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Abstract This study presents a favorable, simple, safe, fast, and facile approach
for the synthesis of potentially ecofriendly biodegradable polymer nanocomposites
(NC)s with amino acid modified-montmorillonite (AA-MMT). At first, positively
charged chiral amino acid L-leucine was incorporated into the unmodified Cloisite-
Na™ montmorillonite (MMT) for organo-modification of MMT by cation-exchange
method. Fourier transform infrared spectroscopy (FT-IR) showed the presence of
the organic segment in the modified clay product. Then the dispersion character-
istics of AA-MMT in the aforementioned NCs were determined based on
polyvinylpyrrolidone (PVP). The obtained NCs were characterized by different
analytical tools including FT-IR, powder X-ray diffraction (XRD), thermogravi-
metric analysis (TGA), transmission electron microscopy (TEM), and field emission
scanning electron microscopy (FE-SEM). The XRD patterns, FE-SEM, and TEM
results proposed that the AA-MMT platelets were intercalated with PVP during the
process. As evidenced by TGA analysis of the obtained NCs, heat stability was
slightly improved as compared with the pure PVP.
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Introduction

Over the past decade, in the area of research and development, an enormous amount of
attention has been paid to the polymer nanocomposites (PNC)s [1]. While
conventional inorganic fillers are typically added in percentages varying from 20 to
40 % by weight, in PNCs, the usual amount could be between 2 and 5 % [2, 3]. Among
the nanoparticulates, carbon nanotubes and layered silicate (LS)s have been
extensively investigated. More specifically, LSs are favored in commercial applica-
tions over carbon nanotubes because of their low-cost and abundance [4, 5]. Many
works have revealed that the addition of a very low percentage of LSs can bring about
an important improvement in numerous properties, for instance, flame retardancy, gas
barrier properties, stiffness and strength, thermal stability, ionic conductivity,
electrical properties, and biodegradability [6—8]. All of these properties make these
materials suitable for a wide range of applications, such as food packaging, automotive
industry, electronics, biomedicine, and biotechnology [9-11].

Among the layered nanofillers, MMT clay is one of the most extensively used
nanofillers for the synthesis of PNCs, owing to its high ion-exchange capacity for
the attachment of surfactant molecules, and high aspect ratio for improved barrier
properties [12]. Moreover, MMT is made of numerous stacked silicate layers with a
regular gap or gallery in each one [13, 14]. The MMT clay contains planar layers of
octahedral (O) bounded by tetrahedral (T) over and below with a typical repeat
distance (gallery spacing) between the T-O-T layers [9, 15, 16].

The organic compound can be either intercalated or exfoliated with the inorganic
filler. Intercalation happens when a small quantity of macromolecule goes into the
gallery spacing and separates the layers somewhat, but fails to separate the layers
entirely. Exfoliation (or delamination) occurs when the clay platelets are pushed
apart and dispersed homogenously into the macromolecule matrix [16].

The affinity of the macromolecule to the surface of the clay, and/or to the organic
surfactant of the organoclay is crucial for further acceptable interactions among
these segments which can increase high levels of exfoliation [17, 18]. The surface
treatment of clay has received great attentions, for instance, ion exchange of the
inorganic cations with organic cations typically with quaternary ammonium
compounds can intensely change the surface properties. The intercalation of a
cationic surfactant not only changes the surface properties from hydrophilic to
hydrophobic but also importantly increases the d-spacing of the layers [19, 20].

There is a growing interest in improving novel macromolecule clay NCs to
meet the new demands in all the fields. As the polyvinylpyrrolidone (PVP) is
widely utilized as an adhesive in textile dye stripping, an industrial surfactant,
an extender in pharmaceutical applications, and an emulsifier, it is good to
examine PVP/organo-clay NCs which may display good thermal stability and
other properties [21-23]. In the case of NCs based on PVP, mixing in water
solution is one of the most frequently recounted approaches. This is because
PVP is dissolved well in water as well as in many common polar solvents [22].
Many clay mineralogists have considered the structure of the clay NC
consisting of PVP because of its specific interactions with clay minerals. The
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strong absorption of this macromolecule on the clay surface was witnessed,
however, the mechanism is still not well unstated [24-26].

Yet, there were some articles on PVP/MMT, and PVP/organomodified MMT
NCs [21-23, 26]. But in these papers, they did not utilize optically active and
biodegradable amino acid coupling agent for the preparation of amino acid
modified-montmorillonite (AA-MMT). This research work was carried out with a
view to prepare potentially biodegradable NCs consisting of bioactive polymer and
chiral nanoclay. Dispersion of this chiral nanoclay into PVP matrix was expected to
increase its thermal and physical properties and also make them more biodegradable
and biocompatible. When compared with chemically synthesized surfactant, amino
acid biosurfactants have the important advantage of biodegradability, low toxicity,
low-cost and various possible structures [27-29].

Actually, in the present investigation, PVP/AA-MMT NCs with different
percentages of AA-MMT (3, 5, and 7 wt%) were prepared by a green and
environmentally friendly process and characterized. The data analysis revealed that
the aforementioned NCs showed slightly improved thermal stability.

Experimental
Materials

The silicate used, Cloisite-Na*t, was purchased from Southern Clay Products,
Gonzales, Texas (USA). The cation-exchange capacity (CEC) of Cloisite-Na™ is
92.6 meq/100 g as reported by suppliers. This compound was used without any
further purification. Other reagents and solvent were provided commercially from
Aldrich Chemical Co. (Milwaukee, WI), Fluka Chemical Co. (Buchs, Switzerland)
and Merck Chemical Co. (Darmstadt, Germany) and were used as received. The
PVP MW = 40,000 received from Merck Chemical Co.

Equipments

Fourier transform infrared (FT-IR) spectra data were taken on Jasco-680
spectrophotometer (Japan) at a resolution of 4 cm™' and they were scanned at
wavenumber range of 400—4000 cm™'. Vibration bands were described as wave
number. FT-IR spectra of solid sample were also attained by building their pellets in
KBr. Blank scanning was executed before measurements to remove the effect of
water vapor and CO, in the air. The data of thermal gravimetric analysis (TGA) was
done using STA503 TA instrument (Hiillhorst, Germany) in a nitrogen atmosphere
at a heating rate of 20 °C/min. X-ray diffraction pattern were taken on a Bruker, D8
ADVANCE, (Karlsruhe, Germany) diffractometer operating at the current of
40 mA and a voltage of 45 kV. The Cu Ka radiation source (4 = 1.5418 10\) was
used in the range of 0.8°-10° at a scanning rate of 0.02°/s. XRD information was
acquired from samples powdered and measured for 20. Field emission scanning
electron microscopy (FE-SEM) micrographs were collected on HITACHI (S-4160)
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(Tokyo, Japan). To clarify the nanostructure of the samples, TEM (CM 120, Philips)
was also used at an accelerating voltage of 100 kV. For TEM, NCs were suspended
in water and a small drop of suspension was deposited on the carbon coated copper
grid. The construction of the aforementioned NCs was performed on a MISONIX
ultrasonic liquid processor, XL-2000 SERIES. Sonication was carried out with the
probe of the ultrasonic horn being absorbed directly in the mixture solution system
with a frequency of 2.25 x 10* Hz and power of 100 W.

Preparation of organomodified Cloisite-Na*

According to our previous work, L-leucine was utilized for the modification of
MMT clay by cation-exchange method [30].

Construction of PYP/AA-MMT NCs

For the 3, 5, and 7 wt% AA-MMT concentration (weight fraction concentration for
1 g of polymer matrix) 0.03, 0.05 and 0.07 g of organomodified MMT powder was
dispersed in deionized water and stirred vigorously for 2 h. Afterwards, it was
sonicated for 30 min. Then 1 g of PVP was added to AA-MMT solution and stirred
for an additional period of 30 min to attain a homogeneous mixture. Finally, this
solution was casted into polystyrene-Petri-dishes. Bubbles were removed by
shaking. The cast Petri-dishes were kept at R.T. until they were dried and then dried
at 60 "C under vacuum for 2 h.

Results and discussion
Production of NCs

This chemical modification alters the nature of MMT from a purely inorganic to an
organic-like matter, or it forms a hydrophilic to a hydrophobic substance. This
intercalation increases the spacing between the MMT layers and even leads to the
complete exfoliation of the layers to form MMT/polymer NCs. Organoclay has
electronegative oxygen and hydroxyl groups, which can assist the adsorption of
PVP onto its surface. After the preparation of organo-modified-MMT, PVP/AA-
MMT NCs were successfully fabricated by adding various AA-MMT contents (3, 5,
and 7 wt%) to the PVP via solution intercalation method (Scheme 1).

FT-IR study of NCs

The FT-IR spectroscopy was used to characterize the chemical structure of organo-
modified-MMT and NCs, and the obtained spectra are shown in Fig. 1. The FT-IR
spectra of AA-MMT (Fig. 1a) showed the characteristic absorptions at 3635, 3423
and 1703 cm ™', corresponding to —OH stretching of AI-OH and Si-OH, —-NH and
C=0 groups, respectively. The characteristic band observed at 2926 cm ™' was due
to C-H stretching vibration of CH, aliphatic for L-leucine moiety. Also this

@ Springer



Polym. Bull. (2016) 73:2677-2688 2681

Mixing at R.T. for 2h
» AA-MMT

Sonication for 30 min

(s

AA-MMT + N

£

Mixing at R.T. for 30 min n

=== (Organoclay

Scheme 1 Schematic image of the fabrication of PVP/AA-MMT NCs

spectrum displayed bands in the 400-600 cm ™" area that were related to Mg—O and
Al-O bending vibration. The typical characteristic stretching hydroxyl band of L-
leucine was shown at 2500-3500 cm ™! [30]. As the AA-MMT was loaded into the
PVP, the clay band intensity became stronger in the FT-IR spectra (Fig. 1c—e) [11].
The peak at 1663 cm ™' was related to carbonyl of PVP. In the spectra of NCs, the
characteristic absorption bands of the AA-MMT and PVP were observed.
Consequently, the functional groups of the obtained PVP/AA-MMT NCs were
confirmed by the data of FT-IR spectra.

X-ray diffraction data

According to XRD patterns of the MMT and AA-MMT, the basal spacing of the
unmodified MMT was clearly increased from 1.17 to 1.47 nm for an MMT modified
with L-leucine amino acid [30]. The d-spacing of the clay and AA-MMT was
analyzed by using Bragg’s equation (nd =2d sin 6, A= 1.5418 A). The
aforementioned PVP/AA-MMT NCs were presumably classified into two types,
intercalated and exfoliated NCs. The structure of PVP/AA-MMT NCs could be
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recognized by determining the shape, position, and intensity of basal reflections in
clay layers. The specific peak of clay would seem to be in a lower degree on XRD
pattern due to the increase of the distance between the layers. But in the exfoliated
type, the peak of silicate layer would disappear because the layered structures
between clay were interrupted by intercalated macromolecules [31, 32]. According
to the obtained results, the morphology of PVP/AA-MMT NCs was intercalated.
Consistent with Fig. 2c (PVP/AA-MMT NC 3 wt%), the characteristic peak of AA-
MMT with the layer distance equal to 1.47 nm moved to 4.82 nm with the
broadening peak. It could be attributed to the intercalation of PVP matrix into the
clay gallery and the partial disturbance of stacked layer parallel to each AA-MMT.
In Fig. 2d (PVP/AA-MMT NC 7 wt%) two peaks at different interlayer spaces are
reported which can be a symptom of the presence of different d-spacing. The
presence of the second-order peak characteristically offers that a high degree of
periodic order is current in the material [33]. On the other hand, it could be related
to a two orders of (00 /) Bragg diffraction peaks of clay crystals appear in PVP NCs.

Morphology
FE-SEM
FE-SEM analysis highlighted the homogeneity of the pristine PVP and NCs

(Fig. 3). According to our previous work, pristine PVP exhibited a dense and
homogeneous morphology [34]. The clay layers (white small scenting layers) in
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PVP/AA-MMT NCs could be seen in its surface at FE-SEM micrograph (Fig. 3a—f).
By comparison of the morphologies of PVP [34] and PVP/AA-MMT NCs, it is
apparent that the morphology of the PVP in the aforementioned NCs was changed to
nanospherical shape. The FE-SEM observations showed the compatibility between
PVP and AA-MMT and also, the homogeneity of the above NCs. The morphology
of the NCs was affected by the presence of organo-modified clay due to the change
in the arrangements of ions in the modified NCs. Meanwhile, the organo-modified-
MMT contained hetero-atoms functional groups such as: -NH and —OH segment,
which could be expected to have more favorable interactions between AA-MMT
and the PVP chains. As the AA-MMT content was increased, the agglomeration
didn’t occur at various percentages of clay loading, which might be due to the
modification of layers with amino acid moiety. Inappropriately, it is difficult to find
regularly intercalated nanostructured NC as indicated by the XRD patterns at this
magnitude. In some places, there are some curved layers for AA-MMT.

TEM results

To find whether the AA-MMT were exfoliated or not in the NCs, TEM images were
used to investigate the morphology of the PVP/AA-MMT NC 5 wt% with
magnifications of 250 and 300 nm (Fig. 4). The ultrasonic energy was applied to the
NCs before TEM imaging, causing the homogenous dispersion of NCs for
micrograph. The black lines in the TEM micrographs characterize the AA-MMT
platelets while the gray background corresponds to PVP matrix. Figure 4 illustrates
that the polymer has entered into the intergallery spacing where the layer structure
of clay was moderately being disrupted. Also this figure supports that the
organoclay is dispersed randomly in the polymer matrix in a nanometer scale.
Therefore, the above results clearly demonstrated the good dispersity of the AA-
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Fig. 3 FE-SEM micrographs of a, b PVP/AA-MMT (3 wt%), ¢, d PVP/AA-MMT NC (5 wt%), and e,
f PVP/AA-MMT NC (7 wt%) with different magnifications

MMT and the virtually disorganized distribution in the NCs, which agrees with the
XRD results shown in Fig. 2. This could be attributed to the amino acid modifier for
modification of MMT. It is implied that diffusion of polymer chains inside clay
galleries is less hindered due to increased d-spacing. Thus, the structure of organic
modifier within organoclay is an important factor to affect the morphology of the
aforementioned NCs.

TGA analysis

Thermal stability is typically investigated by TGA. Heat stability is a significant
property for the NCs containing MMT. In this planning, TGA was performed under
nitrogen purge flow to avoid the oxidation of the aforementioned NCs (Fig. 5). The
temperature corresponding to 5 % (7s) and 10 % (7)) of weight loss, char yield at
800 °C and also, the limiting oxygen index (LOI) obtained from TGA curve have
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Fig. 4 TEM micrographs of PVP/AA-MMT NC (5 wt%) with different magnifications
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Fig. 5 TGA thermograms of a PVP, b PVP/AA-MMT NC (3 wt%), c PVP/AA-MMT NC (5 wt%) and
d PVP/AA-MMT NC (7 wt%) under nitrogen atmosphere at the heating rate of 20 °C/min

been brought in Table 1. Limiting oxygen index (LOI) of the macromolecules can
be calculated from Char yield quantity based on Van Krevelen and Hoftyzer
equation [35].

LOI =17.5+0.4CR

where CR = char yield.
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Table 1 Thermal properties of the PVP and PVP/AA-MMT NCs

Sample Ts (°C)* Tyo (°C)° Char yield (%)° Lo
PVP 227 403 9 213
PVP/AA-MMT NC (3 wt%) 303 405 15 235
PVP/AA-MMT NC (5 wt%) 335 407 17 243
PVP/AA-MMT NC (7 wt%) 347 415 20 255

* Temperature at which 5 % weight loss was recorded by TGA at heating rate of 20 °C//min under a
nitrogen atmosphere

® Temperature at which 10 % weight loss was recorded by TGA at heating rate of 20 °C//min under a
nitrogen atmosphere

¢ Weight percentage of material left undecomposed after TGA analysis at a temperature of 800 °C under
a nitrogen atmosphere

4 Limiting oxygen index (LOI) evaluating char yield at 800 °C

According to Fig. 5, the initial weight loss of the NCs was not remarkably
changed, but after the temperature of around 460 °C, the heat stability of the
resulting NCs rose with the increasing percentage of AA-MMT in the macro-
molecule matrix due to the high cation exchange capacity, prominent thermal
stability of clay and compatibility of the organomodified-MMT with PVP [21, 34].
Table 1 indicates that the char yield was increased from 9 % for neat PVP to 20 %
for PVP/AA-MMT NC (7 wt%). The char yield of the resulting NCs was increased
as the content of AA-MMT was increased, because of the high thermal resistance of
clay. Results of TGA of NCs PVP/MMT obtained with Zabska et al. indicate that
addition of MMT causes a slight decrease in thermal stability of nanocomposites
when compared to neat polymer. The stability increases with increase in clay
loading reaching at 20 wt% of the filler nearly the stability level of the polymer
[22].

Conclusions

Novel polymer/layered silicate NCs built from PVP and MMT interlayer using L-
leucine amino acid as the organo-modifier by solution intercalation method. Chiral
AA-MMT was prepared by using ammonium salt of natural L-leucine amino acid
and Cloisite-Na™t. The characteristic analysis of the resulting NCs showed that an
appropriate interaction happened between the modified MMT and the organic
counterpart. TEM and FE-SEM micrograph characterized the good dispersion of
organoclay in the PVP matrix and intercalation structure in NCs. From the XRD
pattern, the specific peak of clay layers moved to the lower angles with widening
and lower intensity, confirming the addition of interlayer spacing of organoclay in
the aforementioned NCs and the formation of intercalated NCs. Likewise, the
existence of AA-MMT in the polymer matrix was studied by FT-IR. The PVP/AA-
MMT NCs also demonstrated somewhat improved heat stability and char yield, as
compared with the pure PVP. It was related to the clay that not only acted as a
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thermal barrier, but also increased the thermal stability by forming char. PVP and its
composites are potentially applied in a variety of industrial application, for example,
in pharmacy and medicine, synthetic plasmas as well as hydrogels and thrombore-
sistent hydrophilic gels.
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