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1. Introduction

Polyamide is an important group of the thermoplastic excellent solvent resistance and good
processability. However, polyamide exhibits a relatively rapid crystallization rate, which
makes it to have some drawbacks such as high mold shrinkage and dimensional instability.
In order to control the crystallization rate and the crystallinity, then achieve the desired
morphology and properties, a great deal of efforts has been made on studying the
crystallization kinetics corresponding to the change of the performed properties (Liu &
Yang, 2009; Lu et al.,,2001; Run et al., 2005).

Composite materials are widely used in various fields, such as the automotive industry,
aeronautics, and communications. Depending on the composite nature and structure, many
properties can be improved: hardness, tenacity, deformation temperature, price, and so
forth. Nanocomposites refer to composites in which one of the components has at least one
dimension of about a few nanometers. They are a relatively new class of material. The
nanoscale dispersion gives better mechanical properties. A few articles focus on the
advantages of using nanocomposites (Varlot et al., 2001).

Polymer nanocomposites are an area of substancial scientific interest and of emerging
industrial practice. Hybrid combinations of natural fillers and polymers were presented to
the public for the first time in 90s (Pfaendner, 2010). In recent years, the dispersion of low
loadings (ca. 5%) of inorganic particles in the nanosize scale in organic polymers is a
challenge for the preparation of new composite materials with enhanced mechanical, gas
barrier and flame retardant properties, when compared to those of composites prepared
with micron size particles. A homogenous dispersion of nanoparticles is believed to
contribute better to the property improvement (Herrero et al., 2010; Dubois, 2000).

Although fillers like alumina, silica, etc., can be added, layered inorganic compounds
possess unique properties to be active as fillers in polymeric nanocomposites. They can be,
in fact, exfoliated into single layers, each of them having a thickness of the order of
nanometers (from ca. 0.7 to 2.5 nm) and by ion exchange or grafting reactions the surface of
the layers may be functionalized with organic groups that increase the compatibility with
the polymers (Herrero et al., 2010). In addition, layered solids may intercalate polymeric
chains in their interlayer regions. Until now, however, the clay materials involved in this
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field have been mostly focused on montmorillonite-type layered silicates whose layers have
a relatively low charge density and from which exfoliated montmorillonite-type layered
silicate/ polymer nanocomposites can be easily obtained (LeBaron et al., 1999; Lagaly, 1999).
Montmorillonite is one of the most commonly used clay minerals in polymer
nanocomposites, due to its high cation exchange capacity, excellent swelling ability, high
aspect ratio and ease for modification (Xi et al., 2005). However, it is very difficult for the
hydrophilic montmorillonite to be exfoliated and well-dispersed in a hydrophobic polymer
matrix. Therefore, two main objectives for modification are: to expand the interlayer space
of the clay, allowing large polymer molecules to enter into the interlayer space, and to
improve the miscibility of clay with the polymer, thereby achieving a good dispersion of
clays in the polymer matrix (Zhao et al., 2010).

Several methods have been developed to produce clay/ polymer nanocompositos
(Dubois,2000). Three methods were developed in the early stages of this field and have been
applied widely. These are: in situ polymerization (Wang et al., 2005), solution induced
intercalation (Qiu et al., 2006), and melt processing (Lee et al., 2006).

A membrane is an interphase between two adjacent phases acting as a selective barrier,
regulating the transport of substances between the two compartments. The main advantages
of membrane technology as compared with other unit operations in (bio)chemical
engineering are related to this unique separation principle, i.e. the transport selectivity of
the membrane. Separations with membranes do not require additives, and they can be
performed isothermally at low temperatures and —compared to other thermal separation
processes—at low energy consumption (Ulbricht, 2006). The primordial function of a
membrane is to act as a selective barrier, allowing the passage of certain components and
the retention of others from a determined mixture, implying the concentration of one or
more components both in the permeate and in the retentate. Its selectivity is related to the
dimensions of the molecule or particle of interest for separation and the pore size, as also the
solute diffusivity in the matrix and the associated electric charges (Coutinho et al., 2009).
The separation performance of a membrane is influenced by its chemical composition,
temperature, pressure, feed flow and interactions between components in the feed flow and
the membrane surface (Lin, et al., 1997).

The membranes can be classified as symmetrical or asymmetrical. This asymmetry is
considered with respect to the internal structure of the membranes. Symmetrical membranes
show uniform pore sizes in their cross-section whereas the pores of asymmetric membranes
are usually larger the further they are from the filter surface. In general the most important
characteristics of membranes are: thickness, pore diameter, solvent permeability and
porosity. Other important parameters are: permeate flow rate, heat, chemical and
mechanical resistance (Coutinho et al.,, 2009). From the morphological point of view,
membranes can be divided into two large categories: dense and porous. Membranes are
considered to be dense when transport of the components involves a stage of dissolution
and diffusion across the material constituting the membrane. On the other hand a
membrane is denominated as porous when permeate transport occurs preferentially in the
continuous fluid phase which fills the membrane pores (Habert, Borges, & Nobrega, 2006).
Several industrial separation processes make use of polymeric membranes. When porous
polymeric membranes are needed, phase separation of polymer solutions is the fabrication
method of choice. First, a polymer solution is cast on a support. Then, the phase separation
can be induced by means of contacting the polymer solution with a suitable non-solvent in
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the liquid or vapor phase (liquid induced phase separation or vapor induced phase
separation). Diffusional exchange of solvent and non-solvent induces a thermodynamic
instability in the polymer solution causing phase separation to occur into a polymer-rich
phase and a polymer-lean phase. The polymer-rich phase forms the body of the membrane,
whereas the polymer-lean phase will form the porosity inside the membrane. The
morphology of the membrane depends strongly on the conditions under which the phase
separation is carried out (Boom et al., 1992; Witte et al., 1996; Bulte et al., 1996).

Adding the inorganic nanoparticles into polymeric materials to improve the filtration
membrane properties has attracted broad attentions in the development of membrane
science and technique. Many literatures (Yang et al., 2007; Uragami et al., 2005; Nagarale et
al., 2005) indicated that adding proper inorganic nanoparticles in polymeric casting solution
could suppress the formation and growth of macrovoids, to increase the number of small
pores and run-through pores, to improve the porosity, hydrophilicity and permeability with
almost unchanged retention, and to enhance the mechanical and thermal stabilities and the
anti-fouling performance.

Therefore, the aim of this work was to evaluate the thermal behavior of microporous
membranes obtained from nanocomposites of PA6 and PA66/national clay.

2. Experiment

2.1 Materials

Bentonite clay Brasgel PA (sodium), with CEC (cation exchange capacity) = 90 meq/100
(method of adsorption of methylene blue) passed through ABNT sieve no. 200 (D = 74um),
cream colored, supplied by Bentonit Unido Nordeste (BUN) located in Campina Grande-PB.
The polymer matrix used was a polyamide 6 (Technyl C216) and polyamide 66 (Technyl
A216) provided by Rhodia/ SP, in the form of white pelets. It was used the Genamin
(hexadecyltrimethylammonium chloride) quaternary ammonium salt, produced by
Clariant/PE. For the preparation of membranes, it was used the formic acid solvent at 99%
by Vetec/SP.

2.2 Methodology

To make the clay compatible with the polymer matrix, the sodium ions present between the
layers of clay were exchanged for ions of the quaternary ammonium salt (Genamin) to
produce the organoclay, called OMMT. To obtain the organoclay (OMMT) a suitable
treatment was suitable for the salt, based on the CEC of clay, according to procedure
reported in previous studies (Leite et al., 2009; Araujo et al., 2007).

To obtain the nanocomposites of polyamide/clay there has been a preparation of
concentrates (1:1) in an internal mixer coupled to a torque rheometer from Haake System 90-
Biichler, operating at 240°C for polyamide 6 and 260°C for polyamide 66, at 60 rpm for 10
minutes. The concentrates obtained were granulated and added to the polymer matrix in
quantities necessary to obtain nominal concentrations of 3 wt% clay. The mixtures were
processed in a counterrotating twin screw extruder coupled to a torque rheometer System 90
from Haake-Biichler at a temperature of 240°C for polyamide 6 and 260°C for the polyamide
66 in all heating zones and speed of the screws at 60 rpm. Before any processing step, the
polyamide materials were dried at 80 £ 5 © C for 24 hours in the vacuum oven before being
processed for removal of moisture (Leite et al., 2009).

The method of phase inversion by immersion-precipitation technique was used in the
preparation of membranes. Polyamide 6 and Polyamide 66 and the nanocomposites (dried
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at 80°C under vacuum for a period of 24 hours) were dissolved in a quantity in weight of
20% polymer and 80% formic acid at a temperature of 40°C, until complete dissolution of
the polymer. When dissolved in formic acid, polyamide forms a clear and homogeneous
solution whereas nanocomposites form a turbid one. After being prepared, the solution was
spread on a glass plate and then quickly immersed in a bath of distilled water, a non-solvent
element. After completion of the precipitation, the membrane was removed and washed
with distilled water then dried in an oven at 50°C for 2 hours.

2.3 Characterization

2.3.1 X-ray Diffraction (XRD)

The spacing basal of the samples was observed by X-ray diffraction (XRD) at room
temperature by XRD-6000 Shimadzu diffractometer (40 kV, 30 mA) using CuKa radiation (A
= 0.154 nm) at the rate of 2° min-1 in the range of 2.0-30°.

2.3.2 Transmission Electron Microscope (TEM)

The phase morphologies of the nanocomposites were observed by transmission electron
microscope (TEM), Philips CM 120, operating at an acceleration voltage of 120 kV. Samples
were cryogenically microtomed (—80 °C) into ultrathin sections (~30 nm thick) from films
with a diamond knife using a RMC MT-7000.

2.3.3 Scanning Electron Microscopy (SEM)
The structures of the membranes were characterized by SEM SSX 550 Superscan—
Shimadzu, operating with 15 kV. All samples were gold sputtered.

2.3.4 Water flux

For the testing of water permeability, we used a perpendicular Amicon filtration cell
(effective area = 28.7 cm?), coupled to a filtration system (Figure 1). The membranes were
tested for permeability at different pressures: 0.5 and 1.0 bar. The collections of permeated
water was measured in an interval of 3 minutes, and each collection was made for a period
of 1 minute

Pressure Control

Per
Gas ermeate

Stirring
Plate

Fig. 1. Schematic representation of the used filtering system.
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3. Results and discussion

3.1 X- Ray Diffraction of clay and nanocomposites (XRD)

The XRD patterns were made to the clay without treatment (MMT) and clay treated with
Genamin. Figure 2 shows that there was a shift of the 20 angle of 6.97° (MMT, d001 = 12.74
A) to 4.01° (OMMT, doo1 = 22.34 A) The shift to smaller angles and, consequently, increasing
the basal spacing, it indicates that the intercalation of molecules in the salt between the
layers of clay. showing an expansion of the basal interplanar distance, indicating the
intercalation of the salt in the clay. The interlayer distance is determined by the diffraction
peak in the X-ray method, using the Bragg equation. The results indicated that the
quaternary ammonium salt Genamin was intercalated between two basal planes of MMT,
leading to an expansion of the interlayer spacing, conform reported too in others works
(Fornes et al., 2001; Araujo et al., 2007) that used this quaternary ammonium salt in the
organophilization of bentonite clays of same precedence.

22.22A

Intensity (a.u.)

W OMMT

Wiy NIMT

o 5 10 15 2 25 30
20

Fig. 2. XRD patterns of MMT and OMMT clays

Figure 3 (a and b) shows the X-ray diffraction patterns of clay without treatment (MMT),
treated (OMMT), and the nanocomposites of polyamide 6 and 66. It is observed that the clay
without treatment presents an interplanar basal distance of about 12.74 A, a characteristic of
the clay minerals in smectite group. Concerning treated clay there was a peak shift to lower
angles in the order of 22.22 A, showing an expansion of the basal interplanar distance,
indicating the intercalation of the salt in the clay.

Regarding the nanocomposites of polyamide/clay that were analyzed through films, it can
be observed that the characteristic peak of the treated clay no longer appears. This result
shows that apparently the nanocomposites obtained present an exfoliated or partially
exfoliated structure. This will then be confirmed by transmission electron microscopy.

3.2 Transmission Electron Microscopy (TEM)
The photomicrographs of Figure 4 (a and b) show the PA 6/MMT and PA 66/MMT

systems. For the PA system 6/MMT presents a partially exfoliated morphology, composed
of layers of clay and some clusters dispersed in the polymer matrix, since for
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photomicrography 66/ MMT PA system, there is a morphology composed predominantly of
small and large clusters of lamellae of clay, ie a structure with partial intercalation, also
called a microcomposite.
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Fig. 3. XRD patterns of MMT and OMMT clays and nanocomposites of (a) PA 6 and
(b) PA 66
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@) | (b)
Fig. 4. TEM photomicrographs of the nanocomposites films of (a) PA 6/MMT and (b) PA
66/MMT.

Figures 5a and b respectively show photomicrographs of nanocomposites of polyamide 6
and polyamide 66 with treated clay. Figure 5a makes it possible to observe a partially
exfoliated morphology, composed of layers of clay and some clusters dispersed in the
polymer matrix. Figure 5b presents a similar morphology however showing an absence of
clusters. It apparently presents a more exfoliated morphology compared to nanocomposite
polyamide 6/OMMT. In a general way, the quaternary ammonium salt studied favored the
production of nanocomposites with a predominantly exfoliated structure, thus confirming
the results of X-ray diffraction previously obtained and displayed.

(@) (b)
Fig. 5. TEM photomicrographs of the nanocomposites films of (a) PA 6/OMMT and (b) PA
66/ OMMT.

3.3 X- Ray Diffraction (XRD) of membranes

Figure 6 (b) shows the XRD diffractograms of the membranes prepared from polyamide 6
and 66 and its nanocomposites. According to what has been mentioned for the XRD
diffractograms of the films obtained from the granules of nanocomposites, Figure 3, we can
also emphasize here the disappearance of the characteristic peak of clay, confirming the
exfoliation of the membranes produced from the nanocomposite , ie, behavior similar to that
previously studied. Through these diffractograms, one can see the presence of two peaks at
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20 of about 20 ° and 24 ° for all compositions of the membranes. The appearance of both
peaks may be related to the formation of a crystalline polyamide phase, called phase a
(alpha) (Kohan, 1995).

Memb. PA 6

i O e N

Memb. PA 6/MMT

A, o

Intensity (a.u.)
T

- Memb. PA 6/OMMT
it VO
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20

Memb. PA 66

- Memb. PA 66/ MMT

Intensity (a.u.)

Memb. PA 66/ OMMT

:? VAN N
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20

(b)
Fig. 6. XRD patterns of membranes obtained of (a) PA 6 and (b) PA 66
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According to Khanna and Kuhn (1997), polyamide can take two crystallographic forms, o
monoclinic and monoclinic or y pseudo-hexagonal. In the o form, the hydrogen bonds are
formed between antiparallel chains, and y form between parallel chains by hydrogen bonds,
causing the twist of the molecular chains in zig-zag planes. As a result of this phenomenon,
the crystal density and heat of fusion of y form, where interactions between the chains are
weaker, are less than o form. The o way can be identified in XRD pattern of X-ray
diffraction peak at 2 6 approximately 24°, the crystalline y form is shown in diffractogram as
a peak between 21 and 22. As seen, the introduction of clay and formic acid changes the
shape of these peaks, probably by changing the crystallinity of PA.

3.4 Scanning Electron Microscopy (SEM)

3.4.1 Top surface

In Figure 7 (b) are shown photomicrographs of the top of the membranes of pure polyamide
6 and 66. For the membrane of polyamide 6, this surface is virtually skinless, composed of
‘sheaf-like’ crystallites, as in the membrane interior. The sizes of the crystallites are
considerably smaller than those in Fig. 7(a), suggesting that there is a much higher
nucleation density during precipitation in this top surface. Already the polyamide 66
membranes, presents a continuous skin composed of intersecting polygonal plates with
approximately linearly boundaries. These crystalline plates resemble the two-dimensional
spherulites commonly observed in melt-crystallized films.

(b)

Fig. 7. SEM images of the top surface of (a) PA 6 (b) PA 66

Figures 8 and 9 shows the photomicrographs of the top of the membranes obtained from
nanocomposites of PA6 and PA66. Analyzing the images, it can be seen that the membranes
obtained from the nanocomposites show a higher amount of pores and their distribution
more uniformly compared to the membrane of PA 6. Moreover, it is observed that the
presence of clay treated decreases pore size. As for the PA 66 membrane there is a behavior
similar to the membrane of pure PA 66. It appears that for the membranes obtained from
PAG6 It shows the presence of particles to the membrane obtained from the pure polymer can
be attributed to the presence of such a differential precipitation on the membrane surface or
to an incomplete dissolution of the polymer during the preparation of the solution to obtain
the membranes. The membranes with the presence of clay can be attributed to an
incomplete homogenization of the clay with the polymer during preparation of the solution.
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The agglomeration of the layers of clay, because of possible interactions of molecules
present in the clay of the salt with formic acid. These clusters are seen macroscopically in the
membrane where it was used nanocomposite with treated clay.

@ | (b)

Fig. 9. SEM images of the top surface of (a) PA 6/OMMT (b) PA 66/OMMT

3.4.2 Cross section

In the cross section of membranes obtained is possible to observe a variation in pore size
along its thickness. For all membranes, we visualized a layer of skin and filter just below the
skin to the porous layer with pores distributed uniformly spherical (Figures 10 to 12). These
figures show that the skin pores filter has very small or even nonexistent, and that the
porous layer has interconnected pores and well distributed. This difference in morphology
in cross section that arises or is defined (also) the selectivity of the membrane, which will be
investigated by measuring the flow. For all cross sections analyzed was possible to observe
the formation of macrovoids and the presence of a dense skin, this probably occurred
because of a delay precipitation in obtaining membrane. Generally, membranes PA 66 have
a porous layer with pores much smaller when compared membranes obtained by the PA 6.
The membranes of polyamide 66 and their nanocomposites present a thicker filter skin and
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lower pores in the porous layer when compared to membranes made of polyamide 6. This
increased thickness directly implies on the permeate flux.

(b)
Fig. 11. SEM images of the cross section of (a) PA 6/MMT (b) PA 66/ MMT

(b)
Fig. 12. SEM images of the cross section of (a) PA 6/OMMT (b) PA 66/ OMMT
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3.5 Water flux

Figures 13 and 14 (b) show the curves of flux measurements made with distilled water in a
cell filtration membranes for PA 6 and PA 66 at pressures of 0.5 and 1.0 bar respectively. For
membranes of PA 6 and PA 66, the curves behave similarly, with a tendency to stay constant
at low values of flow after 30 minutes. This trend can be attributed to the fact that a swelling
of the matrix when in contact with water and gradually decreasing the pores, thereby
precluding the permeability of water. Swelling occurred may have been caused by the
hygroscopicity of the polymer used. Polyamide 6 and polyamide 66 in the form of granules

showed a percentage of 1.7% absorption of water in an immersion in period of 24 hours
(Wiebeck 2005).

18
16

10

Water Flux (kg/hm?)

= k2 e o
&

000 500 1000 1500 2000 2500 3000 3500
Time (min)

(@)

12

10 1e

Water Flux (kg/hm?)
L)

0.00  5.00 1000 1500 2000 2500 3000 3500
Time (min)
(b)

Fig. 13. Curves of water flow to the membrane of PA 6 obtained for pressures of (a) 0.5 bar
and (b) 1.0 bar.
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Fig. 14. Curves of water flow to the membrane of PA 66 obtained for pressures of (a) 0.5 bar
and (b) 1.0 bar.

However, the membrane of PA 6 and PA 66 having a porous structure, a period of just five
minutes immersed in water, swells and almost blocking the passage of water through the
pores. A membrane with pores smaller and capable of swelling further reduces their pores
and, consequently, the permeate flux is practically annulled. Even with the application of
higher pressure, the performance remained the same, although the initial flow obtained
with the membranes at a higher pressure was lower, perhaps caused by a compression of
the membrane, is characteristic of the technique used in the preparation of membranes
(reversed phase).

The membranes obtained from the nanocomposites, ie, where there was the presence of clay
and generally larger pores compared to the membranes of PA 6 and PA 66, they were
impossible to perform, even under the effect of swelling. It was hoped that the presence of
clay which change the morphology of the membrane pores, favoring a better distribution
and larger sizes of these, alter membrane permeability.
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3. Conclusion

Based on the results obtained and presented in this study, we conclude that the presence of
molecules of salt in the clay was checked by increasing interplanar basal evidenced in the
XRD diffractograms, and that nanocomposites showed exfoliated and/or partially
exfoliated structures, also evidenced by XRD and confirmed by the TEM photomicrographs,
which showed some lamellae of clay agglomerates dispersed in polymer matrix. XRD
diffractograms of the membranes confirmed the obtaning exfoliated and/or partially
exfoliated structure.

SEM photomicrographs of the membranes obtained from nanocomposites present a higher
amount of pores and a more uniform distribution when compared to pure polyamide
membrane. Membranes of polyamide 66 present thicker skin filter. The membranes
showed a low flow of distilled water and this was practically stopped in time, thus showing
a swelling in the membrane structure and with increasing pressure, the initial flow was even
lower, indicating it may have caused a compression of the membrane during the test. In
general, asymmetric microporous membranes of PA 6, PA 66 and their nanocomposites
were successfully obtained, where the presence of clay provided a considerable structural
change.
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