all specimens and specimens consist
of 1 wt.% polymer gave the lowest values that furthermore
the values could not be recorded for polymer at a rate of 1%
successively. The unconfined compressive strength value of
sand at 2 and 4wt.% polymer content was 5.21 and 13.83MPa,
respectively, which are more than 100% increased.

The results obtained in the simple compression tests at
7 days have shown an increase in the strength of the sta-
bilized material against the natural material whose strength
was 10.65MPa. The increases in strength obtained were
proportional to the amount of polymer added, except for
combination of 1% which reached 5.12MPa, only achieved
by the combination of 2–4%. This has been interpreted as a
result of the combination of the effect of the polymer matrix,
not modified by low addition of polymer (at a rate of polymer
1%), and, on the other hand, the binding effect of the polymer.
For content of 2% and upwards may modify the cement
matrix. Therefore the increased strength was due only to the
polymer.The results after 14 days showed values between 10.19
and 10.25MPa in all combinations except that of 1%, which
approximately reached 0.35MPa. Even more, it was so weak
that the result could not be recorded. The value of 10.65Mpa
was obtained in the combination of 3% and 4% polymer and
the highest was obtained in the whole experiment.The values
after 14 days, the results were very similar at those of 7 days,
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in dry conditions for 7 days.
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Figure 9: Effect of polymer content onmaximumdry density of soil
in wet conditions for 7 days.

reaching between 5.21–6.12MPa except for the combination
of 1%. For this curing time the greatest strength was obtained
for the combination of 4%, with 10.65MPa, a value very close
to those obtained with combination of 3%, with 9.74MPa.
The analysis of test results of unconfined compression shows
that the addition of 1% of polymer is insufficient since, while
it changes the polymer nature of the soil, it is not enough
for the formation of chemical reactions over the curing time.
On the other hand, the combination of 4% clearly shows the
excess values of polymer in the soil. The combination which
improved optimal point from the standpoint of improving
the resistant properties of soil tested against the addition of
polymer was 4% and a compressive strength of 10.65MPa.

3.4. Effect of Polymer Content on Maximum Dry Density.
The effect of polymer content on maximum dry and specific
density was presented in Figures 8, 9, 10, and 11. For any
particular amount of polymer, an increase in polymer content
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Figure 10: Effect of polymer content on maximum dry density of
soil in dry conditions for 15 days.

causes an increment in dry density. As already explained, this
is due to increment of average unit weight of solids in the
sandy soil polymer mixture. It is observed from the Figures
8, 9, 10, and 11 that the plot of variation of dry density with
respect to polymer content is more or less proportional in
shape.

3.5. Effect of Polymer Content on OptimumMoisture Content.
Optimummoisture content (OMC) is increasedwith increase
in polymer content. The maximum OMC is recorded 13.8%
for 4% polymer content, and as low as 5.4 for soil with 1%
of polymer content. The initial inclusion of content of 1%
caused a more sudden hike in the OMC than that of the
ordinary sandy soil, and a further increase in polymer content
increased the OMC. But in all cases, the OMC is greater than
that of raw sandy soil.The effect of polymer content on OMC
was presented in Figures 12, 13, 14, and 15.

3.6. Ultrasonic Pulse Velocity Test Results. The velocity versus
density that results in pulse passing through in soil cement
with polymer mixing was presented in Figures 16, 17, 18, and
19.

An increase in polymer content causes increment in
velocity of soundings. This is due to increment of average
unit weight of solids in the soil cement polymer mixture. It
was observed from Figures 16, 17, 18, and 19 that the plot of
variation of velocity versus density with respect to polymer
content is more or less proportional.

4. Conclusions

This study was undertaken to investigate the influence of
polymer percentage, curing time, and dry and wet conditions
on the unconfined compressive strength of stabilized cement
with sandy liquefiable soils. The results of the study were
presented in following conclusions.
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Figure 11: Effect of polymer content onmaximumdry density of soil
in wet conditions for 15 days.
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Figure 16: Ultrasonic pulse velocity test procedure in dry conditions
for 7 days.
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Figure 17: Ultrasonic pulse velocity test procedure inwet conditions
for 7 days.
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Figure 18: Ultrasonic pulse velocity test procedure in dry conditions
for 14 days.
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(i) When the soil has stabilizedwith polymer, it increases
the dry density of the soil due to specific gravity and
unit weight of polymer.The variation is linear for both
cases. Initial introduction of polymer content in to the
soil causes an increase in OMC, so further increase in
polymer content may cause to enhance in OMC.

(ii) The addition of polymer to the natural soil produced
an improvement in its mechanical capacities that
were determined by unconfined compression tests,
from the first period of curing examination. From
the strength aspect of liquefiable sandy soils, the
optimum polymer content estimated polymer at 3%,
since in all tests it yielded the best result with the rate
of 3% dosage of polymer.

(iii) The strength of sandy soil mixtures has increased
with increment of cement contents up to about 30%
and above 30% cement content; the strength of the
soil almost becomes constant. This phenomenon is
explained by the fact that the fine grains of cement
were covered and positioned around and among the
sand grains.

(iv) The unconfined compressive strength of specimens
has increased with increment of polymer contents;
this phenomenon is explained by the fact that incre-
ment of polymer and the polymer cover all of sample’s
area and increases cross-links.

(v) For specimens submerging in water, there are two
types of results. First one is about specimensens that
consist of 30 and 40wt.% cement content at 4%
polymer and 20 and 30wt.% cement content at 3%
polymer; the strength properties of these specimens
were reduced after submerging in water. Second is
about the rest of specimens. After 7 days of sub-
merging, the unconfined compressive strength of the
specimens increased while it was less than the dry
condition. The reason of increasing the unconfined
compressive strength of specimens is the role of water
as catalyst. When specimens submerged in water, the
H+ ions of water react with three-member epoxies’
rings and the epoxies’ ring was opened, then the
hardener easily can react with resin. So, the strength
of specimens increased.

(vi) The unconfined compressive strength significantly
increased with curing time.The unconfined compres-
sive strength of the mixtures rapidly increased at 7
days.

(vii) The maximum unconfined compressive strength val-
ues have increased with increase of the polymer
content. Sandy soils stabilized with 3, 4% polymer at
30, 40% cement content have higher values on uncon-
fined compressive strength than other percentages.
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Silver nanoparticles were synthesized and supported on thin nylon membranes by means of a simple method of impregnation and
chemical reduction of Ag ions at ambient conditions. Particles of less than 10 nm were obtained using this methodology, in which
the nylon fibers behave as constrained nanoreactors. Pores on nylon fibres along with oxygen and nitrogen from amide moieties
in nylon provide effective sites for in situ reduction of silver ions and for the formation and stabilization of Ag nanoparticles.
Transmission electron microscopy (TEM) analysis showed that silver nanoparticles are well dispersed throughout the nylon fibers.
Furthermore, an interaction between nitrogen of amides moieties of nylon-6,6 and silver nanoparticles has been found by X-ray
photoelectron spectroscopy (XPS).

1. Introduction

Research on the synthesis of mesoporous materials contain-
ing nanoparticles represents a fast-developing area of nano-
science and nanotechnology. This interest is stimulated by
several possible application areas of these materials including
catalytic [1], magnetic [2], and optoelectronic [3, 4]. Metal
nanoparticles dispersed in polymeric matrixes have recently
been the subject of intense study aiming to develop nanocom-
posite films [5–8]. General approaches for the synthesis and
support of nanoparticles inside porous materials include
impregnation [9] and deposition-precipitation [10]. A draw-
back of this nanocomposites is the difficulty to disperse nano-
particles in most systems [11]; hence one potential advantage
of such metal/polymer systems is that the size and distri-
bution of dispersed metal nanoparticles can be readily con-
trolled based on the properties of the host polymer [12, 13].

Silver particles with a narrow size distribution have been
produced upon reversible chemical transformation between
metallic and oxide states in a titania matrix [14] and in
a mesoporous silica which was grafted with hydrophobic
–Si(CH

3
)
3
groups at the pore surface [15].

Nylon is an electron-rich and polar synthetic polymer
(polyamide) usually made from the monomers adipoyl chlo-
ride and hexamethylene diamine to form a linear molecular
chain (Figure 1). Synthetic nylon membranes have a porous
structure [16] and are composed of microfibrils that are
interconnected forming a three-dimensional network. Such
morphological features provide a unique reaction vessel for
synthesizing and supporting metal nanoparticles, allowing
enhanced access of guest molecules to catalytic centres,
compared with nonporous films.

In this work, a facile synthesis of silver nanoparticles of
less than 10 nm in diameter with a narrow size distribution,
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Figure 1: Characteristic synthesis of nylon-6,6 fibers.

using porous nylon fibers as unique nanoreactors to generate
a nylon-6,6/silver nanoparticles composite, is reported.

2. Experimental

All chemical reagents were analytical grade and were used
without further purification.

2.1. Preparation of the Nylon-6,6/Ag Nanoparticles Composite.
In a typical experiment, nylon-6,6 membranes (Millipore
Co., cat. number: GNWP02500; 150𝜇m thick and 0.22𝜇m
pores average diameter) are impregnated with silver ions
by immersing the membranes in AgNO

3
(0.1mM, 0.5mM,

1mM, 1.5mM, and 10mM; Aldrich) aqueous solution for
1min, followed by rinsing with ethanol for 30 s. Then,
nylon membranes are immersed in aqueous NaBH

4
(2mM;

Aldrich), for reduction of silver ions, for 30min and subse-
quently rinsed with deionized water for 1min. Finally, the
specimen is vacuum-dried overnight at room temperature.

2.2. Characterization. UV-visible absorption spectra were
recorded, using a nylon-6,6 membrane as the reference,
on a Cary 5000 UV-Vis-NIR scanning spectrophotometer.
Scanning electron microscopy (SEM) observations were per-
formed on a Philips XL30 electron scanning microscope.
Transmission electron microscopy (TEM) observations were
carried out on a JEOL JEM-2010F instrument with a point
resolution of 1.9 Å and equipped with high-angle annular
dark-field or Z-contrast detector. The nylon fibers with Ag
nanoparticles were cut into pieces, dispersed in pure water,
transferred onto a SiO-coated copper grid with disperser,
dried in a vacuum overnight, and observed by TEM.

The measurements of lattice-fringe spacing and angles
were made using digital image analysis of reciprocal space
parameters, according to Akamatsu et al. [17]. Using this
method the precision is 0.0001 nm for lattice spacing and 0.1∘
for lattice plane angles. This analysis was carried out with the
Digital Micrograph software, Oxford, UK.

X-ray photoelectron spectroscopy (XPS) was performed
using an UHV system of VGMicrotech ESCA3000 Multilab,
with an Al K

𝛼
X-ray source (1486.6 eV) and CLAM4MCD

analyser. The surface of the sample was etched for 10 s with
3 kV Ar+ at 0.16 𝜇A/mm2. The XPS spectrum was obtained

at 55∘ from the normal surface in the constant pass energy
mode; the pass energies used were 50 eV and 20 eV for survey
and high resolution, respectively. The peak positions were
referenced to the Shirley background Ag 3d

5/2
photopeak at

368.21 eV and C 1s hydrocarbon groups in a binding energy
of 285.00 eV. XPS spectra were fitted with the program SDP v
4.1 [18]. For the process of deconvolution the uncertainty in
the binding energy was estimated to be 5% (i.e., ±0.05 eV).

3. Results and Discussion

Themembranes used in this work are composed of nylon-6,6
fibers in the micrometer range, as shown in Figure 2(a). The
fibers surface is rough (Figure 2(b)) and has several pores of
less than 100 nm in diameter (inset Figure 2(b)).

These pores may allow guest molecules to enter. Thus,
when a nylon membrane is immersed in aqueous AgNO

3
,

Ag+ ions are readily impregnated into the nylon membrane
fibers through the pores. Most of the incorporated Ag+ ions
are bound to nylonmacromolecules probably via electrostatic
(i.e., ion-dipole) interactions, because the electron-rich oxy-
gen and nitrogen atoms of polar amides groups are expected
to interact with positive metal ions. The posterior rinse with
ethanol (ca. 30 s) removes Ag+ ions that were not anchored
to nylon fibres. Figure 3 shows the pure nylonmembrane and
nylon membranes having Ag nanoparticles, using 0.5mM,
1mM, 1.5mM, and 10mMAgNO

3
solutions, respectively. As

the concentration of nanoparticles increases, the membranes
exhibit different colours from light yellow to yellow and
finally yellow-brownish.

Energy-dispersive X-ray spectroscopy (EDX) spectrum
in Figure 4, which was collected from the nylon-6,6/silver
nanoparticles composite, clearly shows the presence of Ag
signal peak, indicating the effectiveness of the electrostatic
assembly of the particles on the surface of the nylon fibers.
The yellowish colour of Ag-nylon composite membrane
(Figure 3) also suggests the presence of Ag nanoparticles on
the polymer surface.

UV-Vis spectra of the nylon-6,6/silver nanoparticles
composites are shown in Figure 5. Because the nylon-6,6
membrane was used as the reference, the absorption spectra
can be considered as the absorption of Ag species. Using
0.5mMAgNO

3
a narrow symmetrical absorption band is
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Figure 2: SEM image of the nylon-6,6 membrane.
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Figure 3: Nylon-6,6 without and with Ag nanoparticles formed at different AgNO
3
concentrations.
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Figure 4: EDX spectrum of nylon-6,6 membrane coated with Ag
nanoparticles.

located at 390 nm (Figure 5(a)); this is attributable to the
surface plasmon resonance of silver nanoparticles in agree-
ment with the observed yellow colour showed in Figure 3
[19]. No absorption was observed at wavelengths longer than
450 nm. These observations imply that Ag nanoparticles
were formed. The surface plasmon peak underwent a shift to
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Figure 5: UV-Vis spectra of silver nanoparticles in nylon-6,6
membranes. Nanoparticles were prepared using aqueous AgNO

3
at

0.5mM, 1.0mM, and 1.5mM, respectively.
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Figure 6: TEMmicrograph and size distribution histogram of Ag nanoparticles in nylon-6,6 membranes (AgNO
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395 nm and was slightly broadened when 1mMAgNO
3
was

employed (Figure 5(b)). When 1.5mMAgNO
3
was used, the

surface plasmon absorption becomes broader (Figure 5(c)).
It is noted that the absorption intensity of the plasmon band
increases as the concentration of aqueous AgNO

3
augments,

also in agreement with the membrane intensity changes in
colour, which can be attributed to the increase in the Ag
nanoparticles concentration.

These assumptions are confirmed by TEM observations.
As shown in Figure 6 monodisperse Ag nanoparticles were
obtained at AgNO

3
0.5mM. Their mean diameter (d) was

measured as 3.3 nm with a standard deviation (𝜎) of 0.9 nm.
Figure 7 shows Z-contrast images of nylon fibres with Ag

particles. Figures 7(a) and 7(c) correspond to a concentration
of 1.0mM of AgNO

3
resulting in nanoparticles with an

average size of 4.3 nm with a standard deviation of 1.4 nm.
Using a solution of 1.5mMAgNO

3
(Figures 7(b) and 7(d)),

the average particle size slightly increases to 6.2 nm with
a standard deviation of 1.8 nm. Therefore, it is possible to
control the size and size distribution by adjusting the con-
centration of metal ions in solution.

Because of the porous structure of nylon fibre and the
strong interactions between Ag+ ions and the carbonyl and
amide groups of nylon macromolecule, Ag+ ions were uni-
formly and tightly anchored to the nylon fibres [20]. Such
interactions would lower the mobility of Ag+ ions, enhance
the formation of silver nuclei, limit the formation of several
morphologies, and prevent the growth of larger particles [21].
This is particularly true at low Ag+ ion concentrations and
can explain the formation of monodisperse Ag nanoparticles
(after NaBH

4
reduction) under such conditions. At higher

AgNO
3
concentrations, larger amounts of Ag+ ions are

embedded on nylon membranes, leading to large and widely
distributed particles after reduction [22]. In these kinds of
systems, it is expected that the carbonyl and amide groups
may also play an important role in stabilization of metal
nanoparticles in addition to the porous structure of nylon
fibres.

The HRTEM image in Figure 8 shows Ag nanoparticles
between 2 and 3 nm in diameter.This image possesses atomic
resolution; therefore, several crystalline planes are distin-
guishable and the interplanar distances can bemeasured.The
interplanar distances shown in the micrograph were mea-
sured from the Fourier transforms (FFT) of these nanoparti-
cles (Figure 8, bottom), where the corresponding crystalline
planes are specified. The interplanar distances and their
corresponding crystalline planes match the ones of metallic
Ag (FCC) phase.Themeasured interplanar distance is 2.36 Å
and corresponds to the (111) plane [23].

In order to examine the chemical composition of the
nylon-6,6/Ag nanoparticles fibre composite, as well as the
possible interaction of silver metal with the nylon moieties,
after formation of Ag nanoparticles, X-ray photoelectronic
spectroscopy (XPS) was used. Figure 9 shows the XPS survey
spectra obtained after Ar+ etching for 10 s.

Figure 9 shows the increase in the Ag 3d signal cor-
responding to the different concentrations of AgNO

3
added

in the solution reaction; a spectrum of nylon-6,6 is used
as reference. Clearly an increase of the concentration of

(111)

(111)
2.36 Å

Figure 8: HRTEM image of Ag nanoparticles (top) and their
corresponding Fourier transforms (FFT) (bottom) pattern.
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Figure 9: XPS spectra of nylon-6,6 and three different nylon-6,6/Ag
composites.

the metal precursor salt favours the formation of the nylon/
Ag composite.

In order to obtain more information about the chemical
state of the Ag nanoparticles present in the composite a curve
fit of the various signals was made and is shown in Figure 10.

Table 1 shows the binding energies of the XPS deconvo-
lution of Ag 3d, C 1s, O 1s, and N 1s core levels samples with
the Ag metallic, AgO, and nylon-6,6 as references. The peak
energy position in the deconvolution and number of peaks
were based in data reported by Beamson and Brigs [24] and
Hoflund and Hazos [25] and calibrated with metallic Ag foil
as reference.

From Table 1, a positive chemical shift in N 1s core level
and negative chemical shift in Ag 3d

5/2
of Ag(0) of nanopar-

ticles, with respect to N 1s and Ag 3d
5/2

of nylon and Ag
metallic, are observed. From the data in Table 1 the general
rule based on the electronegativity can explain both the
positive chemical shift of the N 1s core level and the negative
chemical shift of theAg 3d

5/2
core level.This effect can be seen
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Table 1: The binding energy position by XPS of nylon-6,6- and Ag-containing samples core levels Ag 3d, C 1s, O 1s, and N 1s.

N 1s O 1s Ag 3d5/2
∗C 1s

Sample O=C O–Ag Ag AgO 1 2 3 4

(eV)
References∗ 398.69 530.33 368.21

283.84 284.14 285.00 286.81
0.5mM 398.91 530.33 531.30

368.20 367.311.0mM 398.80 530.33 531.30

1.5mM 398.75 530.33 531.30

∗References: nylon and metallic Ag.
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Figure 10: The XPS deconvolution for C 1s, O 1s, N 1s, and Ag 3d core levels.

in Figure 10 for N 1s. For the composite samples analysed,
all C 1s, O 1s, and Ag 3d

5/2
of AgO core levels are in the

same positions as exhibited in Table 1 and Figure 10. O 1s
(530.33 eV) corresponds to O=C and Ag–O at 367.31 eV; C
1s corresponds to (1) C–CH

2
at 283.84 eV, (2) CH

2
–CH
2
at

284.14 eV, (3) CH
2
–N at 285 eV, and (4) C=O at 286.81 eV.

It can be also observed that for N 1s the maximum shifting
(Δ) occurs for the 0.5mM simple with Δ = 0.22 eV; how-
ever, for 0.1mM sample, Δ = 0.11, it contains the largest
amount of Ag nanoparticles, taking in account the amount
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of AgO. For the 1.5mM sample, Ag 3d peaks can be decon-
voluted satisfactorily obtaining thus all oxidation states even
in the samples with less Ag concentration. In addition, in
Figure 10, the data obtained from the curve fitting show that
there is no change in the binding energy of the orbitals of C
1s despite the use of different AgNO

3
concentrations. There

is, however, a 0.31 eV shift in the N 1s peak corresponding to
the sample with 1.5mM AgNO

3
. This small shift in binding

energy suggests there is an interaction of the nitrogen atoms
in nylon during the stabilization of the silver nanoparticles.
A similar chemical shift for N 1s binding energy in XPS
spectra has been observed for the interactions of PVP with
Pt nanoparticles and nitrocellulose with Ru [26, 27]. Hence,
pores of nylon fibers, where the nitrogen atoms from the
amide groups are found, not only interact with the metal ions
presumably through iondipole forces, but once the reduction
reaction occurs, they also stabilize the Ag nanoparticles.
Analysis of the O 1s and Ag 3d

5/2
peaks shows the presence

of AgO, which was expected due to the high reactivity of
the silver nanoparticles at the sizes obtained. Nevertheless,
the fact that there is still a signal corresponding to Ag0
suggests that the oxidation takes place only on the surface
of the nanoparticles, while metallic silver remains at their
core; again this is possible due to the stabilizing effect of the
amide groups present in the nylon fibers. This nylon-6,6/Ag
nanoparticles composite will be probed in dyes removal
from aqueous solutions and in applications regarding its
antibacterial properties.

4. Conclusions

It was demonstrated that using an aqueous Ag ion impreg-
nation of nylon fibres followed by a reduction with NaBH

4
,

a composite of Ag nanoparticles attached to the polymer
can be formed. The whole process is carried out at ambient
conditions. SEM, HRTEM, and XPS studies confirmed the
presence of such Ag nanoparticles in the fibres, with an
average size of 3.3 nm.This very simple and versatile synthetic
route could be applied to obtain other composites made
of metal nanoparticles and natural or synthetic polymer
fibres. Moreover, an interaction between nitrogen of amides
moieties of nylon-6,6 and silver nanoparticles has been found
by X-ray photoelectron spectroscopy.
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As the variety of materials utilized in construction industry has expanded, new techniques have been used in order to optimize
the quality and efficiency of output. Therefore, recent innovations taking place in the construction industry led researchers to
increase themechanical efficiency of the outputmore than the cost effectiveness of it. However, especially professionals experiencing
in the industry look into the cost effectiveness of the work. In other words, they also want researchers to justify the innovative
techniques economically. The aim of this study is to provide a comparative analysis of the cost efficiency of polymer concrete used
to manufacture durable and long-lasting reinforced concrete structures.

1. Introduction

Concretes are the most widely used constructionmaterials in
the world; a large variety of concretes are based on a variety
of cements [1]. Low costs, ease of application, and high
compressive strength are the main factors to be considered
for a given application. Inorganic (mineral) concrete based
on the Portland cement has shortcomings: poor flexural
strength, low tensile strength, high porosity, freeze thaw
deterioration, destruction by corrosive chemicals, and so
forth [2]. These shortcomings are viewed as more and more
acute since we have become more and more concerned
with conservation of energy and materials. One approach
is based on a combination of technologies of concrete and
that of polymers. Thus, polymer concrete (PC) materials
have become a viable choice for the civil construction sector
in developed countries, particularly in applications such as
making reinforced slabs, overlays for highway pavements,
bridge decks, retaining walls, water tanks, and pipe lines,
PCs are also used in repairing deteriorated mineral concretes
(Portland cement concrete) in situations when high strength,
fast cure, and durability are required [3]. Polymer concretes
are composites in which the aggregates are bound together in
a polymer matrix. They do not contain Portland cement.

Underground pipe systems have presented to improve
human beings’ standard of living since the dawn of civ-
ilization. Concrete pipes are frequently used in sewerage
and storm water systems, under and over ground irrigation
facilities, water transmission lines, water tanks, water towers,
pumping lines, pumping stations, and water structures, such
as tunnels. These concrete pipes are exposed to various
harmful effects during their service life. However, factors
leading to deterioration in cement-based concrete pipes may
originate from physical, chemical, mechanical, or biological
effects. Impact, wear, and erosion are some damages that
occur mechanically. Chemical effects might occur, due to
harmful substances leaking into the concrete or materials
used in concrete production, as well. Common chemical
effects are alkali-silica reactions, sulfate attacks, carbonation,
corrosion, acid, and salt. Physical causes of deterioration are
freeze-thaw, solvent salts, high temperatures, and so on [4].

Studies have been carried out to make more durable con-
crete pipes and prevent the aforementioned harmful effects
since concrete pipes have been widely utilized for managing
storm water, sewage, and drainage for more than a century as
mentioned before. Deterioration of concrete pipes constitutes
a serious problem to society. It has been reported that annual
maintenance and repair costs of deteriorated concrete pipes
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in Canada in the early 1990s were approximately $2.5 billion
dollars [6].

There are many types of piping materials in the con-
struction sector today, ranging from rigid concrete to flexible
thermal plastic. Pipes must have adequate strength and/or
stiffness to perform their intended function. They must also
be durable enough to last for their lifetime. With the usage
of polymers in concrete technology, the concrete nature
has increased significantly. Many important changes have
occurred regarding the utilization of polymer in concrete
technology, and presently the researches about polymer
composites still continue. Typically polymer concrete has a
longer maintenance-free service life than Portland cement
concrete and possesses also other advantages compared to
Portland cement concrete such as increased bond strength
(bonding to previously existing concrete); increased freeze-
thaw resistance; high abrasion resistance; increased flexural,
compressive and tensile strengths; fast setting times (curing
within 1 or 2 h); good durability; improved chemical resis-
tance in harsh environments. Moreover, they exhibit good
creep resistance and are highly UV resistant due to the very
low polymer content and inert fillers. On the other hand, they
exhibit reduced elastic modulus. The loss of strength can be
attributed to an increase of porosity in polymer concrete with
increased capillary diffusion of solutions, which weakens the
bond between the aggregate and the matrix [3]. As clearly
understood here, to decrease repair cost and to increase ser-
vice life of pipes, polymer composites present a perfect choice.

A study was conducted in order to predict the remaining
lifetime of preset pipes. In the study, four different used
polyethylene pipes for gas and water supply with an age of
up to more than 30 years have been investigated with respect
to molecular and morphological changes. The molecular
analysis did not show any significant polymer degradation as
an indication of ageing of the materials [7].

In this study, cost analyses of cement-based concrete
pipes and polymer concrete pipes were evaluated.

2. Methods of Calculating Manufacturing Cost

Nowadays, the calculation of the manufacturing cost gained
an increasing importance. Cost saving will have a significant
positive impact on decrease of firm costs and increase
profitability [8]. The knowledge related to the unit cost
determines the level of the price quote. Being able to offer
a good price quote depends on the knowledge about the
cost structure of the products. Therefore, the costs should
be calculated accurately and the accounting should be done
correctly. In management, the costs are generally composed
of direct labor (55%), raw materials (35%), and manufactur-
ing overheads (10%) [9].Themanufacturing overheads in the
construction businesses are usually at this level. Direct labour
cost forms the largest part of the total costs. Labor costs affect
the profitability of a company [10]. The use of good quality
products in order to diminish these costs may be considered
as a solution for decreasing the total cost. While the use
of high-quality products does not increase the construction
costs, it ensures the fall of the cost in general by reinforcing
the construction resistance [11].

Due to maintenance and repair costs being in excess in
the construction businesses, it becomes a requirement to use
more resistant rawmaterial and auxiliarymaterial. To protect
concrete structures from physical, chemical, or biological
degradation and increase their durability, high performance
protective surface coating materials can be used [12].

All themotives suggest the calculation and the accounting
of the costs to be done in a more accurate way. Otherwise,
these costs might cause financial capital loss by increasing
over time [13]. While the cost accounting is used in the cost
calculation of the produced goods and services; it creates
some effects in the management decisions and makes con-
tributions for offering price quotes. In Turkey, the uniform
cost accounting implementers have been organized in 1989 by
the Professional Law number 3568.The general communiqué
on accounting system application of December 26, 1992, has
come into effect legally in January the 1st, 1994. It is required
through the communiqué to declare the accounts as 1–9 kinds
of expenses and 10–99 kinds of revenues. Furthermore, in
application of cost accounting, new approaches such as 7/A
and 7/B options have been introduced [14].

The construction activities last usually longer than one
year. The construction activities are varied and have different
features. In the determination of loss and profit in the
construction businesses, it is waited in order to have the job
achieved or the loss or profit is calculated as estimation at the
end of every period. In the construction sector, the full cost
method based on orders is usually applied. In this method
through which all of the production expenses within the
period are ascribed to the production cost, the product cost is
composed of all of the production expenses. Pursuant to this,
the total of the direct raw materials and supplies expenses,
direct labor expenses, variable production overheads and
fixed production overheads, give the “full cost” [15].

In the construction activities, the start-up expenses are
important elements of the cost. These expenses are present
particularly during the foundation stage. The use of non-
durable materials and the repair and maintenance expenses
in a short time decrease the return on capital. Meanwhile, it
extends the return time of the investments. Furthermore, the
increase of labor andmaterial expenses at every stage of repair
andmaintenance suggests the requirement for more resistant
products to be used in the construction businesses. Exactly
at this point, the use of polymer concrete technology in
manufacturing process becomes a crucial part of the activity.
This method while enabling the construction resistance on
the one hand, decreases the repair, maintenance, and labor
expenses on the other hand. In Figure 1, below the cost
elements are shown in total.

According to the Tax Procedure Law number 315, tax-
payers will declare their assets subject to amortization with
respect to rates announced by Ministry of Finance of the
Republic of Turkey. In determining the rates of economic
assets to be declared, their estimated service lives are taken
into account. In accordance with Tax Procedure Law number
315, Communiqués 333, 339, and 365 are published which
are related to amortization periods or service life of tangible
assets subject to amortization or depreciation [16]. Commu-
niqué 333 on Tax Procedure Law number 315 under the title
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Cost of raw
materials

Manufacturing costs

Labour costs Over heads

Figure 1: Cost of manufacturing process in construction industry.

of Plant and Land Regulations introduces service life of
cement-based retrieval systems and pipes used for sewers
and other supplementary materials as 15 years and orders
amortization of said assets during this period.When cement-
based concrete pipes have an average of 15 years of service
life, it is well known that polymer-based concrete pipes are
designed for a service life longer than 50 years.

3. Formulations

In polymer concrete manufacture, PC
𝑡
requires care in the

casting process, attention to curing temperature, composi-
tion, and careful choice in type of resins and aggregates.
The latter involve several linked characteristics: specific area,
interfaces with the matrix, strength and deformability, shape,
and size. For example, aggregates with irregular shapes and
high surface area improve the anchorage with the matrix.
The proportion of thermosetting resin to aggregate as well as
different types of aggregate varies in different formulations
of PC

𝑡
. In principle, the mix design of PC

𝑡
typically involves

an aggregate size gradation to provide the lowest possible
void volume that will require theminimumpolymeric binder
concentration necessary to coat the aggregates and to fill
the voids [3]. Several different formulations for polymer
concretes are presented in Table 1.

In Portland cement concrete production, the used mate-
rials are Portland cement (generally CEM I 42.5), aggregates,
water, and additives.

Portland cement concrete mixture proportion for pipe is
presented in Table 2. Detailed production procedure has been
reported in the literature [4, 6, 17–19].

Table 1: Several different formulations [3].

Epoxy resin
(wt.%)

Polyester resin
(wt.%) Sand (wt.%) Catalyst

(MEKP) (wt.%)
20.0 — 78.5 1.5
20.0 — 78.0 2.0
— 10.0 88.5 1.5
— 15.0 83.5 1.5
— 18.0 80.5 1.5
— 20.0 77.5 2.5
— 20.0 78.0 2.0

4. Results and Discussion

4.1. Cost Assessment of Several Different Polymer- andCement-
Based Concrete Pipes. In Table 3, diameters, inner and outer
wall thickness, and length and weight specifications are given
for the different sizes of polymer-based and cement-based
concrete pipes. In the table, when PP denotes polymer-based
concrete pipes, CP represents the cement-based concrete
pipes. In Table 3, polymer- and cement-based concrete pipes
existing with a wide range are the types which are commer-
cially sold the most. In the table, first, the prices of all sizes of
the pipes are obtained, and then in order tomake comparison,
for each pipe code, on the basis of meters, unit prices are
calculated, and thus normalized prices are found.

4.2. Comparison of Polymer- and Cement-Based Concrete
Pipes in Terms of Cost Effectiveness. Assuming that PP5-
coded polymer-based concrete pipes andCP5-coded cement-
based concrete pipes are used for infrastructure work, rec-
ognizing that other expenses remains the same and a change
in manufacturing conditions is ignored, we implemented a
cost comparison for each pipe depending on their market
prices shown in Table 3. We prepared two separate tables for
each pipe in order to compare their total costs in pursuit
of completion of infrastructure work. Much as the initial
set-up cost for 1000 units of PP5 and CP5 is $103000 and
$14000, respectively, the condition is reversed in the long
run. According to the obtained results, considering the useful
life of polymer-based concrete pipes depending on its tech-
nology, costs are notably reduced. Polymer-based technology
results in a service life 3.3 times longer than cement-based
technology (service life of polymer-based concrete pipes is
designed for a period of time no less than 50 years, whereas
cement-based concrete pipes have a useful life of 15 year).
Regarding the infrastructure work in which polymer-based
concrete pipes are used, relying on its longer service life,
the labor costs do not repeat as in cement-based concrete
technology; therefore, it presents a significant cost advantage.
In light of The previously mentioned facts, with the usage
of polymer-based concrete pipe as a construction material,
it is probable to avoid aforementioned construction costs.
Here, longevity of polymer-based concrete pipes is our main
motivation for implementing this study.

In Figure 2, it is obvious that labour cost comprises
important part of the construction work. Completed units
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Table 2: Concrete industries mix design (per m3).

Sand (kg) Rock (kg) Fly Ash (kg) Cement (kg) Water (kg) WRA (L)
1510 448 73.5 294 98.9 7.06
WRA: Water reducing admixture.

Table 3: Cost assessment of several different polymer and cement-based concrete pipes.

Codes Inside diameter, mm Outside diameter, mm Wall thickness, mm Weight, kg/m Normalized price
PP1 415 427 12 17 46 $/m
PP2 515 530 15 26 57 $/m
PP3 615 633 18 35 68 $/m
PP4 698 718 20 48 88 $/m
PP5 797 820 23 62 103 $/m
PP6 1592 1638 46 243 320 $/m
PP7 2386 2453 67 542 681 $/m
PP8 2981 3065 84 843 1039 $/m
PP9 3974 4085 111 1487 1853 $/m
CP1 150 178 28 49 3 $/m
CP2 200 236 36 90 4 $/m
CP3 300 345 45 133 7 $/m
CP4 400 450 50 200 10 $/m
CP5 500 565 65 294 14 $/m
CP6 600 670 70 389 18 $/m

Work in process Finished goods
$6000
$103000
$198000
$36000

+$343000

$343000

+$343000

Figure 2: The cost of goods model (adapted from Jackson et al.,
2009) [5].

Work in process Finished goods

$46000
$34300
$198000
$36000

$254000

+$254000+$254000

Figure 3: The cost of goods model (adapted from Jackson et al.,
2009) [5].

related to manufacturing process are recorded in manu-
facturing accounts. It is seen in the figure that the total
cost of manufacturing process adds up to $343000. As it
is shown in Table 5, the total costs incorporate $6000, the
remaining balance from the previous period, $103000, cost
of raw material, $198000, direct labour cost, and $36000,
manufacturing overheads.

In Figure 3, except for rawmaterials, we assume that costs
of the other elements remain the same as in Figure 2. In
Table 6, the total cost of manufacturing process comes to
$254000, and the cost of raw materials used in the process
is $14000. However, the cost of raw materials used seems far
lower when compared to polymeric pipes; the service life of
polymeric pipes helps to compensate this reverse condition
as shown in Table 4. At the same time, longer service life
provides a significant savings at direct labour costs and
manufacturing overheads including maintenance and repair
costs by preventing recurring outlays.

In Table 7 below, the polymer- and cement-based con-
crete pipes are compared not only regarding their material
cost, but they are also assessed by considering the total cost of
the whole manufacturing or installation process. For PP5 and
CP5-coded pipes which basically fulfill the same functions,
taking their service life into account, total annual cost of them
is calculated. According to the results, in spite of the high
cost of rawmaterials, if we consider the entire manufacturing
process, the installation which is implemented by using
polymer technology is around two and a half times lower in
cost.

The following equations show us total cost covered for
installation process and the proportions of cost elements
within installation process:

𝐶
𝑡
= 𝐶
𝑟
+ 𝐶
𝑑
+ 𝐶
𝑚
, (1)

where 𝐶
𝑟
= cost of raw materials and beginning inventory;

𝐶
𝑑
= direct labour cost; 𝐶

𝑚
=manufacturing overheads; 𝐶

𝑡
=

total cost per installation process.
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Table 4: Comparison of polymer and cement-based concrete pipes.

Code Price, $ Amount utilized, m Total cost, $ Total cost/year Annual cost
PP5 103 1000 103000 103000/50 2060 $/year
CP5 14 1000 14000 14000/15 933 $/year

Table 5: Cost of PP5 construction account.

Description Item Amount
Work in the beginning of
the period Beginning inventory of $6000

Raw materials used + Raw material used $103000
The amount of direct
labor cost incurred + Direct Labor $198000

Manufacturing overhead
incurred

+ Manufacturing
overhead $36000

The cost of goods
manufactured period

= Cost of goods
manufactured = $343000

Table 6: Cost of CP5 construction account.

Description Item Amount
Work in the beginning of
the period Beginning inventory of $6000

Raw materials used + Raw material used $14000
The amount of direct
labor cost incurred + Direct Labor $198000

Manufacturing overhead
incurred

+ Manufacturing
overhead $36000

The cost of goods
manufactured period

= Cost of goods
manufactured = $254000

Consider the following:

𝑊
𝑡
= (
𝐶
𝑟

𝐶
𝑡

) + (
𝐶
𝑑

𝐶
𝑡

) + (
𝐶
𝑚

𝐶
𝑡

) = 𝑊
𝑟
+𝑊
𝑑
+𝑊
𝑚
= 1, (2)

where𝑊
𝑟
=proportion of cost of rawmaterials and beginning

inventory within total cost of installation process;𝑊
𝑑
= pro-

portion of direct labour cost within total cost of installation
process;𝑊

𝑚
=proportion ofmanufacturing overheadswithin

total cost of installation process;𝑊
𝑡
= proportion of total cost.

By applying the latter formula, we can easily obtain the
proportions of cost elements for each installation processes:

𝑊
𝑡pp5 = [

103000 + 6000

343000
] + [
198000

343000
] + [
36000

343000
]

= 32% + 58% + 10% = 1,

𝑊
𝑡cp5 = [

14000 + 6000

254000
] + [
198000

254000
] + [
36000

254000
]

= 8% + 78% + 14% = 1.

(3)

The allocation of annual costs is implemented in accor-
dance with the proportions of cost types within total cost
in Table 7. It is apparent that if we consider the long-term

2180 1350

3960

13369
720

2431

PP5 CP5

Breakdown of annual costs for each installation process

Cost of raw materials + beginning inventory 
Direct labour
Manufacturing overheads

20,000$ 
18,000$ 
16,000$ 
14,000$
12,000$ 
10,000$ 

8,000$ 
6,000$ 
4,000$ 
2,000$ 

—$

Figure 4: Breakdown of annual cost for each installation process
using PP5 and CP5-coded pipes.

benefit of the investments, installation implemented by using
polymer technology is far more economic than the other
choice. In Table 8, the proportions calculated before are
used to obtain cost elements per total annual costs for each
installation process.

The breakdown of annual cost for each installation
process using PP5 and CP5-coded pipes is also displayed in
Figure 4.

5. Conclusion

Since acquisition cost in construction industry has become a
crucial matter today, in terms of minimizing labour, mainte-
nance and repair costs, polymer technology offers a challeng-
ing opportunity. In particular, at construction work related
to infrastructure, polymer concrete pipe system helps to
reduce maintenance, repair, and labour costs significantly by
extending the useful life of the investment. Particularly, pipe
produced by this technology provides a longer service life
with its high technical specifications such as being strong and
corrosion resistant.

Scientific researchers have proved for so long that poly-
mer-based concrete pipes have a few times longer service lives
compared to cement-based concrete pipes.Highmaterial cost
of polymer-based concrete pipes should be disregarded as
they present a new choice in place of cement-based concrete
pipes by reconstruction and maintenance-free service life
for a long period of time. In the analysis, according to cost
estimation results related to installation processes using CP
and PP, the total cost of PP per year is equal to nearly 40% cost
of CP. So, in the long run, we can conclude that polymer pipe
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Table 7: Comparison of installation processes in terms of financial cost.

Code Price $ Amount
utilized, m

Cost of raw
materials, $

Direct
labour, $

Manufacturing
overheads, $

Beginning
inventory, $ Total cost, $ Service life,

years
Total cost per

year, $
PP5 103 1000 103000 198000 36000 6000 343000 50 6860
CP5 14 1000 14000 198000 36000 6000 254000 15 17150

Table 8: Breakdown of annual costs for each installation process.

Type PP5, $ 𝑊
𝑡 pp5 CP5, $ 𝑊

𝑡 cp5

𝐶
𝑟

2180 32% 1350 8%
𝐶
𝑑

3960 58% 13369 78%
𝐶
𝑚

720 10% 2431 14%
𝐶
𝑡

6860 100% 17150 100%

technology is far more cost effective compared to cement-
based technology. It is also apparent that the cost analysis is
very useful, essential, and demanded by all industries while a
new material research is being done.
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This research work focuses on the processability and mechanical characterization of blends of polylactic acid (PLA) and tire
(elastomeric part). Wasted tires used as filler in the PLA matrix were reduced by two different processes (thermal shock and
pyrolysis) in order to acquire the solid residuals in powder to be characterized and compared. Elastomeric solids obtained from
scraped tires were used as filler in the PLA matrix and mixed in a Brabender 60 cc mixer at different concentrations ranging from
0% to 60% of filler volume fraction. The blend was laminated, and then samples were obtained in order to undertake mechanical
properties at tension and Izod impact tests. A fully detailed analysis on the solid powders by Differential Scanning Calorimeter
(DSC), thermogravimetric analysis (TGA), infrared analysis (IR), and scanning electron microscopy analysis (SEM) identified
them as a rich source of carbon. Blends were characterized thermally and mechanically showing a direct effect due to the tire
nature (thermoset rubber) and concentration. Fracture mechanisms were also identified.

1. Introduction

In recent years, there has been widespread interest in the
manufacture of products from recycledmaterials. Among the
advantages of doing this is the fact that material recycling
makes the technology more economically and environmen-
tally attractive [1]. Particularly among the waste materials
in the advancement of civilization, waste tires are a major
concern, because the amount of waste tires is increasingmore
andmore due to the increasing demand for tires, and because
of their short lifetime, it is therefore necessary to develop
methods for recycling waste tires.

A number of approaches have been proposed to make
use of the large amount of waste rubber; one of them is
like biopolymer. Biopolymers are expensive and have either
property or processing limitations [2].Most durable bioresins
available in the markets are based on PLA. Biopolymers are

made from PLA blended with polymers like polycarbonate
(PC), polypropylene (PP), acrylonitrile butadiene styrene
(ABS), high impact polystyrene (HIPS), polyethylene tereph-
thalate (PET), and poly(methyl methacrylate) (PMMA).
Fillers, fibers, and additives are also added to the blends to
prevent degradability, increase processability, reduce brittle-
ness and speed crystallization. In order to overcome disad-
vantages, such as poor mechanical properties of polymers
from renewable resources, or to offset the high price of
synthetic biodegradable polymers, various blends and com-
posites have been developed over the last decade [3–5]. Until
the last decade, the main uses of PLA have been limited to
medical applications such as implant devices, tissue scaffolds,
and internal sutures because of its high cost, low availability
and limited molecular weight [6]. However, recently PLA
has been widely used in new developments in composite
materials technology, since it has been viewed as a promising
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material to reduce the societal solid waste disposal problem
[7]. Blends of PLA with various nonbiodegradable polymers
have been also investigated [8–10]. Some of these blends were
found to be immiscible resulting in fairly poor mechanical
properties. Polymer blends containing biodegradable and a
nonbiodegradable components have received much interest
because of the ease with which their physical properties and
degradation characteristics can be tailored. On the other
hand, recycling of rubber tires is not possible by simply
melting and reshaping them due to the thermosetting nature
of the molecular structure: the crosslinking. Spent tyres,
however, comprise valuable material that could be recycled
if a proper technique can be developed as it has been
demonstrated [11–13]. Just like most of organic compounds,
tires decompose with heat by pyrolysis that consists in the
decomposition of the organic part by heating (about 400∘C)
in absence of oxygen [14]. In this process, the type and
composition of the final products depend on the properties of
the organic material, the temperature, pressure of operation,
time of the applied method, and the type of gaseous ambient
(Ar, N

2
, etc.). Another consequence is that the recovered

carbon black is physically different from the original one
used as filler in the tires manufacturing. Such dissimilitude
is directly related to morphology and structure as well as the
particle size and distribution. The powder tire was obtained
from scrapping the elastomeric surface of the tire in small
flake-like particles (Figure 1).

The scraped elastomeric material is considered as waste,
and there is not a specific final use for it, and if it is wrongly
disposed can cause contamination. Every week, hundreds of
kilograms of such material are produced in flake-like forms
and smaller particles that could be used as filler in PLA
matrix composites. The aim of this work was to investigate
the manufacture and mechanical characterization of PLA-
matrix-based composites filled with different contents of
wasted tire flakes. One advantage of the elastomeric fillers is
that they can be easily dispersed in thermoplastic polymers.

2. Materials

The material matrix studied is based on a commercially
available Poly(lactic acid) polymer 2002D (Table 1). The tire
powder was recollected from local companies dedicated to
repair old tire with several damage on its surface.

3. Experimental Procedures

Two processes were carried out in order to obtain solid
residues from tire to characterize them. The first one con-
sisted in a pyrolytic process which applies indirect heat in
an environment free of flame and oxygen. Several pieces of
scraped tire were placed in crucibles and then sited in a
furnace at 700∘C for 1 hr in the presence of nitrogen (N

2
)

atmosphere, and after this period of time, the crucibles
were cooled down to room temperature and the carbonized
samples were manually pulverized with a pestle and mortar.
The second one was by thermal shock caused by the rapid
change in extreme temperatures. Again, elastomeric pieces in

Figure 1: Obtaining of flake-like particles from wasted tires.

Table 1: Physical properties of Poly(lactic acid) polymer.

Physical properties Poly(lactic acid) polymer
Specific gravity 1.25
Melt index, g/10min (190∘C/2.16 K) 4–8
Clarity Transparent

crucibles were heated in the furnace, this time at 400∘C dur-
ing 10min. After this brief period of time, the samples were
immediately immersed in liquid nitrogen (125mL). After the
vaporization of N

2
, the residue was manually pulverized.

Thermal shock was analyzed at 400∘C, because at higher
temperature, the tire rubber initiates full decomposition.
It was found that 10min in the furnace were enough to
ensure the breakage of the bonds to obtain a powder residue.
Experimental diagram is shown in Figure 2. PLA/tire blends
were made in concentrations from 100/0% to 40/60%. PLA,
used as matrix, was placed in an oven at 60∘C during 4 hrs
previous to mixing in order to eliminate humidity due to the
high hydrophilic character of PLA. Scrap tire was sieved to
get a uniform size of particles around 2mm.

3.1. Fourier Transform Infrared (FTIR). The FTIR spec-
troscopy analyses were performed on all powder samples in
order to characterize qualitatively the organic compounds of
the solids by using transmission technique. The specimens
were prepared by grinding the solid powder residue with
200mg potassium bromide (KBr) powder and then pressing
the mixture into a tablet. The FTIR spectrum of the powder
complexes wasmeasured at room temperaturewith aThermo
Nicolet (Nexus 670-FTIR) spectrometer in a spectral range of
4000 to 400 cm−1.

3.2. Thermal Analysis. These analyses were carried out to
understand the thermal behavior under degradation when
samples are heated to high temperatures. A Perkin-Elmer
TGA-7 thermogravimetric analyzer (TGA)was used to inves-
tigate the thermal stability of the elastomeric section of the
tire and the PLA/tire blends within a temperature range from
30 to 800∘C in a nitrogen atmosphere analyzed at a heating
rate of 10∘C/min. DSC was achieved in a DSC-7 Perkin
Elmer, with about 7mg samples of rubber tire, and each
concentration blends at a range of 40–200∘C and heat rate
of 2∘C/min. A second run was done to observe the thermal
event of crystallization.
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Figure 2: Experimental diagram.
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Figure 3: FTIR spectrum of the film obtained after extraction and
the solid residue.

3.3. Particle Size and Distribution. A Coulter LS100 equip-
ment capable of measuring particle sizes between 0.1 y 900 𝜇
with ultrasonic soundwas used to determine the particle sizes
and distribution of the residual powder.

3.4. Scanning Electron Microscopy (SEM). Microscopic anal-
ysis was performed on the powder in order to examine
the morphology of the particles. A small amount of the
uncoated powder pellets was mounted on a metallic slide,
and the examination was performed with a scanning electron
microscopy JEOL JSM6360 LV electron probemicroanalyzer
at 15 kV in low vacuum. Fractured surfaces of samples after
rupture in tension mode were also scanned.

3.5. Mechanical Properties. The mechanical properties for
tensile loadings were determinate according to ASTMD882-
12 standard [15]. A Shimadzu Universal testing machine,
model AG-I equipped with a 5 kN load cell and a crosshead
speed of 0.5mm/min was used.

The impact test was carried out by Izod with a1 Joule
hammer. The Izod notched impact strength was determined
from specimens measuring 63.5 × 12.7 × 4mm using an
unnotched Izod impact instrument according to ASTM
D256-10 [16].

4. Results and Discussion

4.1. Solid Powder Residue Characterization. According to
FTIR (Figure 3) analyses, it was found that for pyrolyzed
samples organic bands do not appear, because at high tem-
perature, tires suffer a complete depolymerization; therefore
organic compounds are eliminated, and the remaining are
mainly inorganic compounds.

On the one hand, solid powder obtained by thermal
shock process was purified with tetrahydrofuran (THF) in
order to carry out an extraction of possible organic resid-
uals. The extracted liquid was taken to evaporation. The
residual solution developed a yellow film of an elastomeric
appearance; therefore, the powder and the film were both
characterized separately by FTIR. Figure 3 represents both
spectrums where it is possible to observe that the solid
residue, after the extraction, exhibits an identical pattern to
that found in samples treated by pyrolysis at 750∘C with
almost no signals for organic compounds. On the other
hand, the spectrum of the film is similar to that displayed
by isoprene with bands corresponding to the vibrations of
the group –CH

2
– at 2924, 2856, 1455, and 1375 cm−1, as well

as vibration stretching of polyisoprene groups C=C– and
–CH at 1644 and 813 cm−1, respectively. The bands of lesser
intensity to these correspond to signals of other compounds
and butadiene-styrene residues. This result implies that a tire
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Figure 4: The TGA thermogram of the elastomeric part of the tire.

treated with pyrolysis followed by thermal shock avoids total
degradation of the polymeric chain breaking only the sulphur
bonds [17].

Thermal analysis curves of the elastomeric part of the
wasted tire used in this study for a heating rate of 10∘C/min are
shown in Figure 4. The thermogram shows different regions
for the whole temperature range between 30 and 800∘C.
These differences are the consequence of the degradation
of each major constituent of rubber tires, such as natural
rubber, butadiene rubber, styrene-butadiene rubber, as well
as minor constituents such as oil, plasticizers, additives and
moisture. In the temperature range between 80 and 350∘C
all the minor constituents are lost, as they are normally
volatile materials such as low molecular weight oligomers,
plasticizers, emulsifications, oils andwaxes, and antioxidants.
The degradation process of major constituents or their com-
binations occurs between 340 and 550∘C. It was previously
indicated that the maximum mass loss of styrene-butadiene
rubber occurs at 350 and 500∘C, maximum degradation of
natural rubber at 373∘C, and for butadiene rubber at 372 and
460∘C. Finally, in the last degradation phase, above 500∘C
only about 34% of the original weight of the sample is left,
corresponding to decomposition products mainly containing
Zn and carbon atoms such as oxidized no-volatile materials,
carbon black, and graphite [18, 19]. However, in the case of
rubber combinations like those used in tires, it is observed
that the mass loss for each peak in the thermogram curves
is dependent on the composition of the mixture. In spite
of the relative homogeneity of the scrap tire used in this
work, different compositions as a function of the relative
amount of each elastomer are observed. We obtained similar
values to those reported by Stefani et al. for temperatures and
mass losses (for the same heating rates), indicating that the
analyzed tire rubber has a similar composition [18].

In order to examine the uniformity or disparity in the
dimensions of the solid powder obtained by two different
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Figure 5: Distribution of the particle size.

processes, distribution of the particle size was studied. The
results are presented in Figure 5where the curves for pyrolysis
process are compared to the curve acquired for thermal shock
process. It is possible to observe the similarity in the two
curves that initiate with an exponential augmentation for
small particle sizes from 0 to about 180 𝜇m then a maximum
appears at about 210 and 250 𝜇m. Finally, the curves go down
towards stabilization at about 600𝜇m and continue to low
levels of bigger particles. Invariably the particle sizes in any
process are identical; this could be attributed to the manual
pulverization with a pestle and mortar by using the same
conditions such as pressure force and time for powdering the
solids obtained.

Scanning electron microscope was used to examine the
appearance of the solid powder obtained from solid reduced
by pyrolysis and thermal shock, respectively (see Figure 6),
where the difference in the surface area is noticeable.

Thermal shock particles (Figure 6(b)) seem to be covered
by a “whitened” rubber surface due to the remaining organic
residue (elastomer) as proved before by FTIR analysis. This
rubber keeps the particles of the residue united originating
the shape observed in the granules. Additionally, the granules
size is in agreement with the information obtained by the
distribution of the particle size. It was found a similarity in
the granules dimensions regardless the process used to obtain
the powder. However, particles obtained by thermal shock
process exhibited lower amount of large solids.

4.2. PLA/Tire Material Characterization. Thermal analyses
(DSC and TGA) are presented in Figure 7 where three
thermal events (𝑇

𝑔
, 𝑇
𝑐
, and 𝑇

𝑚
) are observed. As seen

in Figure 7(a), glass transition (𝑇
𝑔
) occurred around 55–

59∘C for all samples corresponding to PLA, while melting
(𝑇
𝑚
) occurred with two endothermic peaks. A multiple

melting behavior is a common phenomenon observed in
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Figure 6: Micrographs of solids: (a) scraped tire, (b) thermal shock,
and (c) pyrolysis.

polymorphic polymers (several crystalline structures) as PLA
which is detected as double melting peaks that have been
proposed [20–22] to arise from 𝛼- and 𝛼-crystalline forms
of the polymer. 𝛼 and 𝛼 peaks appeared at around 148
and 159∘C, respectively, and a slight diminution in those
values was found for concentration of 80% of PLA and
lower. Same trend was observed for 𝑇

𝑐
, a displacement to

lower value as the concentration of PLA diminishes. It seems
that the elastomer from tire slows down the formation and
amount of crystals. On the other hand, apparently 𝑇

𝑔
did

not exhibit such variation staying at about 58∘C. The TGA
results shown in Figure 7(b) exhibited a difference in thermal
decomposition influenced by tire concentration, so there was
a clear divergence in heat resistance. It is clear that with the
augmentation of tire concentration, amount of solid residues
will be higher due to the presence of minerals in the tire.

Typical stress-strain curves for PLA/tire blends are pre-
sented in Figure 8 and numerical results are in Table 2. PLA
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Figure 7: Thermal analyses: (a) DSC and (b) TGA.

Table 2: Mechanical properties of composite material.

PLA (% ) Strength (MPa) Strain (%) E (MPa)
100 27.6 3.2 1403.03
90 2 0.2 1249.8
80 0.9 0.46 1181.4
70 1.1 1.08 880.1
60 1.0 1.7 272.6
50 0.9 2.2 218.9
40 0.8 2.3 245.1
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Figure 8: Tensile properties of PLA/tire blends.

shows tensile strength of 27.6MPa andmodulus of 1403MPa.
With the first addition of 10 wt% of scraped tire, an important
decrement of tensile strength (2MPa) is achieved. Elastic
modulus (𝐸) is also reduced but not drastically to 1249MPa.
Eventually, with the increment of tire content, the system is
governed by a rubber behavior. On the other hand, fracture
behavior of the specimens in tensile mode changed from
brittle fracture of the neat PLA to ductile fracture of the
blends. In previous works [5, 23–26] where flexible and tough
materials are blended with PLA, a substantial amount of
elongation (strain at break ∼710%) is achieved; however, with
rubber obtained from tire this behavior is not allowed due to
the crosslinked system.

Figure 9 presents results of Izod notch impact tests where
it can be seen that, with the first addition of 10%of elastomeric
filler, the impact resistance has a diminution of about 60%
in comparison with PLA; absorbed energy exhibited similar
tendency. A gradual enhancement in the impact resistance
and absorbed energy is obtained with the increment of tire
concentration. Significant variation is found when volume
fraction of elastomeric particles reaches 60% with similar
values to virgin PLA.

PLA is similar to many polymers that can undergo plastic
flow mechanisms, initiated by dispersed rubber domains.
Scraped tire flakes induce energy dissipation mechanisms in
the matrix which retard crack initiation and propagation and
ultimately result in a material with improved toughness.

The morphology of tensile fracture surfaces was studied
by SEM as shown in Figure 10. Photographs at PLA 100% and
90% indicate a brittle behavior exhibiting a smooth longi-
tudinal fracture surface without visible plastic deformation.
However, at higher concentrations empty spaces as voids
are originated by rubber pull-outs at the scanned surface.
PLA/tire 40%–60%blend had the highest elongation at break,
and its matrix experienced plastic deformation in the stress
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Figure 9: Impact test (a) resistance and (b) absorbed energy.

direction. For lower concentration of tire samples whose
elongations are smaller at break, their SEM micrographs
evidently suggest the toughening mechanism.

Debonding of the rubber particles from the PLA matrix
under tensile stress is clearly observed at higher concen-
trations of tire. These cavities were formed during tension
when the stress was higher than the bonding strength at the
interface between the PLAmatrix and elastomeric inclusions.
Scraped rubber debonds from thePLAmatrix at the interface,
and so cavities arose.These cavities were enlarged in the stress
direction along with the deformation of the matrix. Since
rubber has different elastic properties compared with PLA
matrix, its particles act as stress concentrators under tensile
stress. Although a good dispersion of scraped tire into PLA
matrix is observed, it is clear that the adhesion is not strong
in any of the composites taken thematerial to an early ductile
fracture.There is evidence of immiscibility between both PLA
and the elastomeric material.
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Figure 10: Fractured surfaces of PLA/tire blends.

5. Conclusions

Physicochemical characterization of the solid residues
obtained from scraped tires by means of two reduction
processes, pyrolysis and thermal shock, was performed in
order to compare efficiency and viability of both processes
as an option for wasted tires control and to be used as fillers
in PLA blends. Differences in components, morphology, and
amount of residual solids were found. Scraped tires, in the
form of elastomeric flakes, were chosen as filler into PLA
matrix. An effect in thermal events in PLA was found to be
caused by the increment of elastomeric content in blends.
Mechanical properties were found to be affected as well by
the addition of filler into PLA. An enhancement in toughness
is only obtained at high values of tire concentration equal to
virgin PLA values. Finally, it is important to point out some
features that can affect the transference of elastic toughness
from the rubber to the PLA matrix: the rubber must be
distributed as small domains (usually 0.1–1.0𝜇m) in the
matrix polymer and it must have good interfacial adhesion
to PLA. SEM micrographs exhibited the poor interfacial
adhesion between tire and PLA.

A further investigation has to be done in the interphase
level and intent surface modifications in order to augment

the adhesion. It is also recommendable to understand the
mechanisms of degradation of partially biodegradable mate-
rials such as PLA/tire composite in order to understand the
environmental factors that affect any possible application.

PLA/tire composites displayed good mechanical perfor-
mance that makes them a good prospectus for collision and
impact applications. A good example for that is the auto-
motive industry, where the application of impact absorbers
materials was doubled in the form of different cover parts
over the last few years.
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