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Clay–polymer composite materials is an exciting area of research and this Special Issue aims
to address the current state-of-the-art of “Polymer Clay Nano-Composites” for several applications,
among them antibacterial, environmental, water remediation, dental, drug delivery and others. The
original scope of the Special Issue was comprehensively devoted to the synthesis and characterization
of polymer clay nano-composites employed for several applications, including nano-clay polymer
composites and hybrid nano-assemblies. Furthermore, polymers can be loaded with clay nanoparticles
creating novel composite nano-materials enhancing composite strength features. The issue is composed
of 16 contributions, fifteen articles and one review. They can be conveniently divided into one group
related to Halloysite-composites (four papers including one review), a second group which deals with
Montmorillonite-composites (four papers) and a third group, which can be generically referred to Hybrid
Clay Nano-Composites (eight contributions).

Relative to the group of Halloysite-composites, in the review [1] Wu et al. summarized the
recent progress toward the development of polysaccharide-HNTs composites, paying attention to
the main existence forms and wastewater treatment application particularly. The purification of
Halloysite Nanotubes (HNTs) and fabrication of the composites were also discussed. Furthermore,
they reported the unique characteristics of polysaccharide-HNTs composites and reviewed the recent
development of the practical applications. In particular they pointed out that (1) polysaccharide-HNTs
composites have improved mechanical, thermal, and swelling properties and good biocompatibility.
Therefore they are promising nano-fillers for high-performance polymer composites. (2) HNTs can be
combined with polysaccharides by different methods (3) the degree of dispersion of HNTs and the
interfacial interactions between polysaccharides and HNTs are key factors affecting the performance
of composites. (4) Polysaccharide-HNTs composites has shown promising potential for biomedical
applications. Another contribution from Xiandong Zhang and Guangshun Wu [2] dealt with HNTs
Carbon Fiber (CFs) composites. The authors achieved for the first time the chemical grafting of
halloysite nanotubes (HNTs) with amino or carboxyl groups onto the CFs surface, which was aimed to
enhance the composites interfacial strength. Functional groups of HNTs and fiber surface structures
were characterized, as well as interfacial properties and anti-hydrothermal aging behaviors. Interfacial
reinforcement mechanisms for untreated and modified CF composites were also compared and
discussed. Morphology, mechanical properties, water resistance and optical properties of the Fish
gelatin (FG)/glycerol (GE)/halloysite (HT) composite films were investigated by Qiang et al. in [3].
Interestingly, they showed that with increasing GE content, the elongation at composite breaks increased
significantly, but their tensile strength (TS) and water resistance decreased. Their results indicated that
the addition of GE greatly improved film flexibility with a decrease in the TS of the film. Moisture
uptake and water solubility were also improved by the addition of GE into the FG matrix, indicating
that the water-resistance of the film decreased due to the GE added. Furthermore, the presence of GE
enhanced the dispersion of HTs in the FG matrix and thus enhanced the properties of the obtained
composite films. In the last paper of this HNTs-composites group, Lvov et al. [4] wanted to answer the
following question: What additives could be used to increase the strength of silica gels? To answer this,
they prepared colloidal silica gels with various additives and they measured gel strength. It was found
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that cellulose nanofibrils considerably increased the gel strength. Furthermore, cellulose nanofibrils
could be produced from cheap industrial-grade cellulose with low-cost industrial chemicals. Therefore,
cellulose nanofibrils produced from renewable sources and naturally occurring halloysite nanoclay
could be used as complementary reinforcing agents.

In the second group related to Montmorillonite-composites, an interesting article, authored
by Choi et al. [5], reported the synthesis of a chitosan–montmorillonite nano-composite material
grafted with acrylic acid based on its function in a case study analysis. Fuzzy optimization was used
for a multi-criteria decision analysis to determine the best desirable swelling capacity (YQ) of the
material synthesis at its lowest possible variable cost. A multi-objective fuzzy optimization showed an
innovative approach to determine a solution for the best condition in the material synthesis. Therefore,
this approach proved to be a practical method for examining the best possible compromise solution
based on the desired function to adequately synthesize a material. Moreover, the incorporation of the
criteria of the variable cost in terms of material usage and the cumulative uncertainty of the response
successfully ensued essential compromise results in the decision-making process. The development of
a sacrificial bond provided unique inspiration for the design of advanced elastomers with excellent
mechanical properties, but it was still a big challenge to construct a homogeneous polar sacrificial
network in a nonpolar elastomer. In this view, Liu et al. [6] proposed a novel strategy to engineer
a multi-ionic network into a covalently cross-linked 1,2-polybutadiene (1,2-PB) facilitated by in situ
intercalated organic montmorillonite (OMMT) without phase separation. Overall, their work showed
the design of a uniform and strong sacrificial network in the nano-clay/elastomer nano-composite with
outstanding mechanical performances under both static and dynamic conditions. Future work will
be devoted to further improving the ionic crosslinking density and constructing a stronger sacrificial
network to prepare shape memory or self-recovery materials and studying the dynamics of ionic
crosslinking. In another article montmorillonites (MMT) were modified by intercalating polyethylene
oxide (PEO) macromolecules between the interlayer spaces in an MMT-water suspension system [7].
Shu et al. chose MMT/PEO 80/20 composite as the support platform for immobilization of Pd species in
preparing novel heterogeneous catalysts. Their results confirmed that Pd nanoparticles were confined
within the interlayer space of MMT and/or dispersed well on the outer surface of MMT. This work offers
an alternative approach to the preparation of Pd heterogeneous catalysts with fairly good performances,
and heterogeneous catalysts with fairly good performances, and could have broad prospects in both
experimental and industrial applications. The effect of doubly functionalized montmorillonite (MMT)
on the structure, morphology, thermal, and tribological characteristics of the resulting polystyrene (PS)
nano-composites were investigated by Yu et al. [8]. The modification of the MMT was performed using
a cationic surfactant and an anionic surfactant or a silane-coupling agent to increase the compatibility
with PS matrix. The nanocomposites prepared by a cationic surfactant and a silane-coupling agent
exhibited the best thermal stability and tribological performance, providing significant guidance for
the future synthesis and application of the PS/OMMT nanocomposites in the oil and gas drilling
engineering field to improve drilling fluid lubrication.

The last part of Special Issue is composed of different papers, which can be collected in a common
category namely “Hybrid Clay Nano-Composites”. Zhu et al. [9] have prepared Polyimide@graphene
oxide (PI@GO) composites by way of a simple solution blending method. The nanoscale hardness
and Young’s modulus of the composites were measured using nano-indentation through atomic
force microscopy (AFM). They showed that relatively low GO content could remarkably improve the
nanoscale mechanical properties of PI and they demonstrated that 2D nano-materials could improve the
self-healing performance of polymer composites. In another paper Jiang et al. [10] conjugated hyaluronic
acid (HA)—a natural polysaccharide that can specifically bind to CD44 receptors, onto laponite® (LAP)
nano-disks for the encapsulation and targeted delivery of the anti-cancer drug doxorubicin (DOX) to
CD44-overexpressed cancer cells. Their results demonstrate that the HA-modified LAP nano-disks
with high drug loading efficiency, pH-sensitive drug release properties and CD44 targetability might
be an efficient nano-platform for cancer chemotherapy. Another interesting work dealing with the
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adsorption of Atrazine (ATZ) from aqueous solutions using nanocomposite materials, synthesized
with two different types of organo-modified clays was written by Jorge A. Ramírez-Gómez et al. [11].
The structural, morphological, and textural characteristics of clays, copolymers, and nano-composites
were determined through different analytical and instrumental techniques. They finally demonstrated
that the synthesized nano-composites with higher molar fractions of 4VP obtained the highest removal
percentages of ATZ.

The article written by Alexandros K. Nikolaidis et al. [12] covers an interesting area of the
application of clay nano-composites: dental materials. It focuses on the reinforcement of dental
nano-composite resins with diverse organomodified montmorillonite (OMMT) nanofillers. The aim
of this work was to monitor whether the presence of functional groups in the chemical structure of
the nanoclay organic modifier may virtually influence the physicochemical and/or the mechanical
attitude of the dental resin nano-composites. An enhancement of the flexural modulus was observed,
mainly by using clay nanoparticles decorated with methacrylated groups, along with a decrease in the
flexural strength at a high filler loading. This work can provide novel information about chemical
interaction phenomena between nano-fillers and the organic matrix towards the improvement of
dental restorative materials. In the following contribution, Elisabetta Finocchio’s group [13] modified a
montmorillonite clay with three different aliphatic polyamines and deeply investigated the interaction
mechanisms between clay and amines by different experimental techniques among them X-ray powder
diffraction (XRD), thermal analysis measurements (DTG), Fourier Transform Infrared Spectroscopy
(FT-IR). Their experimental results showed that the amount of amines efficiently immobilized in
the solid phase could be enhanced by increasing the initial concentration of polyamines in the clay
modification process, envisaging that polyamine-based organo-clays are promising materials for
their proposed application in environmental remediation. Layered silicates are suitable for use as
fillers in nano-composites based on a large aspect ratio, easy availability, and chemical resistance.
Sericite is distinguished for its higher aspect ratio, higher resilience, and ultraviolet shielding and
absorption. In this view, Liang et al. [14] studied the stability of the sericite intercalated by CTAB
by changing different washing solvents, different temperatures, ultrasonic cleaning, and different
solution conditions. Sericite/polymer nano-composites were produced with the stable intercalated
sericite, and demonstrated excellent properties compared with pure epoxy resin. Altogether these
results have suggested that stable intercalated sericite is a precondition for good adhesion between
the sericite and epoxy resin, which gives rise to good nano-composite mechanical properties. In the
contribution of Liu et al. [15] an attapulgite (ATP)/polypyrrole (PPy) nano-composite was developed
employing the in situ polymerization method to produce the hierarchical cell texture for the PS foam
based on the supercritical CO2 foaming. The results showed that the nano-composite could act as an
efficient CO2 capturer enabling the random release of it during the foaming process. Therefore, the
in situ polymerized ATP/PPy nano-composite makes a supercritical CO2 foaming desired candidate
to replace the widely used fluorocarbons and chlorofluorocarbons as PS blowing agents. Finally,
Bugnicourt et al. [16] investigated the effect of various preparation methods on different production
scales (pilot- and semi-industrial scale) on the barrier performance and morphological properties of the
applied nano-composites. A nano-enhanced composition was converted into a so-called “ready-to-use”
formulation by means of a solid-state pre-dispersion process using ball-milling. The preparation of a
coating formulation using the ready-to-use granules and its up-scaling for roll-to-roll converting of a
pilot- and semi-industrial scale was also successfully implemented. Transmission electron microscopy,
scanning electron microscopy, as well as oxygen permeability measurements have been employed
to characterize the effects of both the production at various scales and ultrasound treatment on the
morphology and barrier performance of the nano-composites. Authors concluded that the solid state
pre-dispersion of the nano-platelets during the production of the ready-to-use formulation was the
predominant process determining the ultimate degree of nanoparticle orientation and dispersion state.
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Abstract: Halloysite nanotubes (HNTs), novel 1D natural materials with a unique tubular
nanostructure, large aspect ratio, biocompatibility, and high mechanical strength, are promising
nanofillers to improve the properties of polymers. In this review, we summarize the recent progress
toward the development of polysaccharide-HNTs composites, paying attention to the main existence
forms and wastewater treatment application particularly. The purification of HNTs and fabrication
of the composites are discussed first. Polysaccharides, such as alginate, chitosan, starch, and
cellulose, reinforced with HNTs show improved mechanical, thermal, and swelling properties. Finally,
we summarize the unique characteristics of polysaccharide-HNTs composites and review the recent
development of the practical applications.

Keywords: halloysite nanotubes; polysaccharide; interfacial interactions; reinforcing; adsorption

1. Introduction

Nanofillers recently have drawn extensive attention from academic and industrial fields due to
their unique performance [1]. The traditional materials, such as black carbon, graphite, silica, and
silicate, can significantly improve the mechanical properties, thermal stability, and permeability of
various polymers [2,3]. Nowadays, clay mineral nanofillers with large aspect ratios, high strength,
and relatively low density have attracted intense research interest [4]. Clay minerals, natural
materials with proven biocompatibility and abundant storage, exhibit unique properties for various
applications [5]. The majority of the research concerning clay minerals is devoted to kaolinite [6],
montmorillonite [7], and illite [8]. In recent years, halloysite nanotubes (HNTs), 1D natural materials
with a unique tubular nanostructure, large aspect ratio, biocompatibility, and high mechanical strength,
have arisen as promising nanofillers to improve the properties of polymers [9,10].

Halloysite was first proposed by Berthier (1826) [11]. Raw halloysite, which is usually white, is
exploited from natural sediments and is easily processed into powder. The sizes of halloysite depend
on its specific geological deposit, as reported in the literature on the basis of microscopy [12] and
scattering techniques [13]. It possesses several typical morphologies, such as spherical, sheet-like, and
tubular particles due to the diversity of crystallization conditions and geological occurrence. Among
them, the tubular structure is the most common and valuable [14]. The tubular structure is caused by
lattice mismatch between adjacent silicone dioxide and aluminum oxide layers [15]. The molecular
formula of HNTs is Al2Si2O5(OH)4·nH2O, where n represents hydration or dehydration. HNTs are
hydrated when n equals 2 and are dehydrated when n equals 0 [16–19]. Compared with traditional

Polymers 2019, 11, 987; doi:10.3390/polym11060987 www.mdpi.com/journal/polymers5
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nanofillers, such as carbon nanotubes (CNTs) [20] and boron nitride nanotubes (BNNTs) [21], HNTs
have a prominent advantage, which is that they are far less expensive [22]. The length of HNTs ranges
from 100 to 2000 nm, with the inner diameter from 10 to 30 nm and the outer diameter from 30 to 50 nm.
In terms of functional groups, HNTs contain a large amount of hydroxyl groups situated between
layers and on the surface, respectively. Due to the multi-layer structure, most of the hydroxyl groups
are inner groups. In addition, the inner surfaces of the HNTs are positively charged, while the outer
surfaces are negatively charged [12,23]. The detailed data of HNTs are listed in Table 1 [14,24].

Table 1. The detailed data of halloysite nanotubes (HNTs) related to combination with polysaccharides.

Molecular Formula Al2Si2O5(OH)4·nH2O

Length 100–2000 nm
Inner diameter 10–30 nm
Outer diameter 30–50 nm

Aspect ratio (L/D) 10–50
Young’s modulus of a single HNTs 130 ± 24 GPa

Elastic modulus 460 GPa
Interlayer water removal temperature 400 ◦C

Water contact angle 10 ± 3◦
Specific surface area 22.1–81.6 m2/g
Total pore volume 0.06–0.25 cm3/g

Density 2.14–2.59 g/cm3

Mean particle size in aqueous solution 143 nm

Although the characteristics above generate excellent mechanical, thermal, and regenerable
properties, the direct application of HNTs is limited. The drawbacks include difficulty in dissolving,
brittleness, and low permeability [25]. With abundantly renewable sources and charming properties,
including inherent biocompatibility, polysaccharides have attracted rising attention, and they have
been widely applied to the medical [26], textile [27], and food fields, among others [28,29]. By preparing
polysaccharide-HNTs composites, we can overcome these shortcomings. Due to the stable tubular
morphology, charge distribution, the specific origin, and unique crystal structure, HNTs can be
dispersed into single particles easily and the lumen diameter of HNTs fits well to macromolecule
and protein diameters, causing the good combination between polysaccharides and HNTs [30–32].
The present research mainly focuses on alginate [33,34], chitosan [35], starch [36], cellulose [37], pectin,
and carrageenan [38].

Although general properties of polysaccharide/halloysite nanotube composites and biomedical
applications have been reviewed earlier by Liu et al. [39], we review the recent progress toward
the development of polysaccharide-HNTs composites, paying attention to the main existence forms,
wastewater treatment, and food packaging applications particularly. Through this review, we have
a better understanding of unique characteristics of polysaccharide-HNTs composites, which can be
helpful to the continuous expansion of their application in the future.

2. Preparation of Polysaccharide-HNTs Composites

2.1. Purification

Raw halloysite has impurities, such as quartz, illite, and perlite, since it is exploited directly
from natural deposits. Therefore, the aggregate nanotubes should be separated to purify the
HNTs before use in practical applications [40]. The traditional method of purification is the
dispersion-centrifugation-drying technique. Firstly, we slowly added HNTs powder into deionized
water under heating and mild stirring conditions. Then, the solution was further processed by
lavation with deionized water three times and centrifugation. Finally, the pure HNTs were obtained
after desiccation [41]. Figure 1 showed FE-SEM (Left) photos of HNTs and schematic illustration of
crystalline structure (Right) of HNTs.
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Figure 1. FE-SEM Image of HNTs on Si-Wafer (Left) and Schematic Illustration of Crystalline Structure
of HNTs (Right). (Reproduced from [42] with permission from American Chemical Society and
Copyright Clearance Center, 2012).

2.2. HNTs/Polysaccharide Preparations and Formulations

Using traditional processing techniques, HNTs can be mixed with most polysaccharides, such as
alginate, chitosan, starch, cellulose, and carrageenan. The purpose of different fabrication methods is to
enhance the interfacial interactions and dispersibility. In this section, we introduce the main existence
forms of polysaccharide-HNTs composites.

2.2.1. Hydrogels

The hydrophilic structure of hydrogels enables them to hold large amounts of water in the
three-dimensional networks. Due to the characteristics of high hygroscopicity and low stiffness,
hydrogels are usually described as soft and wet materials [43,44]. Chan et al. prepared a HNTs/alginate
hydrogel and the effects of HNTs on the physicochemical, thermal, mechanical, and mass transfer
properties of alginate hydrogel beads were investigated in detail [45]. It was found that HNTs filled the
interspace in the alginate matrix and allowed more efficient load transfer. The HNTs were embedded
in the layers of alginate hydrogel networks and they had little effect on the size and on the shape of
the alginate beads. The mechanism for enhanced mechanical strength could be attributed to physical
interaction between the alginate and HNTs, and the mechanical strength could be improved at lower
HNTs loading if chemical interactions were present. Zhou et al. reported alginate/HNTs composite
hydrogels via solution mixing and subsequent cross-linking with calcium ions [46]. The static and
shear viscosity of composite solutions increases with the increase of HNTs. The rheological behaviors
of alginate/HNTs solutions were a shear thinning and fit with the power law model. Due to the good
dispersion ability of HNTs, polysaccharides and HNTs are mixed easily via interfacial interactions,
such as electrostatic and hydrogen bonding interactions, contributing to the formation of homogeneous
composites and enhanced properties. Fourier-transform infrared spectroscopy (FTIR) and X-ray
powder diffraction (XRD) are applied to study the interfacial interactions between alginate and HNTs.
As shown in Figure 2b, the peaks at 1419 cm−1 shifted to higher wave numbers and no new peaks
appeared in the composites, which indicated that hydrogen bond interactions occur between HNTs
and alginate but no chemical reaction occurs. The XRD patterns of composites (Figure 2c) were very
similar to HNTs no new diffraction peak occurring, which suggested the crystal structure of HNTs was
retained in the composites.
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Figure 2. FTIR spectra (a,b) and XRD (c) pattern of HNTs, alginate, and alginate/HNTs composites.
(Reproduced from [46] with permission from Elsevier and Copyright Clearance Center, 2017).

The effect of HNTs on the swelling ratios of the polysaccharide/HNTs composites were investigated
in NaCl and water solution. Compared with pure sodium alginate (SA) hydrogel, the SA/HNTs
composite hydrogels showed low swelling ratios with the same conditions for soaking time, which
gradually decreased with the increasing HNTs loading. This result was attributed to the hydrophilic
polymer content in the composite hydrogels decreasing with the addition of HNTs, and the water
adsorption of HNTs was lower than SA. In addition, the HNTs used as physical crosslinking points for
alginate through the hydrogen bond interactions can greatly improve entanglement of the alginate and
lower the mobility of the chains, resulting in water absorption being greatly decreased [47]. Sinem et al.
reported a cryogenic technique to modify HNTs. The inner and outer diameters and the surface
area of HNTs were evidently increased without disturbing the inherent tubular structure and wall
features. Then, modified HNTs were mixed with chitosan to prepared composite hydrogels, showing
remarkedly improved mechanical and swelling properties compared with pure chitosan hydrogel [48].
Sharifzadeh et al. synthesized carrageenan/HNTs nanocomposite hydrogels via physical crosslinking.
The chemical structure confirmed by FTIR spectroscopy revealed the formation of physical interaction
between carrageenan and HNTs in the hydrogels. It was revealed that the thermal stability and
swelling of the nanocomposite hydrogels had significantly been improved due to the incorporation of
HNTs compared with the pure carrageenan hydrogel [49]. The reasons why HNTs can improve the
thermal stability of composites are as follows. The degradation temperature of HNTs is approximately
400 ◦C, which is higher than most of the polysaccharides. Then, the dispersed HNTs have a blocking
effect on mass and heat transfer. Besides, the polysaccharide chains and degraded products enter the
inner cavity of HNTs, delaying mass transport and improving the thermal stability. However, the good
dispersion of HNTs into the hydrogel is urgently needed for the hydrogel fabrications to broaden their
application. The HNTs functionalized via different types of silane coupling agents were used as a way
to improve HNTs dispersal in the polymer matrix. Sabbagh et al. prepared novel chitosan/crosslinked
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oxidized starch hydrogels, which were embedded by modified or unmodified HNTs. Incorporation of
HNTs significantly affected the swelling behavior and thermal properties of the hydrogel. The increase
of the amine groups in HNTs modified with silane reagents made them react with oxidized starch,
resulting in good dispersion in the structure of the hydrogel [50]. Figure 3 illustrates the formation of
the bio-nanocomposite hydrogel.

Figure 3. Schematic description of bio-nanocomposite hydrogel formation. (Reproduced from [50]
with permission from Elsevier and Copyright Clearance Center, 2017).

The swelling ratio of the chitosan/HNTs hydrogel also decreased compared with the pure
chitosan hydrogel, due to the introduction of HNTs content causing the chitosan to contract more [51].
The cellulose/HNTs composite showed a similar variation trend [52].

2.2.2. Films

Regenerated cellulose/HNTs nanocomposite films were fabricated in 1-butyl-3-methylimidazolium
chloride ionic liquid by solution casting method. Figure 4 showed the cross-sectional FE-SEM images of
the cellulose and 6 wt.% HNTs-filled nanocomposite films. The HNTs were well dispersed in cellulose
due to good interaction between cellulose and HNTs. Young’s modulus and the tensile strength of
nanocomposite films were improved by 100% and 55.3%, respectively, when the loading of HNTs was
6 wt.%, which was owing to tubular geometry and the higher stiffness of the HNTs. The addition
of HNTs also improved the thermal stability and char yield of regenerated cellulose, but moisture
absorption capacity of the nanocomposites in constant relative humidity was reduced due to the
addition of HNTs [53].

Kim et al. reported transparent cellulose-obtained films from cellulose/HNTs solutions. The HNTs
could uniformly been dispersed in cellulose because of the repulsive force from its surface charge,
and the hydrogen bonding from HNTs and cellulose broke the chain-to-chain interactions of cellulose.
The haze of the film was increased due to the introduction of HNTs but the diffuse transmittance could
be retained [54].
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Figure 4. Cross-sectional FE-SEM images of cellulose and 6 wt.% HNTs filled cellulose/HNTs
nanocomposite films under (a,b) low magnifications and (c) high magnification. (Reproduced from
Reference [53] with permission from Elsevier and Copyright Clearance Center, 2013).

Chang et al. prepared dispersed starch/HNTs composite films by using amylose to wrap the HNTs
by ball-milling [55], in order to solve the agglomeration of HNTs. However, the extraction of amylose
is expensive and complicated. In one work, polyethylene glycol (PEG) was used as a dispersing
agent to mill, modify, and disperse HNTs in different solvents, and certain amounts of glycerin and
modified HNTs suspension were added into the slurry. The composite films were obtained after
stirring and casting on the stainless-steel plate. SEM of treated HNTs and HNTs/starch films with
3 wt.% (c and d) and 7 wt.% HNTs were shown in Figure 5. The HNTs are evenly distributed in the
starch matrix. Due to the action of PEG, the treated HNTs were well dispersed in the starch matrix and
the tensile strength of the film was effectively improved [56,57]. In another work, chitosan/starch/HNTs
ternary nanocomposite films were developed through solution casting method. The interactions
between chitosan, starch, and halloysite nanotubes were confirmed by FTIR results. Water absorption
capacity, folding strength, and hemocompatibility were remarkedly enhanced owing to the addition of
halloysite nanotubes [58]. Then, chitosan-HNTs composites were combined with modified cellulose
to produce composite films using a solution casting method [59]; the excellent film formation and
increase in surface roughness of the nanocomposite were confirmed by morphological and surface
analysis. The kappa carrageenan/HNTs bio-nanocomposite films with enhanced tensile properties
were successfully fabricated [60].
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Figure 5. SEM of treated halloysite (a,b) and halloysite/starch films with 3 wt.% (c,d) and 7 wt.% halloysite
(e,f). (Reproduced from [56] with permission from Elsevier and Copyright Clearance Center, 2012).

A functional bio-nanocomposite film both with antioxidant and antimicrobial active molecules
was successfully prepared by the filling of a pectin matrix with modified HNTs containing peppermint
oil. Importantly, the prepared functional film was considered a biocompatible material for packaging
applications because of it was composed of eco-compatible molecules [61]. Makaremi et al. developed
functional films with antimicrobial properties that can be extended over time by dispersing a
HNTs/salicylic acid hybrid into the pectin matrix [62]. Moreover, it was demonstrated that the
vacuum pumping in/out procedure can optimize the halloysite loading from the aqueous solution
because of the water confinement mechanism [63]. Accordingly, the attained knowledge can offer new
routes in the preparation of effective delivery systems based on HNTs.

2.2.3. Fibers

Fibers based on polysaccharides with high performance or special functions are becoming an
emerging hotspot in both academic and industrial circles, exhibiting great potential in multiple fields.

HNTs can be well-dispersed in some ionic liquids. Song et al. firstly reported fabrication of
microcrystalline cellulose/HNTs composite fibers from cellulose/ionic liquid/HNTs solutions by a
wet-spinning method. Figure 6 showed schematic apparatus of nanocomposite fibers and SEM images
of the morphology of fibers. The uniform dispersion of HNTs in the cellulose matrix was further
confirmed by FTIR and wide-angle X-ray diffraction (WAXD) spectra. In addition, the homogeneous
dispersion of HNTs and strong interfacial adhesion between HNTs and cellulose chains dramatically
enhanced the moisture barrier property of cellulose fibers. Mechanical and thermal properties of HNTs
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nanocomposite fibers were greatly enhanced due to the uniform orientation of the well dispersed
HNTs and great interactions from cellulose and HNTs caused by hydrogen bonding, van der Waals,
and electrostatic interactions. For example, the tensile strength of the fibers increases from 73.8 to
130.1 MPa with the addition of HNTs from 0 to 7 wt.% [64].

Figure 6. (a) Schematic apparatus for spinning MCC/HNTs nanocomposite fibers. (b) A 3 m long
MCC/HNTs fiber wound on a plastic reel. (c,d) SEM images of the morphology of the side surface
sections of regenerated MCC and MCC/HNTs fibers. (Reproduced from [64] with permission from
Royal Society of Chemistry and Copyright Clearance Center, 2014).

Silva et al. developed HNTs reinforced alginate nanofibrous scaffolds fabricated by electrospinning.
The diameter of alginate-based nanofibers ranged from 40 to 522 nm with well-aligned HNTs, as shown
in Figure 7. The HNTs were well dispersed in the alginate matrix with good uniaxial alignment.
Compared to the alginate-based scaffolds without HNTs, the tensile strength and elastic modulus of
HNTs-reinforced nanofibrous scaffolds were significantly improved by 3-fold and 2-fold, respectively,
when 5% (w/w) HNTs was added. The incorporation of HNTs also enhanced the thermal stability of
the nanofibrous scaffolds [65].

 
Figure 7. Morphology of electrospun alginate-based scaffolds with (a) 0, (b,c) 5%, and (d) 10% (w/w)
of HNTs. (Reproduced from [65] with permission from American Chemical Society and Copyright
Clearance Center, 2018).
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2.2.4. Plasticized Nanocomposites

Plasticized halloysite nanocomposites are commonly prepared via solvent casting method, but this
is limited in the practical processing industries. Thus, the melt mixing technique will be more efficient
and productive in a process industry workshop [66].

Schmitt et al. successfully developed plasticized HNTs/wheat starch nanocomposites by
melt-extrusion for the first time. A higher loading (up to 6 wt.%) of HNTs were well-dispersed
in a starch matrix. The interactions between external hydroxyl groups of halloysites and C-O-C
groups of starch were formed. The thermal stability of the matrix was improved with the addition
of HNTs. The tensile strength and Young’s modulus of starch were improved up to 29% and 144%,
respectively, without sacrificing ductility [67]. Porous plasticized starch/HNTs nanocomposites were
also successfully prepared by melt-extrusion technique. Double benefits could be gained due to
the addition of HNTs, which were as a nucleating agent increasing the porosity and as a barrier
agent increasing the proportion of small cells [68]. Ren et al. reported plasticized starch/HNTs
nanocomposites prepared by melt blending with different polyol plasticizers, such as glycerol, sorbitol,
and a mixture of two. Compared to sorbitol or a mixture of two, glycerol offered a more uniform
dispersion of HNTs in the starch matrix owing to more stable hydrogen bonds from glycerol and
HNTs. The use of mixtures of these polyols was proved a promising way to optimize the mechanical
properties of nanocomposites [69].

3. Applications of Polysaccharide-HNTs Composites

3.1. Biomedical Applications

Liu et al. summarized recent research progress in the biomedical application of
polysaccharide-HNTs composites [39]. The interfacial interactions, structure, and properties of
the composites were discussed in detail in that review. There were some examples in the biomedical
applications, such as tissue engineering, wound healing, and drug carrier systems. Thus, we have
listed some examples based on the previous work of Liu et al. in the following.

3.1.1. Drug Delivery and Release

HNTs were confirmed as potential drug and gene delivery vehicles [70,71], and the drug release
rate slowed down by coating polysaccharides onto the drug-loaded HNTs. Recently, more and
more attention has been paid to the drug sustained release based on the polysaccharide-HNTs
composites [72,73].

Hydrogels have been researched for the controlled delivery of biomolecules, varying from small
molecular weight drugs to biomacromolecules, such as nucleic acids, polysaccharides, and proteins.
Moreover, the biocompatible and biodegradable hydrogels were prepared by different natural
ingredients. Among them, the chitosan-HNTs composite hydrogels were widely researched due to
their low toxicity, good biocompatibility, and degradability by human enzymes [74]. It was found that
the chitosan-coated HNTs exhibited reduced release compared with the pure HNTs [24]. For instance,
the chitosan-coated HNTs had released only 78% of the total drug payload, while the uncoated HNTs
released 88% on day 9. The drug release rate was extremely low, and the residual content was under
10% of the loaded drug after 20 days. The reason why chitosan-coated HNTs have a lower drug release
rate is the additional barrier through which the drug must diffuse provided by chitosan. In practical
applications, chitosan-based hydrogels have been used for cancer therapeutics, subcutaneous release,
and oral delivery. In recent years, the relevant relationship between plasticizer nature and drug
release behavior has been exploited, so the starch/HNTs composite films have been prepared by melt
blending technique for drug release applications [75]. In addition to drugs, other active agents, such as
antimicrobial agents [76], DNA [77], and proteins, can also be loaded for controlled release.
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3.1.2. Tissue Engineering Scaffold

Tissue engineering scaffolds are generally porous structures, biocompatible, and mechanically
strong for shaping cell growth [78]. HNTs were added into polysaccharides, such as chitosan [79],
alginate [47], and starch [68], to prepare various tissue engineering scaffolds. Compared with pristine
chitosan, the chitosan-HNTs nanocomposite scaffolds showed an obvious improvement in mechanical
strength, tensile modulus, and thermal stability. Moreover, the addition of HNTs had little influence on
the pore structure of chitosan. Thus, the chitosan-HNTs exhibited a highly porous structure. In order to
verify the feasibility of the nanocomposite scaffolds, mouse fibroblasts were used for culture. The result
showed that mouse fibroblasts could develop on the chitosan-HNTs nanocomposite scaffold surfaces,
even at 80 wt.% HNTs loading. In addition, the fibroblast cells cultured on the surfaces exhibited a
phenotypic shape, indicating that the cells could penetrate and migrate within the scaffolds, which
were similar to the extracellular matrix. Thus, polysaccharide-HNTs composites have promising
potential in the tissue engineering scaffold field.

3.1.3. Wound Dressing

Wound dressings can be classified as traditional, biomaterial-based, interactive, and bioactive
dressings. In recent research studies, biomaterials, such as polysaccharides, which are non-toxic,
natural available, non-immunogenic, biocompatible, and biodegradable, have been considered as
ideal materials for wound healing [80–82]. Due to the characteristics of biocompatibility, ability to
load and release bioactive agents, high water content, and flexibility, hydrogels are most widely
adopted for wound dressings [83]. Moreover, HNTs have been added into the polysaccharides,
such as alginate [45,76] and chitosan [84,85], to overcome the poor mechanical strength of hydrogels.
The alginate-HNTs wound dressing, based on a double barrier with the antibiotic vancomycin as an
antimicrobial agent, was prepared. It was concluded that only the antibiotic vancomycin immobilized
in HNTs- (3-Aminopropyl)-trimethoxysilane (APTS) and encapsulated in alginate hydrogels can be
used as a wound dressing material.

3.2. Wastewater Treatment Applications

Among all the causes of wastewater pollutants, heavy metal ions, dyes, and other organic pollutants
account for a large proportion [86]. Various methods, such as flocculation [87], precipitation [88],
membrane filtration [89], and electrochemical techniques [90] have been restricted in practical usage
because of the high cost, secondary pollutants, and poor removal efficiency. Due to its low cost,
simple operation, and potential recycling and reuse, adsorption has become one of the most effective
alternatives. Traditional absorbents, such as activated carbon [91] and resins [92], have been replaced
by HNTs, a novel absorbent which is inexpensive and naturally abundant. In recent research studies,
polysaccharide-HNTs composites exhibited promising adsorption capacity and regeneration.

3.2.1. Applications in Removal of Dyes

Pristine HNTs with the negative Si-O-Si on the outer surface and the positive Al-OH on the inner
surface can adsorb both cationic and anionic dyes, but stable dispersions in water and reusability
for its practical application are hard to obtain due to their size. Polysaccharides, such as chitosan,
alginate, and starch, have been classified as natural biopolymer adsorbents, as they are non-toxic
and biodegradable. However, polysaccharides materials usually have dense layer, low mechanical
strength, and rigidity characteristics, which limits their application on a practical scale. Thus,
polysaccharide-HNTs composites have been attractive due to combining their benefits for treatment
of wastewater.

Cavallaro et al. prepared alginate/HNTs composite hydrogels by encapsulating HNTs into
alginate hydrogels using the dropping technique. The adsorption capacity of composite hydrogels
was investigated by removing crystal violet (CV) from aqueous media. The results showed that the
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addition of HNTs enhanced the composite hydrogel’s ability to capture CV. The weight ratio of alginate
and HNTs was 2:1, and the removal rate was increased by 55% and 45%, respectively, when the
stoichiometric adsorbent concentration increased from 0.25 to 0.50 mass% [93]. It was found that the
pH and temperature had little influence on the adsorption capacity of alginate-HNTs composite beads.
The alginate-HNTs composite adsorbents (10 g) had the ability to treat 29.7 L of 55 mg/L methylene blue
(MB) solution and the removal efficiency was above 90%. Moreover, the column study verified that the
removal efficiency had a slight decline with the increase of bed volumes, but it remained above 90% after
1500 bed volumes of wastewater was treated [94]. Novel chitosan-HNTs composite hydrogel beads
were prepared by the dropping and pH-precipitation technique, exhibiting accelerated adsorption
process and improved adsorption capacity (72.60 mg/g for MB and 276.9 mg/g for malachite green
(MG)) compared with the pure chitosan bead. Similar to alginate-HNTs composites, chitosan-HNTs
composites also exhibited excellent regeneration properties especially for MB (above 92%). The removal
ratio of dyes increased but the adsorption amount per unit absorbent weight reduced with the addition
of the composite hydrogels in solution [95]. The porous starch-HNTs composites were prepared by
solvent exchange method using different drying methods. The adsorption performance depended
on porosity, which was relative to specific surface area, and the size distribution of the pores and
their area changed with different types of drying methods and percentage of ethanol. The adsorption
capacity composites were improved due to the incorporation of HNTs [96]. A cryogenic technique to
modify HNTs was confirmed to increase the inner and outer diameters and the surface area of HNTs
without disturbing the inherent tubular structure and wall features. A small amount of cryo-expanded
halloysite was used in chitosan. It was found that the composite hydrogel had a high adsorption
capacity for anionic and cationic dyes [48].

Overall, polysaccharide-HNTs composites exhibit reinforced adsorption capacity and regeneration
properties. Thus, polysaccharide-HNTs composites can be considered as promising reusable adsorbents
for the removal of dyes from wastewater.

3.2.2. Applications in Removal of Heavy Metal Ions

HNTs with negatively charged surfaces were regarded as ideal alternatives for removal of
heavy metal ions from aqueous media, such as Cu2+, Pb2+, and Cr2+ [14,97]. However, HNTs
used as adsorbents face some problems in practical application due to their nanoscale size, such
as being easily aggregated, being lost in use, the low permeability of packed adsorption columns,
and being difficult to recycle. Thus, HNTs were combined with polysaccharides to improve the
affinity and loading capacity for heavy metal ions. Extrusion dripping method was used to produce
alginate-HNTs nanocomposite beads with calcium chloride as the curing agent. The results showed
that the alginate-HNTs nanocomposite beads had improved adsorption capacity (325 mg/g at 0.2 g
HNTs loading). It was also concluded that alginate and HNTs promoted the adsorption of Pb2+ by ion
exchange and physisorption, respectively. It was simple to separate the used nanocomposite beads
from wastewater by filtration due to the millimetric size, which facilitated the regeneration of the used
beads [98]. In other works, the alginate-HNTs hybrid beads with high adsorption capacity for Cu2+were
prepared in the same way. The SEM image showed clearly that the HNTs overlapped loosely together
in the interior of the hybrid beads, contributing to the mass transfer of the adsorbents. Furthermore,
the regeneration experiment exhibited good adsorption efficiency (approximately 80%) after three
cycles. In addition, the alginate-HNTs hybrid beads also showed good adsorption performance for
other heavy metal ions, such as Ag+ and Cd2+ [99].

Compared to the traditional chemical methods of removing heavy metal ions from aqueous media,
polysaccharide-HNTs composites had advantages, such as low cost, simple operation, regeneration,
and being non-secondary pollutants.
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3.3. Other Applications for Water Treatment

Currently, the research is focused on the applications of polysaccharide-HNTs composites for
the removal of dyes and heavy metal ions in aqueous media. However, polysaccharide-HNTs
composites have other practical applications for pollutants removal due to their unique structure and
improved properties.

Different types of membranes, such as ultrafiltration, forward osmosis, reverse osmosis, and
membrane reactors [100–103], were endowed with special performances by adopting HNTs. Cellulose
acetate/L-dopa coated HNTs (LDPHNT) ultrafiltration membranes were prepared by blending in a
casting solution. The Energy dispersive spectroscopy (EDS) analysis showed the uniform dispersion of
LPDHNTs in the cellulose acetate (CA) membrane matrix. Moreover, the size and number of pores
on the membrane surface were increased by the addition of LDPHNTs into CA solution. It was the
existence of LDPHNTs that improved the hydrophilicity of the hybrid membranes. In the antifouling
test, the composite membranes exhibited higher antifouling performance than pristine CA membranes.
Besides, the tensile modulus and elongation at break point of LDPHNTs-CA hybrid membranes were
reinforced compared to the pure CA membranes [104]. Some of the phenol-containing pesticides
are widely used in agriculture and regarded as endocrine disruptors, exhibiting estrogenic activity
and toxicity even at low concentrations. In order to remove phenol-containing pollutants, the special
adsorbents based on HNTs were prepared. The chitosan-HNTs hybrid nanotubes were synthesized
by simply assembling chitosan onto HNTs. Then, the horseradish peroxidase was immobilized on
the hybrid nanotubes for the removal of phenol. The experiment showed that the immobilized HRP
exhibited excellent removal efficiency for phenol from wastewater and the activity did not reduce the
volume [25].

3.4. Food Packaging Applications

Over the years, polysaccharides, owing to their biodegradability, non-toxicity, and good
film-forming ability, have raised concerns over their use as food packaging materials for consumer
demand and environmental issues. However, these biodegradable polysaccharides have weak stability
in processing, poor barrier properties, and high sensitivity to environmental changes. In the previous
work, the introduction of HNTs nanoparticles to the starch matrix improved the mechanical properties
and decreased permeability to water vapor and oxygen, water adsorption capacity, as well as the
water solubility of the films [57], which gave them potential to be used for food packaging purposes.
Makaremi et al. prepared biofilms composed of apple pectin and two different types of HNTs—MB
with shorter tubes and lower surface area and PT with longer tubes and higher surface area—to obtain
a novel functional bio-nanocomposite with enhanced mechanical and thermal properties. Moreover,
both HNTs were employed as nanocontainers for salicylic acid, a well-known biocidal agent. On this
basis, the HNTs/salicylic acid hybrids were dispersed into the apple pectin matrix to develop functional
films with antimicrobial properties that can be extended over time. Thus, the bio-nanocomposite films
showed promising potential for food packaging applications [62].

HNTs are able to adsorb active molecules, such as nisin and pediocin. On this basis, Meira et al.
added peptides nisin and pediocin into starch films, resulting in active packaging materials with
antimicrobial activity against L. monocytogenes and C. perfringens. The addition of HNTs enhanced the
mechanical and thermal properties, especially when bacteriocins were adsorbed on the HNTs [105].
The moisture barrier properties of polysaccharide-based films are poor due to their hydrophilic
characteristics. Essential oils with antioxidant and antimicrobial activities are commonly incorporated
into polysaccharide matrices to overcome these limitations. However, it is rather hard to disperse the
essential oils in a hydrophilic polysaccharide matrix. Lee et al. developed chitosan films incorporated
with clove essential oil and HNTs. It was confirmed that the essential oils were stabilized by HNTs
without any surfactant. The addition of HNTs into the chitosan matrix enhanced the mechanical and
water barrier properties of the chitosan films, and the active molecule, clove essential oil, imparted
antimicrobial and antioxidant effects to the chitosan-HNTs nanocomposite films. The results showed
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that the films inhibited growth of mold, which was derived from the surrounding environment.
Therefore, the nanocomposite films could be used as active food packaging systems because of the
antioxidant and antimicrobial properties and enhanced barrier properties against water vapor [106].

4. Conclusions

In this review, we summarized the recent research studies regarding polysaccharide-HNT
composites. The key points of polysaccharide-HNTs composites are as follows:

(1) HNTs, 1D natural nanoclays, have unique characteristics of tubular structure, high aspect ratio,
abundant natural reserves, compatibility, and high mechanical strength. Due to the characteristics
of HNTs, polysaccharide-HNTs composites have advantages, such as improved mechanical,
thermal, and swelling properties and good biocompatibility. Thus, HNTs are promising nanofillers
for high-performance polymer composites.

(2) In addition to the characteristics of HNTs, the degree of dispersion of HNTs and the interfacial
interactions between polysaccharides and HNTs (electrostatic and hydrogen bonding interactions)
are crucial factors affecting the performance of composites.

(3) HNTs can be combined with polysaccharides by different methods. Polysaccharide-HNTs
composite hydrogels can be prepared by solution mixing and freeze-drying method and dropping
or PH-precipitation technique; membranes are fabricated by solution casting method and fibers
are usually produced by electrospinning technique. The key to this process is to obtain a
well-dispersed solution with the HNTs and good interfacial interactions between polysaccharides
and HNTs.

(4) Polysaccharide-HNTs composites show promising potential for biomedical applications.
The applications in removal of dyes and heavy metal ions are summarized in detail.
Polysaccharide-HNTs composites have raised concerns as food packaging materials for consumer
demand and environmental issues.
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Abstract: The quality of interphase in carbon fibers (CFs) composites makes a key contribution
to overall performance of composites. Here, we achieved for the first time the chemical grafting
of halloysite nanotubes (HNTs) with amino or carboxyl groups onto the CFs surface aiming to
increase composites interfacial strength. HNTs were grafted using 3-aminopropyltriethoxysilane
(APS) followed by succinic anhydride treatment, and HNTs with amino groups (HNT–NH2) or
carboxyl groups (HNT–COOH) were separately introduced into the interphase of composites.
Functional groups of HNTs and fiber surface structures were characterized, which confirmed the
modification success. The wettability between the modified CFs and resin have been enhanced
obviously based on the improved fiber polarity and enhanced surface roughness by the introduced
two functionalized HNTs with the uniform distributions onto fiber surface. Moreover, interfacial
properties and anti-hydrothermal aging behaviors of modified methylphenylsilicone resin (MPSR)
composites were improved significantly, especially for HNT–COOH grafting. In addition, the
interfacial reinforcement mechanisms for untreated and modified CF composites are discussed
and compared.

Keywords: carbon fibers; surface grafting; halloysite nanotubes; polymer composites; interface

1. Introduction

Carbon fibers (CFs) have become one of the ideal reinforcements for matrix resin composites
because of their strong specific strength, outstanding chemical resistance and superior environmental
stability [1–3]. The quality of interface between the fibers and matrix resin is the main element in
the properties of polymer composites, and the weak quality of fiber–matrix interface leads to inferior
stress transfer efficiency at the interfacial region and the dissatisfied performance of the resulting
composites [4,5]. Unfortunately, untreated CF has a smooth and inert surface, which is difficult to
provide desired interfacial interactions, limiting the further application of composites seriously [6,7].
Therefore, various surface treatment methods have been proposed for changing the CFs surface from
chemical inert to active with the aim to improve the quality of interface [8–12].

Recently, many researchers have made considerable efforts to graft the surface of CFs with various
active nanoparticles to change interfacial microstructure and properties of composites [13–16]. Gao [17]
prepared a new hierarchical reinforcement containing octaglycidyldimethylsilyl polyhedral oligomeric
silsesquioxane (POSS) and CFs with the remarkable improvement in interfacial strength of composites.
Chen [18] effectively introduced polyether imide and graphene oxide into the interface between CFs
and poly(ether-ether-ketone) by the sizing process. All the hierarchical CFs/active nanoparticles
reinforcements help to change the wettability and surface roughness of the fibers, and thus increase
interfacial adhesion and the ultimate properties of the resulting composites.
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Noteworthy, HNTs are a kind of naturally clay silicate minerals with the similar nanostructures
of carbon nanotubes (CNTs), which possess an inner gibbsite octahedral sheet groups (Al–OH) and
external siloxane groups (Si–O–Si) [19,20]. The structure of HNTs can be expressed with the formula
Al2Si2O5(OH)4·nH2O [21]. As environment-friendly 1D natural nanofillers, the large surface area,
high aspect ratio and the unique hollow nano-tubular structure of HNTs endow high mechanical
properties and outstanding thermal stability [22]. Enormous polar groups (–OH) onto the surface
of HNTs not only have a good compatibility and effective interactions with polymer resin but also
can be used as the bridging sites for further functionalization of HNTs. In addition, HNTs are much
cheaper than other active nanoparticles (e.g., CNTs, POSS, and graphene oxide), showing unique
advantages for large-scale practical application and industrial production [23,24]. Hence, there have
been great interests in preparing HNTs/polymer nanocomposites with exceptional interfacial strength,
and mechanical and thermal performances of the resulting composites [25–27]. As everyone knows,
HNTs are prone to form serious aggregation, and many modified agents have been proposed to
enhance the dispersion of HNTs and interfacial properties in the system [24,28]. Yu [29] prepared
dextran modified HNTs by the bridging 1,6-hexamethylene diisocyanate (HDI) and incorporated
modified HNTs into polyethersulfone ultrafiltration membrane with improved antifouling property.
Chao [30] reported surface modification of halloysite nanotubes with dopamine (DA) for the advanced
applications. However, the bridging agents HDI or DA are very expensive. More importantly,
neither agent is suitable for the preparation of hydrothermal aging resistant interface. The bridging
3-aminopropyltriethoxysilane (APS) can be easily prepared, making it much cheaper than HDI or DA.
APS with both ethoxyl and amino groups not only reacts with hydroxyl groups on the surface of HNTs,
but also provides massive reactive sites for further introducing active molecules onto HNTs surface.
Moreover, based on the same backbone siloxane structures (Si–O) of MPSR matrix, APS molecules
with the strong Si–O bond can enhance interface compatibility between HNT–NH2 modified CFs
and MPSR matrix, and fully protect fiber–matrix interface from hydrothermal aging penetration
under the harsh environment. In addition, APS is used as the conventional curing agent, which
accelerates the curing process of MPSR and reduces defects, and thus increases interfacial properties
of composites. Hence, surface grafting of succinic anhydride onto HNTs via the bridging agent
APS has been proposed in the study. However, the preparation of modified HNTs/CF hierarchical
reinforcements by chemically grafting HNTs onto the CFs surface has rarely been studied.

In this work, HNT–NH2 and HNT–COOH were prepared, and then separately introduced on
CFs surface by chemical bonding for the first time with the aim to enhance the quality of interface and
properties of composites. Surface element, functional groups and structures of HNTs, HNT–NH2 and
HNT–COOH were characterized by Fourier transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), and X-ray photoelectron spectroscopy (XPS). Surface morphologies and wettability
of untreated and modified CFs were examined by scanning electron microscope (SEM) and dynamic
contact angle analysis (DCA), respectively. Interfacial properties of MPSR composites reinforced
with untreated and grafted CFs were studied systematically via interfacial shear strength (IFSS) and
interlaminar shear strength (ILSS), and hydrothermal aging resistance of different composites was also
evaluated. In addition, the different interfacial reinforcing mechanisms for untreated and modified
CFs composites are discussed and developed.

24



Polymers 2018, 10, 1171

2. Materials and Methods

2.1. Materials

CFs (3 × 103 single filaments per tow, average diameter 7 μm, tensile strength 3500 MPa, and
tensile modulus 230 GPa) were used as the reinforcements, and obtained from Toray Industries, Inc.,
Tokyo, Japan. MPSR (relative density 1.08 g·cm−3, molecular weight 2400 g·mol−1, flexural strength
308 MPa and compressive strength 150 MPa) and high-purity HNTs (purity > 98%, diameter 30–70 nm,
and length 0.1–2 μm) were purchased by ShangHai Chemicals Co., Shanghai, China and Guangzhou
Runwo Materials Technology Co. Ltd., Guangzhou, China, respectively. APS, succinic anhydride,
and triethylamine were received from Aladdin, Shanghai, China. All other drugs and reagents, such
as tetrahydrofuran (THF), 4-Dimethylaminopyridine (DMAP), toluene, lithium aluminium hydride
(LiAlH4), N,N′-Dicyclohexyl carbodiimide (DCC), concentrated nitric acid (HNO3), thionyl chloride
(SOCl2) and dimethylformamide (DMF) were purchased by Tianjin Bodi Organic Chemicals Co. Ltd.,
Tianjin, China.

2.2. Preparation of HNT–NH2 and HNT–COOH

Surface treatment of HNTs by APS and succinic anhydride was carried out using the following
procedures. Typically, HNTs (1 g) were added into the solution of 200 mL toluene by ultrasonic
cleaner for 30 min. Then, 5 mL APS and the catalyst triethylamine were put into HNTs solution,
and then reacted at 353 K for 24 h. After the reaction complete, the grafting of APS onto HNTs was
finally centrifuged with deionized water and ethanol each for many times, obtaining HNT–NH2.
To get HNT–COOH, 0.5 g HNT–NH2 nanoparticles were ultrasonically dispersed into 100 mL of 0.1 M
succinic anhydride in DMF, and then reacted by stirring at room temperature for 24 h. The HNT–COOH
was obtained after being washed by DMF and deionized water repeatedly and dried. Figure 1a shows
the synthesis procedure of HNT–NH2 and HNT–COOH.

 
Figure 1. Schematic illustration of the preparation processes of: (a) functionalized HNTs;
and (b) CF–HNT–NH2 and CF–HNT–COOH.
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2.3. Functionalization of HNTs onto CFs Surface

2.3.1. Fiber Desizing, Oxidation, Reduction and Acyl Chloride Modification

In a typical reaction, the pristine CFs were firstly extracted in supercritical acetone/water at
633 K for about 30 min with the aim of removing polymer sizing agents (denoted as untreated CF).
Then, untreated CF was treated by concentrated HNO3 at 353 K for 4 h to obtain CF–COOH, which has
many carboxyl functional groups. Subsequently, CF–COOH was reacted with LiAlH4–THF saturated
solution under reflux for 2 h to introduce hydroxyl groups from the reduction of carboxyl groups
(denoted as CF–OH). CF–OH could react with HNT–COOH easily to prepare HNT–COOH modified
CFs. To form the covalent bonding with HNT–NH2, carboxyl groups on the surface of CF–COOH are
needed to change to acyl chloride groups. Hence, CF–COOH was treated with the mixed solution of
SOCl2 (100 mL) and DMF (5 mL) at 349 K for 24 h to get CF–COCl.

2.3.2. Separate Grafting of HNT–NH2 and HNT–COOH onto CFs via Chemical Bonds

HNT–NH2/CF hierarchical reinforcements were prepared from the chemical reaction between
HNT–NH2 and CF–COCl. HNT–NH2 (0.1 g) was firstly dispersed by ultrasonic in dried DMF
(50 mL) for forming stable suspensions. Then, HNT–NH2 suspensions were mixed with CF–COCl
(5 g) and reacted at 353 K for 24 h under nitrogen atmosphere. After modification, the obtained
products (denoted as CF–HNT–NH2) were washed with DMF and acetone each many times and dried.
To obtain HNT–COOH/CF hierarchical reinforcements via CF–OH bonded with HNT–COOH, once
the suspension of HNT–COOH and DMF was ready, CF–OH (5 g), DMAP (0.01 g) and DCC (0.1 g) as
catalysts were quickly added in HNT–COOH suspension and then reacted by stirring at 353 K for 24 h.
Finally, CF–HNT–COOH was obtained after being washed by DMF and acetone each for several times
and dried. The whole grafting processes are illustrated in Figure 1b.

2.4. Preparation of CF/MPSR Composites

CF/MPSR composite samples used for interfacial properties testing were prepared via the
compression molding method. Appropriate untreated CF, CF–HNT–NH2 and CF–HNT–COOH
were separately wrapped around a metal frame tightly. Then, the metal frame was soaked with MPSR
solution to make MPSR saturate into the fibers. Subsequently, the unidirectional impregnating samples
were obtained by being degassed with a vacuum pump until no bubbles or solvents came out of the
samples. Finally, the composites were obtained via using a hot-pressing machine under the controlled
curing schedule (atmospheric pressure for 1 h at 393 and 423 K, 20 MPa for 2 h at 473 K, and 20 MPa for
4 h at 523 K in sequence). The fiber contents in composites were about 70 mass%, and the dimensions
of the measured cured samples were about 2 mm × 20 mm × 6 mm adopted for interfacial strength
and hydrothermal aging resistance test.

2.5. Characterization Techniques

FTIR (Nicolet, Nexus670, Glendale, WI, USA) was used to examine chemical elements of untreated
and modified HNTs. The testing specimens were characterized with 2 cm−1 resolution and 64 scans
in the wavenumber range of 400–4000 cm−1. Surface composition and functional groups of different
HNTs and the fibers before and after modification were also characterized by XPS (ESCALAB 220i-XL,
VG, UK) with the monochromatic Al Ka source of 1486.6 eV at a base pressure of 2 × 10−9 mbar.

TGA (TA Instruments, Q50, New Castle, DE, USA) was used to examine thermal stability of
HNTs, HNT–NH2 and HNT–COOH. The samples of 5–20 mg were added in aluminum pans, and
heated from 30 to 800 ◦C in nitrogen atmosphere with the heating rate of 5 ◦C/min.

Surface characteristics of CFs before and after grafting and the cracked sections of MPSR
composites reinforced with different CFs were studied by SEM (Quanta 200FEG, Hitachi Instrument,
Inc., Tokyo, Japan). All testing samples were coated with thin gold layers via gold sputtering technique
to increase fiber conductivity and obtain stable and clear images.

26



Polymers 2018, 10, 1171

The changes of dynamic contact angles and surface energy analysis were carried out using a
dynamic contact angle meter (DCAT21, Data Physics Instruments, Filderstadt, Germany), which were
used to evaluate the wetting performance of untreated and HNTs modified CFs, using nonpolar
diiodomethane and polar deionized water as the testing liquids. The surface free energy, and its
dispersive as well as polar components of different CFs were obtained from the following equations:

γl(1 + cos θ) = 2(γp
l γ

p
f )

1/2
+ 2(γd

l γd
f )

1/2
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γf = γ
p
f + γd
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where θ and γl represent the dynamic contact angle and surface tension of testing liquids, respectively;
γ

p
l is the polar component; and γd

l represents the dispersive component.
ILSS of untreated and modified composites were examined using a universal testing machine

(WD-1, Changchun, China) based on a three-point short-beam bending testing method. Composites
ILSS values could be calculated from:

ILSS =
3Pb
4bh

(3)

where b and h represent the width (mm) and thickness (mm) of the testing samples, and Pb is the
maximum breaking load (N).

Anti-hydrothermal aging experiments were carried out by adding CF/MPSR composites to
boiling water at 373 K for 48 h to examine the effects of different functionalized HNT modifications on
the hydrothermal aging resistance of the resulting composites. Afterwards, the hydrothermal aging
resistance was characterized by tracing the changes of ILSS results.

3. Results

3.1. Surface Composition and Groups of Functionalized HNTs and CFs

Figure 2 shows FTIR spectra (Figure 2a), XPS spectra (Figure 2b) and TG curves (Figure 2c) of
HNTs, HNT–NH2 and HNT–COOH. As for the FTIR spectrum of HNTs, the strong characteristic
bands at about 3622 and 3698 cm−1 correspond to the Al–OH bonds stretching vibration, and the band
at 907 cm−1 is related to the Al–OH bonds bending vibration onto the internal surface of HNTs [31].
The bands at round 1110 and 1033 cm−1 are related to the Si–O–Si bonds stretching vibration and
asymmetric stretching vibration, respectively. In contrast to raw HNTs, HNT–NH2 shows a new
characteristic band at round 2934 cm−1 corresponding to the stretching vibration of C–H bonds.
Besides, the broad peaks in the range of 1600–1200 cm−1 are related to the stretching or bending
vibrations of C–H, N–H and C–N bonds. These observed bonds arising from the structure of APS
molecules indicate the success grafting of APS onto HNTs surface. For HNT–COOH, a significant band
corresponding to the vibrations of carboxylic acids and secondary amides has been observed, and
the peak is broad, while the peak intensity is fairly weak owing to few carboxylic acid and secondary
amide groups and the existing hydrogen bonding interactions. More importantly, the additional peaks
at about 1690 and 1570 cm−1 are due to C=O stretching vibrations of the carboxylic acid and amide,
respectively [20]. These characteristic bands strongly verify the successful modification of HNTs from
hydroxyls to carboxyl groups. As shown in Figure 2b, the XPS spectrum of HNTs is mainly composed
of many peaks (O1s, Si2s, Si2p, and Al2p), which are consistent with chemical composition of HNTs
mentioned in the literature [31]. Compared to HNTs, a new peak of N1s (401 eV) has been observed on
HNT–NH2 XPS spectra arising from the element of APS. The peak intensity of C1s of HNT–COOH
is stronger than that of HNT–NH2. The above FTIR and XPS results confirm that APS and succinic
anhydride have been successfully grafted onto HNTs surface. Figure 2c presents TG curves of HNTs,
HNT–NH2 and HNT–COOH. HNTs have a weight loss below 200 ◦C, which can be likely ascribed to
the desorption of water. A second weight loss occurred from 450 to 550 ◦C owing to the pyrolysis of
Al–OH functional groups on HNTs structure [31]. However, compared with TGA curves of HNTs, the
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higher weight loss of HNT–NH2 and HNT–COOH occurred between 200 ◦C and 450 ◦C because of the
pyrolysis of the introduced organic silane onto modified HNTs after modification. A similar conclusion
was also drawn by Zhu [32]. In other words, the weight loss of pristine HNTs is 18.3%, whereas
the weight losses of HNT–NH2 and HNT–COOH reach 21.3 and 24.4%, respectively. TG results are
consistent with the analysis of the above FTIR and XPS results, confirming the successful preparation
of HNT–NH2 and HNT–COOH.

 
Figure 2. (a) FTIR spectra; (b) XPS spectra; and (c) TGA curves of untreated and modified HNTs.

XPS was also used to characterize chemical composition and groups of different CFs for
confirming the success of chemical modification. XPS C1s spectra of untreated CF, CF–HNT–NH2 and
CF–HNT–COOH are presented in Figure 3. For untreated CF (Figure 3a), the XPS spectrum has been
decomposed into five characteristic peaks (C=C, 284.5 eV; C–C, 285.2 eV; C–O, 286.6 eV; C=O, 287.8 eV;
COOH, and 288.9 eV) [33]. As for the XPS spectrum of CF–HNT–NH2 (Figure 3b), many significant
peaks have been detected. Two new peaks arising from C–Si (283.1 eV) and C–N (285.7 eV) appear,
which may be caused by the introduced HNT–NH2 structure. Moreover, the presence of N–C=O
with the bonding energies of about 287.8 eV further indicates that acyl chloride groups onto fiber
surface have already reacted with amino groups of HNT–NH2. Hence, HNT–NH2 nanoparticles have
been boned with the surface of CFs chemically. As seen from CF–HNT–COOH (Figure 3c), CF–OH
was chemically modified with NHT–COOH, and introduced massive residual carboxyl groups onto
CF–HNT–COOH surface. CF–HNT–COOH shows the sharp enhancement in the content of COOH
peak and the obvious decrease of C–O content. In addition, the existences of the new peak O–C=O and
C–Si are responsible for the success of chemical modification for introducing HNT–COOH onto fiber
surface. The introduced amino and carboxyl groups help to change fiber inert surface to polar active
one, which can improve fiber surface energy and wettability for significantly enhancing interfacial
adhesion and mechanical properties of composites.

 

Figure 3. C1s high-resolution XPS peak-fitting curves of: (a) untreated CF; (b) CF–HNT–NH2; and
(c) CF–HNT–COOH.
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3.2. Surface Microstructures of CFs

Figure 4 shows surface morphologies for CFs before and after HNTs modification. For untreated
CF (Figure 4a,b), the fiber has a smooth and flat surface, and a few narrow parallel grooves are observed.
In contrast, surface morphologies of CF–HNT–NH2 (Figure 4c,d) and CF–HNT–COOH (Figure 4e,f)
change dramatically after modification, which increase fiber surface roughness significantly because of
the uniform coverage of the fibers surface with grafted HNTs. Both have similar surfaces with uniform
distributions of functionalized HNTs at different angles onto the surface and grooves of CFs, which
make HNTs modified CFs appear as branched fibers for forming new hierarchical reinforcements.
The introduced HNT–NH2 and HNT–COOH onto the fiber surface, inserting into the matrix resin,
can connect the fibers and matrix resin tightly for increasing interfacial adhesion and mechanical
properties of CF composites via increasing surface roughness to provide good mechanical interlocking.

 

Figure 4. SEM images of different CF surfaces: (a,b) untreated CF, (c,d) CF–HNT–NH2; and
(e,f) CF–HNT–COOH.

3.3. Surface Wettability Analysis of CFs

The changes in chemical activity and surface topography of CFs affect surface energy (γ) of CFs.
A high γ can change the wettability and compatibility between CFs and matrix resin. Hence, to study
effects of HNT–NH2 and HNT–COOH modification on fiber surface energy and wettability, advancing
contact angle (θ) and γ of untreated CF, CF–HNT–NH2 and CF–HNT–COOH are evaluated and listed
in Table 1. The water contact angle (θwater) and diiodomethane angle (θdiiodomethane) of untreated CF
are 78.5◦ and 58.9◦, respectively. Therefore, γ of untreated CF is only 35.87 mN·m−1 (the dispersion
component (γd), 31.91 mN·m−1; and the polar component (γp), 12.51 mN·m−1). However, compared
with that of untreated CF, HNT–NH2 grafting and HNT–COOH grafting show remarkably decreased
contact angles and sharply enhance fiber surface energy. θwater of CF–HNT–NH2 and CF–HNT–COOH
decreased to 44.28◦ and 42.95◦. Similarly, θdiiodomethane decreased to 40.06◦ for CF–HNT–NH2 and
38.77◦ for CF–HNT–COOH. As a result, γ of CF–HNT–NH2 and CF–HNT–COOH showed remarkable
enhancements of 70.17% and 73.21% after two different functionalized HNTs grafting. The increased
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γp and γd can be related to the introduction of massive amino or carboxyl polar groups and the
improvement of surface roughness of CFs grafted with HNT–NH2 and HNT–COOH, respectively.
Noteworthy, CF–HNT–NH2 and CF–HNT–COOH have similar surface energy and wettability owing
to the equal enhancements of chemical polar and surface roughness. As a result, the higher surface
energy for the two prepared new hierarchical reinforcements helps to increase the wettability between
HNTs modified CFs and MPSR, and then improved composites interfacial properties effectively.

Table 1. Contact angles and surface energy of different CFs.

Samples
Contact Angles (◦) Surface Energy (mN·m−1)

θwater θdiiodomethane γd γp γ

Untreated CF 78.50 58.90 29.21 6.66 35.87
CF–HNT–NH2 44.28 40.06 21.46 39.58 61.04
CF–HNT–COOH 42.95 38.77 21.91 40.22 62.13

3.4. Interfacial Property Testing of Composites

ILSS and IFSS testing results of MPSR composites reinforced with untreated CF, CF–HNT–NH2

and CF–HNT–COOH are presented in Figure 5a. ILSS and IFSS of untreated CF composites are only
29.47 and 40.37 MPa, which is related to fiber smooth and inert surface without providing a good
compatibility with MPSR. After grafting, HNT–NH2 and HNT–COOH sharply enhance interfacial
properties of composites because HNTs acting as an anchor stick into matrix resin to locally stiffen at
the interface region for improving interface quality. For CF–HNT–NH2 composites, the ILSS and IFSS
values enhanced to 46.23 and 58.31 MPa compared to those of untreated CF composites, which might
be due to the improved interfacial wettability by the introduction of many amino groups as well as the
formation of strong mechanical interlocking via the enhanced surface roughness caused by HNT–NH2

modified onto the fiber surface. After being grafted by HNT–COOH and CF–HNT–COOH, composites
have the highest values of ILSS (51.19 MPa) and ILSS (67.38 MPa), which give rise to 73.70% and 66.91%
enhancement in comparison with untreated CF composites, and 10.73% and 15.55% enhancement
compared to CF–HNT–NH2 composites. The significant increases in ILSS and IFSS values with respect
to CF–HNT–COOH composites can be mainly ascribed to the high compatibility and reactive activity
of CFs by introduced massive carboxyl groups onto fiber surface. That is to say, the increased degree
of interfacial properties directly correlates with the introduced active groups by functionalized HNTs
modification. The formed chemical bonds between CFs and matrix resin make a critical contribution to
the improvement of interfacial properties of composites. Combining the contrast of interfacial strength
of CF–HNT–NH2 and CF–HNT–COOH composites with a wide range of nanomaterials modification
(Supplementary Material, Table S1), the functionalized HNTs grafting strategy is comparable with CFs
modified by other nanomaterials, and the enhanced effect on composites interfacial strength is superior
to those of many CFs composites. Therefore, HNTs, as environment-friendly and cost-effective natural
nanofillers, can be regarded as a commendable alternative to enhance the quality of fiber–matrix
interface and mechanical properties of the resulting composites.
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Figure 5. (a) ILSS and IFSS results of composites; and SEM morphologies of the fracture surface of
MPSR composites reinforced with: (b) untreated CF; (c) CF–HNT–NH2; and (d) CF–HNT–COOH.

To fully study the interfacial enhancing mechanisms of MPSR composites reinforced with different
fibers, composites fracture surfaces after ILSS testing were examined by SEM, as presented in
Figure 5b–d. Many big holes exist in the cracked sections of untreated CF composites owing to
massive the pulled-out fibers (Figure 5b), confirming the weak interfacial adhesion. After being grafted
by HNT–NH2 (Figure 5c), the interfacial strength between CF–HNT–NH2 and MPSR is improved
greatly. Massive resin fragments are scattered onto composite fracture surfaces with few holes and
pulled-out CFs. However, some CFs remain detached from matrix resin with existing slight breakage of
fibers. For CF–HNT–COOH composites (Figure 5d), a favorable and desired fracture surface without
pulled-out fibers and fracture steps has been observed, which indicates the sharp improvement of
interfacial adhesion and properties of composites via fiber surface grafting of HNT–COOH.

Figure 6 shows schematic illustration of the interfacial reaction of CF–HNT–NH2 and
CF–HNT–COOH composites. For two functionalized HNTs modified CF composites, HNT–NH2 and
HNT–COOH grafting provide similar wettability and mechanical interlocking caused by the obtained
fiber surface energy and roughness according to DCA and SEM testing. However, the formation of
interfacial reinforcing mechanisms is completely different. For CF–HNT–NH2 composites (Figure 6a),
the introduced amino groups of CFs by HNT–NH2 grafting using as the basic catalysts for matrix resin
cannot react with MPSR resin during the preparation process of composites, but activate the hydroxyl
groups of MPSR matrix for accelerating the cross-linking process. This is to say, the introduced
HNT–NH2 can only produce sufficient mechanical interlocking for improving interfacial compatibility
and adhesion between CF–HNT–NH2 and MPSR. For CF–HNT–COOH/MPSR composites (Figure 6b),
the presence of carboxyl groups onto the CF–HNT–COOH has the high reaction activity with MPSR.
The introduced chemical bonding leads to a significant improvement in the stress transfer from MPSR
to HNT–COOH modified hierarchical reinforcing structure, and this is a crucial factor for interfacial
improvement. Hence, the chemical bonds combined with sufficient nanosized mechanical interlocking
at the interface region via the high strength of the HNT-network modified onto the CF surface inhibit
the shear flow via the interface effectively, leading to the best interfacial adhesion of composites.
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Figure 6. Schematic representation of the interfacial reaction of: (a) CF–HNT–NH2 composites;
and (b) CF–HNT–COOH composites.

3.5. Hydrothermal Aging Resistance Testing of Composites

The hydrothermal aging experiments give CF/MPSR composites direct insights to the potential
applications in the harsh environment with high humidity. ILSS value retentions of untreated
and modified CF composites after aging are shown in Figure 7. After aging, the ILSS values of
untreated CF/MPSR composites decline sharply, while ILSS values of MPSR composites reinforced
with CF–HNT–NH2 and CF–HNT–COOH declines slower. ILSS values of untreated CF reinforcing
MPSR composites decreased from 29.47 MPa without aging to 20.52 MPa, with ILSS retention ratios
of 69.63%. However, ILSS retention ratios of MPSR composites reinforced with CF–HNT–NH2 and
CF–HNT–COOH are 88.75% and 93.61%, respectively, confirming that HNT–NH2 or HNT–COOH
functionalization can enhance hydrothermal aging resistance of the resulting composites. A poor
quality of fiber–matrix interface containing more microcracks and drawbacks is penetrated easily
via water molecules because of the obvious difference in coefficient of thermal expansion, which
can form the stress concentration at the interfacial region and thus destroy the interface, resulting
in a poor hydrothermal aging resistance of untreated CF composites. The introduced HNT–NH2 or
HNT-COOH can strengthen interfacial adhesion between CFs and MPSR and decrease the numbers
of microcracks and defects at the interfacial region, which reduce water absorption and protect the
interface effectively compared with untreated composites. In addition, compared with CF–HNT–NH2

composites, CF–HNT–COOH composites show higher hydrothermal aging resistance. This might be
related to the better quality of HNT–COOH interface, which would require stronger acid/base and
more energy to destroy.
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Figure 7. ILSS of composites before and after hydrothermal aging treatment.

4. Conclusions

In this study, to improve interfacial properties and anti-hydrothermal aging behaviors of
CF/MPSR composites, the chemical grafting of different functionalized HNTs as natural and low-cost
nanomaterials onto CFs was reported. Characterization results confirmed the successful modification of
functionalized HNTs, and HNT–NH2 or HNT–COOH was modified onto the surface of CFs uniformly.
HNT–NH2 or HNT–COOH modification improved surface wettability significantly through the
introduced amino or carboxyl polar groups as well as increased mechanical interlocking between
CFs and MPSR obviously via the enhanced surface roughness, leading to the sharp improvement in
interfacial strength of composites. Particularly, MPSR composites reinforced with CF–HNT–COOH
have the best interfacial properties with ILSS value of 51.19 MPa and IFSS value of 67.38 MPa compared
with those of CF–HNT–NH2 composites (ILSS, 46.23 MPa; and IFSS, 58.31 MPa). The improved
mechanical interlocking and the formed chemical bonds between CF–HNT–COOH and MPSR through
HNT–COOH nanoparticle modification were the main contributors for these highest enhancements.
In addition, the introduced HNT–NH2 or HNT–COOH at the interface increased the composites’
hydrothermal aging resistance effectively.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/10/10/
1171/s1, Table S1: Comparison of interfacial properties among different nanomaterials modified carbon
fibers composites.
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Abstract: Fish gelatin (FG)/glycerol (GE)/halloysite (HT) composite films were prepared by casting
method. The morphology of the composite films was observed by scanning electron microscopy
(SEM). The effects of HT and GE addition on the mechanical properties, water resistance and optical
properties of the composites were investigated. Results showed that with increasing GE content,
the elongation at composite breaks increased significantly, but their tensile strength (TS) and water
resistance decreased. SEM results showed that GE can partly promote HT dispersion in composites.
TS and water resistance also increased with the addition of HTs. Well-dispersed HTs in the FG
matrix decreased the moisture uptake and water solubility of the composites. All films showed
a transparency higher than 80% across the visible light region (400–800 nm), thereby indicating that
light transmittance of the resulting nanocomposites was slightly affected by GE and HTs.

Keywords: fish gelatin; halloysite nanotubes; glycerol; mechanical properties; water resistance

1. Introduction

Recently, studies using natural polymer materials to replace synthesis plastic for preparing
packaging films have attracted wide attention because of the pollution problems caused by synthetic
plastic [1–4]. When natural polymer materials are mentioned, gelatin, with low cost, biocompatibility,
and biodegradability, is one of the most promising [5–8]. Fish gelatin (FG), a type of gelatin that can
provide materials with ultraviolet and oxygen barrier properties, can be extracted from fish bones
and skin, and has been used an alternative raw material for a wide range of applications [9–11].
However, FG’s inflexible and hydrophilic character, and consequently its poor mechanical properties
in the presence of humid environments, limit its application [10,12,13]. As a consequence, the flexible
properties and water-resistance of FG-based films should be improved further to meet the demand of
practical applications.

An effective strategy exploring how to improve the properties of gelatin-based films is adding
plasticizer into the gelatin matrix [14–16]. Plasticizers could break the polymer–polymer interactions
(such as hydrogen bonds and Van der Waals forces) and form secondary bonds to gelatin molecular
chains, thereby increase the flexibility of the films and preventing them from cracking during
packing and transportation [16–18]. Among possibilities of additives that can be used as plasticizer
in gelatin-based films, glycerol (GE) is the most commonly used in gelatin-based films [18–20].
Compared with other plasticizers such as sorbitol, polyethylene glycol and diethylene glycol, GE has
smaller molecular dimensions and higher hydroxyl density, so it is widely used as a plasticizer into
a hydrophilic biopolymers matrix.

Polymers 2018, 10, 1258; doi:10.3390/polym10111258 www.mdpi.com/journal/polymers36
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Incorporating inorganic nanoparticles such as clay, graphene, zinc oxide and carbon nanotubes
into the gelatin matrix has been shown to be an effective method to improve its thermal, mechanical,
and barrier properties. Farahnaky et al. found that the mechanical properties and water-resistance
of gelatin films were improved by the addition of montmorillonite [21]. Shankar et al. prepared
gelatin/ZnO nanoparticle nanocomposite films using various types of ZnO nanoparticle [22].
The results showed that the moisture content, water contact angle, water vapor permeability,
and elongation at breaks of ZnO nanoparticle incorporated films increased, while tensile strength
and modulus of elasticity decreased compared with the control gelatin film. Li et al. studied the
effect of the concentration of laponite on the physicochemical properties of a gelatin/laponite film [23].
They found that gel strength, mechanical properties, water vapor permeability and water solubility
of gelatin/laponite composite films were greatly enhanced with an increase of the concentration
of laponite.

Halloysite nanotubes (HTs) are natural aluminosilicates from a clay mineral with a hollow
nanotubular structure [24,25]. HTs have been developed to use in controlled release [26], templates [27],
and sorption [28] during the past decades. Recently, HTs have been successfully developed as
a reinforcing filler to improve the properties of biopolymers. For instance, the mechanical properties
and thermal stability of starch films were improved by the addition of HTs [29,30]. Soheilmoghaddam
et al. found that the tensile strength of regenerated cellulose film increased from 35.30 to 60.50 MPa
when 8 wt % HTs were added, without loss of ductility [30]. Liu et al. have prepared chitosan/HTs
composites via solution casting and the FE-SEM results indicated that HTs are uniformly dispersed
in the chitosan matrix [31]. The tensile strength of chitosan was improved by HTs. The low cost and
environmentally friendly nature make HTs competitive with other reinforcing fillers for biopolymers.
In addition, unlike two-dimensional platelet-like nanoclays [32,33], the rod-like geometry of HTs
hardly intertwines, which makes HTs disperse better in a polymer matrix [34].

The objective of this work is to investigate the combined effect of GE and HTs on the properties of
FG-based composites. For this purpose, we prepared a series of films containing different amounts
of HTs and GE and characterized them using field emission scanning electron microscopy (FE-SEM)
and Fourier Transform Infrared Spectroscopy (FT-IR). The mechanical properties, water-resistance,
and optical properties of composite films were investigated to establish a structure–property correlation
between HTs, GE and the FG matrix.

2. Materials and Methods

2.1. Materials

FG was purchased from Taosheng Chemical Co., Ltd. (Guangzhou, China). HTs were purchased
from Yuanxin Nanotechnology Co., Ltd. (Guangzhou, China). GE is analytical grade, and used without
further purification.

Preparation of Composite Films

Preparation of composite films is on the basis of the method in the literature. FG was added
into distilled water at 50 ◦C with magnetic stirring for 1 h to prepare the FG solution (4%, w/w).
Then, the GE, as a plasticizer, was added into the FG solution at a certain loading (0, 20, 30, 40%
(w/w)) with respect to FG weight. The obtained mixture was stirred for 1 h to acquire homogeneous
solutions. HTs dispersions (0.5%, w/w) were prepared by adding appropriate amounts of HTs into
distilled water under mechanical agitation at 500 rpm for 1 h at room temperature. The obtained
HTs dispersions were added in the four types of FG/GE composites (pure FG, FG/GE (20%), FG/GE
(30%), and FG/GE (40%)) at 0%, 4% and 8% (w/w) loadings with respect to FG weight, respectively.
Following this, the obtained mixtures were stirred for 1 h at 50 ◦C to acquire homogeneous solutions.
These film-forming solutions were placed at room temperature for 1 h to remove the bubble. After
that, the mixtures were poured into 9 cm diameter polycarbonate petri dishes and evaporated into
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the atmosphere for 72 h; the resulting films were dried in a vacuum oven (at 70 ◦C) for 6 h to remove
traces of the solvents. The named rule of composite films in this work is directly named by the mass
fraction of GE and HTs: for example, composite films with 40 wt % GE loading are named FG/GE40,
and composite films with 40 wt % GE and 10 wt % HTs are named FG/GE40/HTs10.

2.2. Characterization

The morphology of samples was observed by a field emission scanning electron microscope
(FESEM, JEOL JSM-6701F, Japan Electron Optics Limited, Tokyo, Japan), after coating the sample with
a layer of gold. Water contact angles (WCA) were measured with a Contact Angle System OCA 20
(Dataphysics, Stuttgart, Germany) at ambient temperature by injecting 5 μL of water droplets onto
the surface of films. Average WCA values were determined by measuring the same sample at five
different positions. Transmission electron microscopy (TEM) analysis of samples was carried out with
a TECNAIG2-F30, FEI.

X-ray diffraction (XRD) patterns were collected using an XRD-7000 (XRD, Shimadzu XRD-7000,
Shimadzu Co., Ltd., Kyoto, Japan) diffractometer with Cu Ka radiation, scanning from 3◦ to 40◦ at
3◦/min. Attenuated total reflectance Fourier transform infrared spectra (ATR-FTIR) were recorded
on an FTIR Spectrophotometer (Thermo Nicolet, iS10, Thermo Fisher, Waltham, MA, USA) in the
range of 4000–400 cm−1. Film thickness was studied to the nearest 0.001 mm with a digital micrometer
(Micrometer, Wuxi, China) at 9 random positions around the film.

2.3. Tensile Tests

Tensile tests were performed using a an AG-IS material testing machine (Shimadzu Co., Ltd.,
Kyoto, Japan) equipped with a 200 N load cell at room temperature, with a gauge length of 40 mm and
crosshead speed of 10 mm/min. The results were evaluated as an average of at least 5 measurements.

2.4. Moisture Uptake

Moisture uptake of the films was measured on samples cut into small pieces (2 cm × 3 cm).
Samples were first dried in an oven at 70 ◦C for 8 h. After weighing, the samples were stored over
NaCl saturated salt (76% RH) for 72 h to ensure equilibrium of the moisture before reweighing.
The moisture uptake of the samples was calculated as follows:

Moisture uptake = [W1 − W0]/W0 × 100% (1)

where W0 and W1 are the weight of the samples before exposure to 76% RH and at equilibrium,
respectively. All tests were carried out with three replicates and an average value for each sample was
obtained.

2.5. Water Solubility

Water solubility of the films was studied by the following method: Six pieces (2 cm × 3 cm) of film
dried in an air-circulating oven at 70 ◦C until reaching constant weight and were weighed (M0). After
this, the films were immersed in 50 mL of distilled water. After 24 h of storage in an environmental
chamber at 25 ◦C, samples were recovered and gently rinsed with distilled water. After drying in
an air-circulating oven at 70 ◦C until reaching constant weight, the films were weighed again (M1).

The water solubility of films was calculated by the following equation:

Water solubility = [M0 − M1]/M0 × 100% (2)

2.6. Optical Properties

The opacity of composite films was studied by a UV–visible spectrophotometer (N4, INESA
(Group) Co., Ltd., Shanghai, China). Composite films were cut into rectangular strips and placed
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on the two outer sides of a spectrophotometer cell and light transmission was recorded at room
temperature in steps of 1 nm, in the range 200–800 nm.

2.7. Statistical Analysis

Averages and standard deviations from at least three measurements of each sample were
reported in this study. Student’s t-test was used for analysis of test results at the significance level of
p-value < 0.05.

3. Results

3.1. Film Thickness

Film thickness is an important parameter in the calculation of mechanical and other physical
properties. As shown in Figure 1, the addition of HT and/or GE generated an increase in the thickness
of the composites films. The film thickness increased from 37.0 μm for the control FG film to 46.3 μm
for the FG/GE40/HTs10 composite film. This phenomenon could be due to the increase in dry matter
content of composites.

Figure 1. Film thickness of fish gelatin (FG)/glycerol (GE)/halloysite (HT) composites with various
amounts of HT and GE loadings.

3.2. SEM Analysis

The degree of filler dispersion is a key factor for the final properties of the nanocomposite [35].
SEM micrographs of the fracture surface of selected films are presented in Figure 2. The SEM
micrographs of pure FG and FG/GE40 films are shown in Figure 2a,b, respectively. It can be observed
that fracture surfaces of the two types of film are smooth and homogeneous, without pores or cracks.
Compared with the pure FG film, the fracture surface of FG/GE40 film shows a more dense structure,
indicating that there is good compatibility between FG and GE, and that the GE molecular can insert
into the FG molecular chains.

The SEM micrographs of FG/HTs4 and FG/GE40/HTs4 films are shown in Figure 2c,d,
respectively. These two films showed rougher fractured surface compared with the films without
HTs. The bright dots shown in Figure 2c,d are terminals of HTs, which demonstrates that HTs were
embedded in the FG matrix successfully. A good dispersion of HTs in the FG or FG/GE40 matrix
was observed without obvious agglomeration in the two types of composites, indicating that the HTs,
GE and FG were compatible. In order to further observe the dispersion of HTs in the polymers, TEM
was used to investigate the FG/GE40/HTs4 sample and the obtained micrographs are displayed in
Figure 3. As shown in Figure 3, the HTs possess a hollow cylindrical shape and show a transparent
central area along the cylinder with an open end. The HTs were well dispersed in the FG/GE matrix.
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The well-dispersed HTs in the FG or FG/GE40 matrix can be attributed to the following reasons: First,
the nanotube morphological character of HTs and the relatively weak nanotube—nanotube interactions
allowed to disperse easily in FG by shear force. Second, HTs can interact with FG through hydrogen
bonding interactions, which also led to its effective dispersion. As the content of HTs was increased
to 10%, some agglomerations were found in the two types of composites (Figure 2e,f), which may
be mainly due to the Van der Waals force among HTs. It can be seen that the HTs in the FG/HTs
composites exhibit more agglomeration than that of FG/GE40/HTs composites. This phenomenon
may be ascribed to the interaction of hydrogen bonds between GE and HTs, and GE could promote
the dispersion of HTs in the composites. A similar phenomenon was reported by Lavorgna et al.,
when they found that the presence of GE improved the chitosan intercalation in the silicate galleries of
montmorillonite and prevented the flocculation process, leaving the MMT stacks randomly orientated
in the composites [36].

 
Figure 2. SEM micrographs of (a) pure FG, (b) FG/GE40, (c) FG/HT4, (d) FG/GE40/HTs4,
(e) FG/HTs10 and (f) FG/GE40/HTs10.
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Figure 3. TEM micrographs of FG/GE40/HTs4.

3.3. XRD Analysis

Figure 4 shows the XRD patterns of HTs and FG/GE30 composites with HT loadings of 0%,
4% and 10%. The basal spacing (001) of pristine HTs was approximately 0.72 nm, corresponding to
2θ = 12.0◦ [37], with other peaks appearing at higher angles of 2θ = 20.22◦ and 2θ = 24.52◦; these are
assigned to (020), (110) and (002), respectively [31]. Typical XRD peaks for HNT powders appear at 2θ
= 18◦, in accordance with reflection planes (002) of gibbsite, which is an impurity in the HTs. Owing to
its strong orientation, the peak of gibbsite at 2θ = 18◦ appeared obviously even at a small loading. This
XRD peak of gibbsite as an impurity in the HTs also was found in other studies. The FG/GE30 film
showed a broad peak in the 2θ range of 6.2◦–9.5◦, which is a characteristic of amorphous proteins [38].
As for the FG/GE30/HTs composite, the intercalation of FG or GE molecules into the interlayers of HTs’
hollow tubular structure does not take place, as the d-spacing values for their weak (001) peaks remain
almost unchanged [33]. This peak gradually increased with increasing HT content of the FG/GE30
matrix. In addition, the peaks at 20.22◦ and 24.52◦ become invisible. This finding is in good agreement
with previous work based on polymer/HTs composites [31].

Figure 4. XRD patterns of HTs and FG/GE30 at 0, 4 and 10 wt %.

3.4. FTIR Analysis

ATR–FTIR analysis was performed to study the interactions between HTs and the FG matrix,
and the results are presented in Figure 5. FG is an amphoteric polyelectrolyte with both positively and
negatively charged amino acids dispersed on the chain backbone [21]. The FT-IR spectrum of pure FG
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film showed the characteristic amide I, amide II and amide III bands. As shown in Figure 1a, the pure
FG film showed a major band at 1637 cm−1 (amide I band), which is related to the C=O stretching/H
bonding in combination with COO [21]. The peak at 1540 cm−1 was because of amide-II, produced
by bending vibrations of N–H groups and stretching vibrations of C–N groups [21]. The peak at
1240 cm−1 can be attributed to the vibration of C–N and N–H groups of bound amide, or vibration of
CH2 groups of glycine [39]. The peak at 1033 cm−1 is related to the interaction between GE (OH group
of GE) and FG [40]. In the spectrum of FG/GE30 (Figure 1b), the stretching and bending vibrations of
the hydrogen bonding –OH group occurred at 3291 cm−1 [20]. The peak (3291 cm−1) is observed to
shift to 3286 and 3282 cm−1 (Figure 1c,d) after incorporation of 4% and 10% HTs into the FG/GE30
matrix, respectively. These behaviors indicate that HT can interact with FG and GE, and partially
destruct the hydrogen bonding between FG and GE [20]. The mechanism of interactions among FG,
GE and HTs is illustrated in Scheme 1. A quite similar tendency was found for attapulgite introduction
into the PVA/chitosan matrix [31]

Figure 5. ATR-FTIR spectra of (a) pure FG, (b) FG/GE30, (c) FG/GE30/HTs4 and (d) FG/GE30/HTs10.

Scheme 1. Schematic illustration of the mechanism of HTs in the FG/GE composites.

3.5. Mechanical Properties

Mechanical properties are one of the most important parameters to packaging materials.
Mechanical properties of composite films were characterized by tensile strength (TS) and elongation
at break (EB) [41]. The results of TS are shown in Figure 6. As expected, the TS of films decreased
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prominently from 65 to 15 MPa by elevating the proportion of GE from 0% to 40% w/w (p < 0.05).
The effect of GE addition on the EB of films has an inverse behavior (Figure 7) compared with their
correspondent TS. Meanwhile, the increase of GE addition from 0% to 40% caused EB to greatly
increase (p < 0.05). This may be due to the role of GE in diminishing the strong intra-molecular
attraction between FG chains and improving the formation of hydrogen bonds between GE and FG
molecules [14]. Thus, it reduces the TS and increases the EB of composites by subsequently weakening
the hydrogen bonds between FG chains. Such disruption and reconstruction of FG molecular chains
decreases the rigidity and improves the flexibility of films by endowing them with more chain mobility.
Similar results have been reported by Muscat et al.: they found that the elongation of polymeric
materials depends on the mobility of their molecular chains [42].

As for the HTs addition on the tensile properties of composites, it is clear that the TS of films was
greatly influenced by the addition of HTs. The TS of films was improved continuously by increasing
HTs loadings for the FG/GE composites (p < 0.05). The improved TS of composites can be explained
by the fact that firstly, there is a lot of intermolecular hydrogen bonding between HTs and FG, FG and
GE, and GE and HTs, which could form a 3D network (see Scheme 1); and secondly, the large aspect
ratio of the HTs is also beneficial to stress transfer [33].

Figure 6. Tensile strength (TS) of FG/GE/HT composites with various HT and GE loadings. * denotes
significant difference between FG films containing different percentages of GE (p < 0.05). denotes
significant difference in FG/GE40 films containing different percentages of HT compared with
FG/GE40 only film (p < 0.05).
The EB value increased with increasing content of HTs for the FG/GE composites with GE loadings

from 0% to 30%. For FG/GE composites with GE loadings below 30%, EB values are low (<10%),
indicating that these composites are still brittle even though plasticized by GE. After incorporation of
HTs into FG/GE composites, HTs would act as a bridge to connect the fracture of films at the process
of stressing, thus the EB of films was increased. However, when the GE loading was increased to 40%,
the EB value reached 20%, which showed flexibility at a certain extent. When incorporating HTs into
FG/GE 40%, the hydrogen bonding between HTs, FG, FG and GE hinders the sliding of the FG chains
and consequently the EB values were decreased with the increase of HTs.
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Figure 7. Elongation at break (EB) of FG/GE/HT composites with various HT and GE loadings.
* denotes significant difference between FG films containing different percentages of GE (p < 0.05).

3.6. Moisture Uptake and Water Solubility Of Composites

Moisture uptake and water solubility are common parameters used to characterize the
water-resistance of packaging materials [20]. The results for moisture uptake and water solubility
of composite films are presented in Figure 8. The moisture uptake of composite films increased
continuously with the increase of GE content (p < 0.05). This is due to the fact that the GE molecule
has high hydroxyl density and is more hydrophilic than FG molecules. However, moisture uptake
shows a decreased trend with the addition of HTs for all the FG/GE composites. This reduction in
moisture uptake can be ascribed to the following reasons: Firstly, the formation of strong interactions
via hydrogen bonds between FG, GE and HTs promotes the cohesiveness of the FG matrix and decrease
its water sensitivity [43]. Secondly, moisture uptake of HTs is lower than that of FG and GE, so the
addition of HTs reduces the moisture uptake of composites [33].

Figure 8. Moisture uptake of FG/GE/HT composites with various HT and GE loadings. * denotes
significant difference between FG films containing different percentages of GE (p < 0.05).

The results of water solubility of composites are similar with those of moisture uptake, which
also increased continuously with the increase of GE content (Figure 9) (p < 0.05). This behavior can be
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explained by the fact that GE has higher solubility than FG in the distilled water. In addition, it can be
seen that water solubility decreased with the addition of HTs into the FG/GE composites. This is due
to the presence of hydrogen bonds between FG, GE and HTs, and the insoluble property of HTs, which
reduced the diffusion of water molecules in the composites and thus decreased the water solubility.
Based on the above discussion, it was demonstrated that the incorporation of HTs could improve the
water resistance properties of the composites.

Figure 9. Water solubility of FG/GE/HT composites with various HT and GE loadings. * denotes
significant difference between FG films containing different percentages of GE (p < 0.05).

Another property of the films is their surface hydrophobicity, which was evaluated through WCA
determination. The WCA of the pure FG and composites are shown in Figure 10. The WCA of pure FG
film was approximately 87.07, and it increased with the increase of GE content in the composites. GE
molecules can be inserted into the FG molecular chains, resulting in the formation of a more compact
structure compared with a pure FG film. The compact structure of FG/GE composites blocked the
diffusion of large amounts of water molecules into the FG matrix when the water was dropped onto
the surface of the films. Thereby, the WCA of FG/GE composites increases with GE addition. When
considering a certain GE loading, an increase in HTs content clearly brought an increase in WCA
values of the FG/GE composites. This phenomenon can be attributed to the existence of hydrogen
bonds among FG, GE and HTs, which also blocked the diffusion of large amounts of water molecules
into the FG/GE films when the water was dropped onto the surface of composites.

Figure 10. Contact angles of FG/GE/HT composites with various HT and GE loadings.
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3.7. Optical Properties

Transparency of packaging film is relevant to their functionality owing to their great impact
on the appearance of the products. The light transmittance of the FG/GE films as a function of
wavelength is presented in Figure 11a. It is observed that all the FG/GE composites films have high
light transmission of above 80% in the visible region of 400–800 nm, which demonstrates that there is
a great consistency between FG and GE, and the FG and GE reach molecule-level dispersion within the
composites. Similar phenomena have been reported by researchers in kappa-carrageenan, plasticized
with glycerol composite films [44].

On the other hand, light transmittance of FG/GE films showed a general decrease with increasing
HTs loading (Figure 11b). Incorporation of HTs induces a decrease in the transparency of films
based on FG/GE, owing to changes in light diffraction generated by the dispersed HTs. Film
transparency decreases were dependent on the amount of HTs incorporated. It can be seen that
the transmittance of FG/GE30 film decreased from 86% to 80% when 10% of HTs was added.
Sothornvit et al. reported that transmittance of the PLA film decreased when HTs was added [45]. In
spite of decreasing the transparency of films by the HTs, all films containing HTs showed above 75%
transparency across the visible light regions (400–800 nm), indicating that the light transmittance of
the resulting nanocomposites films was slightly affected by the HTs owing to their nanometer size and
well-dispersed in the composites.

Figure 11. Optical properties of FG/HTs containing 0, 4 and 10 wt % (a) and FG/FG30/HTs containing
0, 4 and 10 wt % (b).
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4. Conclusions

In summary, a series of FG-based composite films at different HTs loadings with and without GE as
plasticizer, were prepared using the solution-casting method. Results indicated that the addition of GE
greatly improves film flexibility with a decrease in the TS of film. Moisture uptake and water solubility
were also improved by the addition of GE into the FG matrix, indicating that the water-resistance of
film was decreased by the GE added. The addition of GE into FG matrix had no negative effect on the
transparency of films. In addition, the incorporation of HTs into the FG/GE composites could improve
the TS and water-resistance of films simultaneously, due to the formation of hydrogen-bonding
networks in the composites. Moreover, the presence of GE enhances the dispersion of HTs in the FG
matrix and thus enhanced the properties of obtained composite films.
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Abstract: Silica gels are widely employed in water shutoff services, making them an essential tool
in oil well management. Silica nanoparticles may serve as a strengthening additive for polymer
hydrogels. In this study, we look at this statement from a different angle: What additives could
be used to increase the strength of silica gels? Colloidal silica gels were prepared with various
additives, and gel strength was measured by a Veiler–Rebinder apparatus. We found that cellulose
nanofibrils considerably increase the gel strength (from 20–25 to 35–40 kPa), which is comparable
with the industrial anionic polymer Praestol 2540. Cellulose nanofibrils can be produced from cheap
industrial-grade cellulose with low-cost industrial chemicals and could be partially replaced by the
even less expensive halloysite nanoclay. Cellulose nanofibrils produced from renewable sources and
naturally occurring halloysite nanoclay could be used as complementary reinforcing agents.

Keywords: gelation kinetics; sol–gel transition; water shutoff; silica sol; cellulose nanofibrils;
halloysite nanotubes

1. Introduction

Silica gel formation from silica nanoparticles is widely employed in water shutoff services in oil
wells [1,2] and was recently proposed to be used in geothermal applications [3].

Silica nanoparticles have been employed as filler in polyacrylamide-based compositions in
enhanced oil recovery [4–6]. a converse proposition arises naturally: What can be used to improve the
properties of concentrated silica gels formed from silica nanoparticles?

Cellulose nanofibrils (CNFs) are promising materials actively studied and available as
water-dispersible powders, films, or hydrogels [7]. They can be produced from a variety of renewable
plant sources, including kraft bleached eucalyptus pulp [8], corn stalks [9], and algae [10]. Research into
the application of CNFs as reinforcing additives has covered such areas as the paper and cardboard
industry, production of polymer nanocomposites [11], development of composites with tunable
mechanical properties [12], and preparation of thermo- and pH-sensitive hydrogels [13].

Halloysite nanotubes are widely employed as reinforcing agents in plastic composites [14–17],
catalyst carriers [18,19], and biomedical tissue scaffolds [20–22]. The most exciting feature of the
halloysite is its double-charged surface, which enables various strategies for the surface modification
and loading of halloysite nanotubes for compatibility with hydrophilic or hydrophobic and positively
and negatively charged matrices [23,24] and for the encapsulation of functional agents for corrosion
protection [25,26], drug delivery [27,28], and other applications.
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The formation of composite materials from cellulose nanofibrils and halloysite nanoclay was
recently reported [29], highlighting the possibilities of their co-use as reinforcing agents in composite
materials and gels.

The present study was aimed at the possible usage of cellulose nanofibrils and halloysite nanotubes
as reinforcing additives for silica sol-based gelation compositions. We found that cellulose nanofibrils
provide gel strengthening comparable with that of the synthetic polymer Praestol 2540, and could be
partially substituted with halloysite, which would still provide high gel strength.

2. Materials and Methods

2.1. Materials

Silica sol Polygel ASM K3 was purchased from JSC Polycell (Vladimir, Russia). Praestol 2540
poly(acrylamide) polymer (Ashland Deutschland GmbH, Krefeld, Germany), sodium citrate dihydrate,
sulfuric acid, and hydrogen peroxide were purchased from a local dealer Chimmed (Moscow, Russia).
Industrial-grade cellulose was kindly provided by Solikamskbumprom (Solikamsk, Perm Krai, Russia).
Halloysite nanoclay was purchased from Sigma–Aldrich (product number 685445, St. Louis, MO, USA).

2.2. Preparation of Cellulose Nanofibrils

Cellulose nanofibrils were prepared from the industrial-grade cellulose in the following manner:
Industrial-grade cellulose was dispersed in distilled water with homogenizer Bosch MSM66110
(Bosch, China), vacuum-filtered, and placed into a tightly closed desiccator overnight to ensure even
water content. The cellulose pulp was then sampled for water content determination and subjected to
acidic-oxidative treatment as described in [30], with slight modifications. Briefly, concentrated sulfuric
acid was added to the 2% cellulose pulp dispersion in filtered tap water (1.6 kg dry weight of cellulose)
to 8 mol/kg molality and was held at 55 ◦C and 90 rpm for 4 h in a stirred tank reactor. The treated pulp
was then filtered, washed with distilled water until the filtrate pH was higher than 6.0, and was then
redispersed in water to 1.5 mass% by ultrasound treatment with a flow-through sonifier UIP1000hd
(Hielscher Ultrasonics Gmbh, Berlin, Germany) and was then wet milled with a Supermasscolloider
MKCA6-5J (Masuko Sangyo Co., Kawaguchi, Japan). The prepared cellulose nanofibrils dispersion
was then centrifuged and dried to 20 mass% cellulose content. Preparative yield of cellulose nanofibrils
was 88.7%.

2.3. Characterization of the Employed Materials

For the ash content determination, dried cellulose nanofibril samples in porcelain crucibles were
calcined in a Nabertherm L 15/13 furnace at 525 ◦C according to the TAPPI (Technical Association of
the Pulp and Paper Industry) method 211-om 93 [31].

Electron micrographs were acquired with a JEM-2100 transmission electron microscope (Jeol, Japan)
and a JIB-4501 scanning electron microscope (Jeol, Japan). The micrographs were analyzed with an
ImageJ program suite (not less than 700 particles were measured for each sample). Samples for
TEM were prepared by drop-casting the appropriately diluted dispersions onto formvar grids
(Ted Pella, Redding, CA, USA). For SEM imaging, the specimens were either drop-cast (as dispersions)
onto the aluminum stub or frozen with liquid nitrogen (as solidified gels), broken into pieces,
and mounted onto the aluminum stub with carbon tape. All SEM specimens were then sputtered with
gold (approx. 5-nm thickness) to ensure their good surface conductivity, using a JFC-1600 magnetron
sputtering device (Jeol, Tokyo, Japan).

Zeta potential was measured with an SZ-100 particle size analyzer (Horiba, Kyoto, Japan) by the
electrophoretic light scattering method.
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2.4. Preparation of Reinforced Silica Gels

Reinforced silica gels were prepared using Polygel ASM K3 industrial-grade silica sol, which has
a density of 1.180–1.220 g/cm3, pH of 8.5–9.5, SiO2 content of 25.0–32.0 mass%, particle size of 9–11 nm,
BET (Brunauer-Emmett-Teller) surface area of 250–300 m2/g, and viscosity of 10 mPa·s.

Silica sols were mixed with the additives (anionic polymers, halloysite, and cellulose nanofibrils)
and the gelation activator (2.4 mass% sodium citrate) using mechanical stirring and ultrasound
treatment in a VBS-3DS ultrasonic bath (Vilitek, Moscow, Russia) for 30 min. Portions of the gelation
mixture were then placed in vessels in preparation for the gel strength measurements.

2.5. Gel Strength Measurements

After the gel portions had solidified in the vessels, with the special perforated plate immersed,
gel strength measurements were performed at certain time intervals. The scheme of the employed
apparatus is shown in Appendix A (Figure A1). Gel strength was measured by the Veiler–Rebinder
method based on the extraction of the patterned or perforated plate from the gel [32], which is more
suitable for the modeling of shear stress of gels in oil well conditions than the routinely employed
method of inserting a probe into the gel [33]. Time intervals were counted from the moment of the
addition of the gelating activator (sodium citrate).

3. Results

3.1. Characterization of Cellulose Nanofibrils

The prepared cellulose nanofibrils dispersion was a viscous white liquid with profound thixotropic
properties. In several days, the dispersion formed a thick gel. After concentrating up to 20% cellulose
dry weight, the cellulose nanofibrils became a wet white solid, resembling powdered cellulose.
This solid mass could be redispersed with sonication into the initial gel-forming liquid.

Electron micrographs of the prepared cellulose nanofibrils are shown in Figure 1. As one can see
in Figure 1, cellulose nanofibrils tend to agglomerate into fibers up to 10 μm in diameter when dried at
the substrate.

 

(a) (b) 

Figure 1. (a) SEM micrograph of cellulose nanofibrils. Scale bar, 10 μm; (b) TEM micrograph of cellulose
nanofibrils. Scale bar, 200 nm.

Analysis of the TEM micrographs of the cellulose nanofibrils showed that the diameter of cellulose
nanofibrils was well described by lognormal distribution with the parameters μ = 2.7287 and σ = 0.4778.
The histogram and the fitted distribution are shown in Figure 2a. The length of the cellulose nanofibrils
was hard to assess, because nanofibrils intertwine easily, even when deposited in a loose layer from
the diluted dispersion, as shown in Figure 1b. While the smallest cellulose nanofibrils were around
200 nm in length, the bigger nanofibrils were longer than 1 μm.
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The electrophoretic mobility of the cellulose nanofibrils was −5.6 × 10−8 m2V−1s−1,
which corresponded to the apparent mean zeta potential of −69.7 mV. The reconstructed zeta potential
distribution is shown in Figure 2b. Despite the inherent inaccuracy of the zeta potential reconstruction
by the Smoluchowski equation (in the approximation of spherical particles), the estimated zeta potential
value reflected the considerable negative charge of the cellulose nanofibrils. Indeed, the cellulose
nanofibril dispersion was rather stable and showed only minor sedimentation after several weeks of
storage, while gentle shaking restored the homogeneity of the dispersion.

 

 
(a) 

 
(b) 

Figure 2. (a) Diameter distribution of cellulose nanofibrils; (b) Zeta potential distribution of
cellulose nanofibrils.

3.2. Characterization of Halloysite Nanotubes

Halloysite nanotubes are a white powder, easily dispersed in water. Typically, their aqueous
dispersion can be stable for up to 10 min. It is worth noting that, in this study, after some halloysite
precipitated, the liquid above the sediment still contained small fractions of halloysite. In the
diluted dispersion, the halloysite nanotubes had electrophoretic mobility of −3.1 × 10−8 m2V−1s−1,
which corresponded to the apparent mean zeta potential of −40.0 mV.

Electron micrographs of the halloysite nanotubes are shown in Figure 3. As one can see in Figure 3,
the halloysite nanotubes formed a dense layer when dried on a substrate, while the more dispersible
fraction of halloysite aggregated in loose clusters of nanotubes, visible in the TEM micrograph (Figure 3b).

(a) (b) 

Figure 3. (a) SEM micrograph of halloysite nanotubes. Scale bar, 1 μm; (b) TEM micrograph of
halloysite nanotubes. Scale bar, 200 nm.

The fraction of halloysite nanotubes visualized by TEM micrographs was characterized by length
and diameter distributions. Both length and diameter were well described by lognormal distribution
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with the parameters μ = 3.8734 and σ = 0.4390 for diameter, and μ = 5.3164 and σ = 0.6910 for length.
The histograms and the fitted distributions are shown in Figure 4.

(a) (b) 

Figure 4. (a) Diameter distribution of halloysite nanotubes; (b) Length distribution of halloysite nanotubes.

Both the cellulose nanofibrils and halloysite nanotubes were much larger than the silica sol
particles (7–9 nm; shown in Figure A2 in Appendix A) employed in the gelation compositions for the
isolation squeeze in well servicing and could therefore be useful as reinforcement agents.

3.3. Gelation Kinetics and Gel Strength

It is known that the addition of anionic polymers to silica sol leads to the formation of reinforced
gel after gelation. One example of a particularly successful reinforcement is the usage of Praestol 2540
poly(acrylamide)-based polymer. In practice, water shutoff compositions must have a low enough
viscosity, so the maximum amount of polymer should not exceed 0.05 mass%. Indeed, silica gel with
added 0.05 mass% of Praestol 2540 is stronger than silica gel without additives, both in the slow (7.5 h)
and fast (4 h) gelation regimes, as is shown in Figure 5.

(a) (b) 

Figure 5. (a) Silica gelation without additives; (b) Silica gelation with 0.05% Praestol 2540 added.
Gelation times were adjusted by sodium citrate dosage. Lines are Gompertz model fits.

Gelation kinetics are not readily described in terms of the simplest models (such as
pseudo-first-order or pseudo-second-order kinetics) but can be approximated with a Gompertz-like
model:

s = a1·e−a2e−a3 log t
(1)
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where s is gel strength, t is time, and a1–a3 are fitted parameters. The model reflects the rapid onset of
the gel strength after the gelation time and the slow growth of the gel strength during its ripening.
In Figure 5, the lines are Equation (1) fits that approximate the experimental points. The fitted
parameters for Equation (1) are listed in Table A1 in Appendix A.

The addition of cellulose nanofibrils and halloysite increased the gel strength, as shown in Figure 6a.
One would expect a more profound strengthening effect from the halloysite nanotubes at 0.05 mass%
loading, because this value corresponded to the volume fraction of halloysite nanotubes of 0.024 vol.% or
approximately 1.5 nanotubes/μm3 (assuming the ideal dispersibility of halloysite, density of halloysite
of 2.53 g/cm3, density of silica sol of 1.20 g/cm3, halloysite length of 126.3 nm, and halloysite diameter
of 39.7 nm). Apparently, the halloysite was not uniformly distributed throughout the silica sol even
after prolonged sonication.

Interestingly, the simultaneous addition of cellulose nanofibrils and halloysite increased the gel
strength more than their separate addition, possibly reflecting the difference in the characteristic size of
these additives. The influence of both additives was approximated as the quadratic model:

s = a1X + a2X2 + a3XY + a4Y + a5Y2 (2)

where s is gel strength at 240 h after gelation, X is cellulose nanofibrils content (in mass%), Y is halloysite
content (in mass%), and a1–a5 are fitted parameters. As a result of fitting, the following model was
obtained:

s = 19.426 + 833.30X + 9452.6X2 − 1985.1XY +173.58Y − 976.57Y2, (3)

where the designations are as in Equation (2). The significance of the fitted parameters was checked by
Student’s statistics. For every parameter, the probabilities derived from the Student’s statistics were
less than 0.05, so the model did not need refinement. The fitted model is shown in Figure 6b.

(a) (b) 

Figure 6. (a) Silica gelation with various additives. Lines are Gompertz model fits. (b) Gel strength
at 240 h (showed by isolines, kPa) as a function of cellulose nanofibrils and halloysite added.
CNF: cellulose nanofibrils.

The addition of CNF and halloysite in various combinations increased the gel strength almost to
the same level, around 35–40 kPa. Considering the practical limit of 0.05 mass% of the total additives,
we can conclude that about 0.02 mass% of CNF may be replaced with much cheaper halloysite with
the same gel strength (see also Figure A3 in Appendix A). In this regard, the best gelation mixture
composition we identified was 0.03 mass% CNF and 0.02 mass% halloysite in the silica sol.

The reinforcement of the silica gel by the halloysite nanotubes is confirmed by the SEM images of
the rapidly frozen and cleaved gel (see Figures 7 and A4 in Appendix A).
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Figure 7. SEM micrograph of the silica gel with 0.05% halloysite cleaved in liquid nitrogen. The halloysite
nanotube is visible in the center of the image. Scale bar, 500 nm.

4. Discussion

In agreement with previous studies, sodium citrate induces the sol-gel transition in silica sols with
the gelation time being controlled by the sodium citrate concentration [34]. Here, the most durable gels
formed when the gelation time was rather short (4 h), but a further decrease in gelation time was not
practical, considering the time necessary for the gelation mixture application in the oil well. Both with
slow and short gelation, reinforced gels demonstrated higher strength; this increase in strength was
detectable at short gel ripening times (around 240 h).

The cellulose nanofibrils produced from the industrial-grade cellulose reinforced the silica gel
almost as well as the synthetic polymer Praestol 2540. The halloysite nanotubes also increased the
gel strength but not as much as CNF or Praestol 2540. Nevertheless, the combined reinforcement
action of CNF and halloysite was comparable to that of the synthetic polymer Praestol 2540. At high
CNF loading, halloysite additionally increased the gel strength, thus making possible at least partial
replacement of CNF in the reinforcement additive composition.

The reinforcing effect of the studied additives may depend on the characteristic particle size;
while Praestol 2540 molecules, which are comparable in size with fine silica sol particles and are known
for the efficient removal of fine colloidal particles from water [35], CNF, and especially halloysite,
are considerably larger. One would expect high reinforcing ability from the larger fillers, but this effect
has been observed only in matrices that are rigid enough, such as in block polymers [36]. Smaller CNF
have a higher affinity for the silica particle surface and thus demonstrate a higher reinforcing effect.
The different scale of their action may explain the observed synergism of CNF and halloysite in silica gel
strengthening. While large halloysite nanotubes provide the rigidity of the gel in the micrometer-size
range, CNF bind the silica sol particles, forming intertwined elastic threads in the submicrometer range.

The complementary scales of CNF and halloysite action could be further investigated by the
study of the synergism of gel strengthening additives of different sizes, e.g., the study of the combined
anionic polymer/CNF/halloysite additive. The observed synergism in the case of a triple additive
would confirm the hypothesis of the complementarity of differently sized additives.

Another possible explanation for the different strengthening abilities of the studied additives
is their different zeta potential. Weakly charged halloysite nanotubes provide small reinforcing
effect, whereas strongly charged CNF and anionic polymers increase the gel strength considerably.
The gelation process could involve the formation of joint silica–additive bridge bonds with counter-ions
(typically, alkali metal ions). Strongly charged additives could form these bridge bonds more efficiently,
thus providing higher gel strength. To test this hypothesis, the study of the reinforcing ability of
differently charged halloysite nanotubes is highly desirable. If the gel strengths were found to be
dependent on the zeta potential of the halloysite nanotubes, it would confirm this hypothesis.
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The observed reinforcing effect of CNF and halloysite could be employed not only in
the gelation compositions for oil well services but also in other industrial gelation products.
Additional investigations could open up possibilities for the reinforcement of various materials
by additives being hierarchically organized by size.

The economic effect of the observed results is rather promising, because, despite the relatively
high cost of commercially available CNF, we can produce it from cheap industrial-grade cellulose
with low-cost industrial chemicals (sulfuric acid and hydrogen peroxide). Furthermore, CNF could
be partially replaced by even cheaper halloysite—a natural product available in thousands of tons at
a reasonable price.
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Appendix A.

Figure A1. Scheme of the Veiler–Rebinder apparatus for the measurements of gel strength. 1, Z-stage;
2, perforated carbon steel plate; 3, gel; 4, vessel; 5, analytical balance.

Table A1. The fitted parameters for Equation (1).

Experimental conditions a1 a2 a3

Figure 5

No additives; gelation time 4 h 412.89 1 5.7940 0.12076
No additives; gelation time 7.5 h 101.80 4.3339 0.17328

0.05% Praestol 2540; gelation time 4 h 19395 8.6720 0.051108
0.05% Praestol 2540; gelation time 7.5 h 44238 9.6360 0.046180

Figure 6

No additives 24.940 6.0196 0.59552
0.025% CNF2 43.437 5.7342 0.58211
0.05% CNF 44.446 7.6086 0.69905

0.025% Halloysite 4322.1 7.2512 0.059066
0.025% CNF + 0.025% Halloysite 44.246 7.2674 0.68397
0.025% CNF + 0.05% Halloysite 43.803 8.6246 0.74702
0.05% CNF + 0.025% Halloysite 45.458 7.4676 0.69053
0.05% CNF + 0.05% Halloysite 48.352 6.0964 0.61393

1 Note that in contrast to the original Gompertz model, the parameter a1 in Equation (1) is not necessarily the
asymptotic value at t→∞. 2 CNF—cellulose nanofibrils
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(a) (b) 

Figure A2. (a) TEM micrograph of the silica sol before gelation. Scale bar, 200 nm. (b) TEM micrograph
of the silica sol before gelation. Scale bar, 100 nm.

Figure A3. Modeled gel strength at 240 h for the total added amount of CNF and halloysite of 0.05 mass%.

 
Figure A4. SEM micrograph of the silica gel with 0.05% halloysite cleaved in liquid nitrogen.
The halloysite nanotube is visible in the center of the image. Scale bar, 500 nm.
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Abstract: In this paper, the synthesis of a chitosan–montmorillonite nanocomposite material grafted
with acrylic acid is presented based on its function in a case study analysis. Fuzzy optimization is
used for a multi-criteria decision analysis to determine the best desirable swelling capacity (YQ) of the
material synthesis at its lowest possible variable cost. For YQ, the integrating the result’s cumulative
uncertainty is an essential element to investigate the feasibility of the developed model equation.
The Pareto set analysis is able to set the appropriate boundary limits for YQ and the variable cost.
Two case studies are presented in determining the lowest possible cost: Case 1 for maximum YQ, and
Case 2 for minimum YQ. These boundary limits were used in the fuzzy optimization to determine
its global optimum results that achieved the overall satisfaction ratings of 67.2% (Case 1) and 52.3%
(Case 2). The synthesis of the polyacrylic acid/chitosan material for Case 1 resulted in 305 g/g YQ
and 10.8 USD/kg, while Case 2 resulted in 97 g/g YQ and 12.3 USD/kg. Thus, the fuzzy optimization
approach proves to be a practical method for examining the best possible compromise solution based
on the desired function to adequately synthesize a material.

Keywords: ammonium persulfate; fuzzy optimization; N,N′-methylenebisacrylamide; Pareto set;
polyacrylic acid; swelling capacity; variable cost

1. Introduction

Superabsorbents are smart, functional materials composed of lightly crosslinked hydrophilic
polymers with the capacity to hold a large quantity of aqueous and biological fluids even at extreme
pressure [1]. It also has the capability to release the collected fluids under a dry environment [2].
Superabsorbents are characterized by their high swelling capacities where saline fluids and water are
retained up to 100–1000 times their original dry weight without losing their structural framework
and integrity [3]. The preparative methods for superabsorbents involve the attachment of various
functional groups such as amide, amine, hydroxyl, sulfonic acid, and carboxylic acid onto the polymer
network [4]. Excellent properties of superabsorbents include elasticity, hydrophilicity, high swelling
rate, porosity, softness and biodegradability [5–7]. Superabsorbents are classified into three groups:
synthetic (derived from petroleum products), natural, and hybrid (vinyl monomers grafted onto natural
polymers) [8]. However, petroleum-based polymers have limited utilization due to poor degradability,
costly to produce, and toxicity with detrimental impacts to human health and the environment [9,10].

Natural polysaccharides including cashew gum, pectin, chitin, alginate, cellulose, starch,
and chitosan (Ch) have gained attention due to their renewability, abundance, biocompatibility,
biodegradability, environment-friendliness, and inexpensiveness [11,12]. Ch, which is an amino
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polysaccharide of high molecular weight and crystalline structure, is produced via alkaline
deacetylation of chitin that is derived from exoskeletons of krills, lobsters, shrimps, crabs
and crawfish. It is composed of binary linear units of (1→4)-2-amino-2-deoxy-β-d-glucan and
(1→4)-2-acetamido-2-deoxy-β-d-glucan [1,13,14]. There are numerous remarkable characteristics
of Ch including low-cost, chelating capacity, availability, anti-microbial activity, biodegradability, low
immunogenicity and being environmentally benign [15]. However, pure Ch is known for its low specific
gravity and poor mechanical integrity [16]. Graft copolymerization of vinyl monomers, which contain
hydrophilic side groups, onto the Ch backbone has been known to enhance the biodegradability, pH
resistance, thermal stability, water absorptive capability, and salt tolerance as well as minimize the need
for oil-based monomers [1,17,18]. Acrylic acid (AA) as vinyl monomer has been extensively studied
due to its decreased cytotoxicity and improved biocompatibility [19]. However, composite materials
derived from natural polymers grafted with vinyl monomers suffer due to their high manufacturing
cost and reduced mechanical strength [20].

Recently, incorporation of inorganic fillers such as clay minerals has yielded organic/inorganic
composites with improved stiffness and strength, lower cost of production, better handling, enhanced
swelling ability, and satisfactory adsorption performance [13,20–23]. Montmorillonite (Mt), which is
a member of the smectite group, is comprised of a 2:1 ratio of silica tetrahedron and alumina octahedral
sheets [24]. The formula of Mt is (Na,Ca)0.33(Al, Mg)2(Si4O10)(OH)2·nH2O, where it is described as a
soft layered silicate with high cation exchange capacity, small particle diameter, and excellent aspect
ratio and plane strength [25,26].

In the previous work of Abdel Aziz and Salama [27], Ch-graft-polyacrylic acid (ChPA) with Mt
as filler material was prepared as a superabsorbent. The results showed the disappearance of d001

peak at 2θ = 6.6◦ after polymerization. This implies exfoliation of vinyl-modified Mt into individual
nanolayers has occurred [27,28]. The maximum equilibrium swelling was determined via optimization
study using response surface methodology (RSM) with Box-Behnken Design (BBD). The following
optimal conditions were determined: 2.98 wt %. initiator, 1.04 wt % crosslinker and 9.76 AA/Ch molar
ratio [27]. RSM is comprised of statistical and numerical methods utilized in the optimization of
multiple factor levels in material preparation and treatment technologies [29,30]. The relationship
between process variables and their responses are evaluated where an empirical polynomial model is
fitted [31]. RSM also help recognize which of the main variables and their interactions significantly
affect the process. However, there are no studies reported on the fuzzy logic technique in the field of
material synthesis for superabsorbents. In literature, there is no information that utilized the fuzzy
logic system to investigate the cumulative uncertainty error and variable cost on the preparation
of superabsorbent.

The fuzzy logic method is a precise modeling tool employed in the evaluation, mapping, modeling,
and prediction in areas of environment and ecology [32]. Fuzzy logic allows adaptability of models
with a degree of uncertainty near the boundary of unsuitable and suitable areas. The fuzzy system
applies sigmoidal adjustment (Gaussian, linear or other method) to adequately define the system’s
behavior for criteria parameterization [33]. Fuzzy logic system is less likely to be influenced by the
analyst’s opinion where an acceptable model is defined by the minimum and maximum values of the
variables [34].

The present work uses multi-objective optimization with the fuzzy logic concept in the selection of
the optimum condition for the synthesis of Ch-Mt composites grafted with PA (ChPA-Mt). The global
optimum solution that would yield the best swelling capacity of ChPA-Mt and provide the lowest
possible variable cost was determined. The effect of AA/Ch molar ratio, ammonium persulphate
as initiator and N,N’-methylenebisacrylamide as crosslinker on the total variable cost and swelling
capacity with respect to the synthesis of ChPA-Mt was investigated.

Using the fuzzy optimization approach, the selection of the ideal swelling capacity was dependent
on the end-use (absorbent/adsorbent) of the material. Two cases were considered in the present work
where the first case determined the appropriate condition to synthesize an absorbent that would yield
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the maximum swelling capacity for the least variable cost. The second case evaluated the synthesis of
an adsorbent where minimal swelling capacity is preferred at the least possible cost. Superabsorbents
have been utilized as an adsorbent in the removal of crystal violet dye [35], napthol green dye [35],
sunset yellow dye [35], anionic dye [36], Cu2+ [37], Co2+ [37], Ni2+ [37], and Cd2+ [37] from wastewater.
Adsorption technology involving industrial fixed-bed reactors requires adsorbent material to have the
least swelling capacity to avoid fouling and clogging of the reactor [38].

2. Methodology

2.1. Materials

Acetic acid, Ch (90% deacetylation degree), Mt, N,N’-methylenebisacrylamide, ammonium
persulphate, and AA were acquired from Sigma-Aldrich (WI, USA). The preparative method utilized
for N-octyl-N-vinyl-2-pyrrolidonium bromide was based on previous work by Naguib et al. [39].

2.2. Experimental Method

Approximately 50 mL of acetic acid (1% v/v) was used to dissolve 2 g Ch, and the solution was
purged for 40 min using N2 gas. The solution was added to a pre-determined amount of ammonium
persulphate, after which AA and N,N’-methylenebisacrylamide were also added to the mixture. Then,
mixture was allowed to react for 4 h at 70 ◦C. The final solution was allowed to cool, and was then
neutralized with 1 M NaOH until a pH of 7.0 was attained. The ChPA-Mt material was washed with
water to remove any impurities and dried in an oven at 70 ◦C. Unreacted AA and PA were removed
using ethanol in a Soxhlet extractor for 24 h, ensuring that only crosslinked copolymer was attained.

2.3. Fuzzy Multi-Objective Optimization Method

The most probable parametric conditions of the variable cost and the total swelling capacity in
account of its cumulative uncertainty of results was attained by applying the Pareto set analysis and
fuzzy mathematical programming in the optimization studies. For the process parameters (vinylic
monomer/biopolymer molar ratio, crosslinker and initiator) of the synthesis of a ChPA-Mt material,
the process parameters and the material costs are listed in Table 1. Moreover, Table 2 shows the
data derived from the study of Abdel Aziz and Salama [27] with the additional incorporation of the
cumulative uncertainty of results. A linguistic value that applies the true value theory, ranging from
completely false (0) to completely true (1), was utilized to estimate the reasoning approach in the
fuzzy optimization analysis [40]. Figure 1 illustrates the algorithm flowchart of the fuzzy system in
the present work. Optimization studies were performed using Lingo 18.0 (Lindo Systems, Chicago,
IL, USA) where non-linear programming software uses a global optimizer.

Table 1. (a) Variables and (b) costing parameters for the synthesis of the clay-polymer composite material.

(a) Process Parameters Unit Range

AA/Ch (A) 5–10
N,N′-methylenebisacrylamide (B) wt % 1–3

Ammonium persulfate (C) wt % 1–3

(b) Chemicals Unit * Material Cost

AA USD/g 0.44
N,N′-methylenebisacrylamide USD/g 0.41

Ammonium persulfate USD/g 0.39

* Sigma Aldrich (WI, USA); AA: acrylic acid; Ch: chitosan.
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Figure 1. Fuzzy optimization process diagram.

Table 2. Clay–polymer composite material synthesis based on the BBD matrix.

Run
AA/Ch

(A)
N,N′-methylenebisacrylamide

(B: wt %)
Ammonium

Persulfate (C: wt %)
Predicted Swelling

Capacity (g/g)
* Cumulative

Uncertainty (g/g)

1 5 2 1 74 19
2 5 3 2 66 14
3 5 1 2 232 17
4 5 2 3 164 14
5 7.5 3 3 192 9
6 7.5 2 2 220 13
7 7.5 2 2 220 13
8 7.5 3 1 91 17
9 7.5 2 2 220 13
10 7.5 1 3 322 13
11 7.5 1 1 221 19
12 7.5 2 2 220 13
13 7.5 2 2 220 13
14 10 3 2 226 10
15 10 2 1 186 17
16 10 1 2 320 13
17 10 2 3 299 8

Adapted from Abdel Aziz and Salama [27]; * calculated cumulative uncertainty of the results;
BBD: Box-Behnken design.
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2.3.1. Determination of Boundary Limits through the Pareto Optimality

The process of choosing an exact number of courses that would generate a substantial overall effect
for numerous competing practical solutions was carried out using the Pareto analysis [41]. The initial
Pareto optimum solution under several weights of the objective function was obtained using the Pareto
set process [42]. Initially, the boundary limits for variable cost and swelling capacity were attained
using the method. The multi-objective fuzzy optimization applied the boundary limits. The first
objective function in Equation (1) pertains to the swelling capacity in consideration of its uncertainty
error (YQ: g/g). This is either to maximize or minimize depending on desired condition of the case
study in the synthesis of the polymer clay nanocomposite material. For YQ at its maximum value, the
upper limits of YQ and total variable cost (VCT: USD/kg) were determined. The lower boundary limits
of YQ and VCT were determined through minimizing the second objective function in Equation (2).
In the case of determining the minimum value of YQ, this was able to draw out the lower and upper
limits of YQ and VCT, respectively, while its upper and lower boundaries were determined through
Equation (2).

Objective functions:
max /minYQ (1)

minVCT (2)

In order to satisfy the objective functions, the constraints were subjected to Equations (3)–(7).
The sum of the swelling capacity (Y: g/g) and its corresponding uncertainty error (WY: g/g) are shown
in Equation (3). The response for the model equation in Equation (4) pertains to the swelling capacity
of the synthesized polymer clay nanocomposite material. The incorporation of the constraints of the
cumulative uncertainty of the response for the swelling capacity and the total variable cost are shown
in Equations (5) and (6), respectively. Equation (7) pertains to the feasible regions of the variables
tested based on the vinylic monomer/biopolymer molar ratio, crosslinker and initiator.

Constraints:
YQ = Y + WY (3)

Y = β0 +
n∑

i=1

βiXi +
n−1∑
i=1

n∑
i=1

βi jXiXj +
n∑

i=1

βiiX2
i (4)

WY =

⎛⎜⎜⎜⎜⎜⎝
n∑

i=n

∂Y
∂Xi

WXi

⎞⎟⎟⎟⎟⎟⎠
1
2

(5)

VCT =
n∑

i=1

VCi (6)

XL
i ≤ Xi ≤ XU

i (7)

where β0 pertains to the constant; i and j are the single and interacting factor indices, respectively;
n denotes the tested number of variables; βi, βi j. and βii are the regression coefficients; Xi and Xj are
the independent variables; WX. and VC are the variable uncertainty and variable cost, respectively;
while L and U represent the lower and upper boundary limit, respectively.

2.3.2. Multi-Objective Decision Making through Fuzzy Logic

The identification of the best solution derived from the recognized set of Pareto optimal conditions
would require the utilization of a multi-criteria analysis [42]. The fuzzy mathematical programming
system was employed to arrive at a solution from a multi-objective decision-making problem [43–45].
The perception of max–min aggregation that would concurrently enhance the satisfaction degree would
be employed to maximize the overall satisfaction degree for the objective function [43–48]. Moreover,
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the degree of satisfaction for overall swelling capacity and the total variable cost of the results must
satisfy the overall satisfaction as presented in Equation (8).

Objective function:
maxμO ≤ μSC and μVC (8)

where μSC and μVC are the individual level of satisfaction of the overall swelling capacity and the total
variable cost, respectively.

The constraints used to attain the fuzzy goal are given in Equations (9)–(12). The linear membership
function depending on the desired function in either maximizing or minimizing the swelling capacity
for the polymer clay nanocomposite material are shown in Equations (9) and (10), respectively.
Equation (11) refers to the linear membership function for minimizing the total variable cost involved
in the material synthesis. Moreover, the level of satisfaction has a limiting constraint that could only be
adjusted within a feasible range as described in Equation (12).

Constraints:

μSC =
YQ −YL

Q

YU
Q −YL

Q

(9)

μSC =
YU

Q −YQ

YU
Q −YL

Q

(10)

μVC =
VCT

U −VCT

VCTU −VCTL (11)

μL
O ≤ μO ≤ μU

O (12)

3. Results and Discussion

3.1. Effect of AA/Ch Molar Ratio on the Swelling Capacity and Its Variable Cost

In order to investigate the influence of AA/Ch molar ratio on the material synthesis, the amount
of N,N′-methylenebisacrylamide and ammonium persulfate were individually kept constant at 2 wt%.
The identification of a proper ratio between the vinylic monomer and biopolymer is essential to avoid
the competition with AA led to its auto-polymerization aside from the grafting of the Ch material [49].
Figure 2a illustrates the effect of AA/Ch molar ratio towards the swelling capacity and variable cost.

The trend of the molar ratio from 5 to 10 resulted in a swelling capacity from 141 ± 15 g/g to
264 ± 11 g/g, respectively. It was observed that a higher AA concentration leads to a larger swelling
capacity upon the synthesis of the polymer clay nanocomposite material. An electrostatic repulsion
and ionization in the chain takes place at a higher ratio due to the promotion of available carboxylic
groups that is able to expand the originally coiled molecules [50].

 
Figure 2. Cont.
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Figure 2. Simultaneous analysis of swelling capacity and variable cost at different levels of (a) acrylic
acid/chitosan, (b) N,N′-methylenebisacrylamide, and (c) ammonium persulfate.

In the aspect of the incurred total variable cost, the material synthesis at incremental molar ratio
from 5 to 10 showed higher variable cost from 16.2 USD/kg to 16.7 USD/kg. This is due to a higher AA
loading that is utilized to synthesize the polymer clay nanocomposite material. Aside from achieving
the desirable swelling capacity, it is also essentially important to minimize the variable cost to achieve
an efficient and cheap material according to its function.

3.2. Effect of N,N′-methylenebisacrylamide on the Swelling Capacity and Its Variable Cost

N,N’-methylenebisacrylamide is used as the crosslinker for the polymer clay nanocomposite
material synthesis. Crosslinking is favorable due to its capacity to improve chemical stability and
mechanical strength [51]. To determine the effect of the amount of N,N’-methylenebisacrylamide
on the resulting material, the AA/Ch molar ratio of 7.5 and ammonium persulfate content of 2 wt%
were kept constant throughout the variation of the crosslinker dosage. The detailed response of
the swelling capacity and variable cost at different N,N’-methylenebisacrylamide concentration are
depicted in Figure 2b.

At 1 wt % N,N’-methylenebisacrylamide, a swelling capacity of 294 ± 15 g/g was synthesized.
Increasing the crosslinker content further to 3 wt % was able to lower the swelling capacity to
164 ± 12 g/g. A higher crosslinker concentration was attributed to the decreasing polymer chain
relaxation that led to less swelling [50]. Furthermore, large quantities of crosslinker content increased
the crosslink density that tended to restrict additional free volume from being utilized [52].

For the trend from 1 wt % to 3 wt % of N,N’-methylenebisacrylamide, the swelling capacity
decreased while variable cost increased. The inverse relationship of the resulting material and its cost
proved to be one of the essential criteria for achieving an efficient outcome for its synthesis. Higher
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N,N’-methylenebisacrylamide implies more material usage that increases the specified variable cost
the specified parameter. After selecting the appropriate combination of the crosslinker dosage, the
resulting polymer clay nanocomposite material could be utilized in various applications due to its
ability to form macromolecular structures [51].

3.3. Effect of Ammonium Persulfate on the Swelling Capacity and Its Variable Cost

The use of chemical initiators is essential for its function in generating living free radicals that
enable the initiation of polymerization reactions in vinyl monomers [53]. Ammonium persulfate is used
as the initiator in the graft polymerization of the AA onto Ch. To determine the effects of ammonium
persulfate, the AA/Ch molar ratio and N,N’-methylenebisacrylamide dosage were kept constant at
7.5 and 2 wt %, respectively. Figure 2c shows the results of the variation of ammonium persulfate on
the swelling capacity and variable cost.

The results exhibited increasing swelling capacity from 147 g/g to 249 g/g at the corresponding
ammonium persulfate dosages from 1 wt % to 3 wt %. In terms of the pore distribution, a higher
initiator content provides additional free volume that allows higher water mobility leading to a higher
swelling degree [52]. Furthermore, an increase in the initiator concentration is able to promote the
formation of polymer chain ends in the network leading to higher swelling activities [54].

Aside from the crosslinker, the use of the initiator also contributes to a high production cost
in the synthesis of the polymer clay nanocomposite material [49]. The variable cost increased from
12.8 USD/kg to 20.1 USD/kg when ammonium persulfate was changed from 1 wt % to 3 wt %.
Higher initiator content increased the material loading that mainly contributed to a larger variable cost.
Thus, this is an essential factor for consideration to achieve optimal results upon determining the best
compromise solution in a low-cost material synthesis at its ideal swelling capacity.

3.4. Pareto Set Result

The Pareto set analysis determined the appropriate upper and lower boundary limits of the
swelling capacity with its cumulative uncertainty error and the total variable cost of the polymer clay
nanocomposite material. The BBD under the response surface methodology was utilized as the basis to
draw out the Pareto efficiency upon the grafting of AA onto Ch. The results of the analysis would then
be essentially used towards the preference criterion in the latter part of the decision-making analysis.
In the material synthesis of the two case studies, a non-linear model equation is used for the response
of the swelling capacity. This type of equation often leads to multiple local optimums and the global
optimum are not directly given [55]. The global optimal solution is favorable to carry out the best
possible solution in a given set of constraints for the objective function. Thus, the global optimizer
option in the Lingo software is utilized to be able to achieve the best resulting solution for synthesis.

The Pareto analysis generates a Ch-graft-PA material through the application of Equations (13)–(27).
Equation (13) shows the generated and validated model equation adapted from the study of
Abdel Aziz and Salama [27] that describes the swelling capacity of the produced polymer clay
nanocomposite material. The cumulative uncertainty of the response in Equation (14) indicates
the possible error associated with the synthesis step towards the desired value of the swelling
capacity. This is specifically determined through the partial derivatives with respect to AA/Ch molar
ratio (Equation (15)), N,N’-methylenebisacrylamide concentration (Equation (16)), and ammonium
persulfate concentration (Equation (17)). The integration of the incurred total variable cost in
Equation (18) is a key parameter in the Pareto optimal analysis. Specifically, the individual
variable cost of AA, N,N’-methylenebisacrylamide and ammonium persulfate are shown in
Equations (19)–(21), while its calculated material usage are presented in Equations (22)–(24), respectively.
Furthermore, Equations (25)–(27) are the boundary limits that denote the respective variables of AA,
N,N’-methylenebisacrylamide and ammonium persulfate.

Y = −7.25 + 47.9X1 − 153X2 + 122.25X3 + 7.2X1X2 + 2.2X1X3 − 2.8X1X1 + 8.5X2X2 − 22X3X3 (13)
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WY =

√(
∂YQ

∂X1
WX1

)2

+

(
∂YQ

∂X2
WX2

)2

+

(
∂YQ

∂X3
WX3

)2

(14)

∂Y
∂X1

= 47.9 + 7.2X2 + 2.2X3 − 5.6X1 (15)

∂Y
∂X2

= −153 + 7.2X1 + 17X2 (16)

∂Y
∂X3

= 122.25 + 2.2X1 − 44X3 (17)

VCT = VC1 + VC2 + VC3 (18)

VC1 =
442.42A

(A + I + C + 2)
(19)

VC2 =
421.43I

(A + I + C + 2)
(20)

VC3 =
395.96C

(A + I + C + 2)
(21)

A = 4.804x10−4X1 (22)

I =
(A + 2)X2

100
(23)

C =
(A + 2)X3

100
(24)

5 ≤ X1 ≤ 10 (25)

1 ≤ X2 ≤ 3 (26)

1 ≤ X3 ≤ 3 (27)

where X1, X2 and X3 are the variables of AA/Ch molar ratio; N,N’-methylenebisacrylamide concentration
(wt %) and ammonium persulfate concentration (wt %), respectively; WX1 , WX2 , and WX3 are the
uncertainty of the tested variables; VCT, VC1, VC2, and VC3 are the total variable cost, and the individual
variable cost of AA, N,N’-methylenebisacrylamide, and ammonium persulfate, respectively, in USD/kg;
A, I and C are the computed material usage for AA, N,N’-methylenebisacrylamide, and ammonium
persulfate in g.

3.4.1. Case 1: Absorbent Material

To determine the upper boundary limits of the swelling capacity and total variable cost of
the Ch-graft-PA absorbent material, the set objective function for the summation of Equations (13)
and (14) were maximized. This is subject to the constraints in Equations (15)–(27) that must be
satisfied. Results indicated a swelling capacity at a global maximum of 354 g/g and a 10 g/g cumulative
error of uncertainty. This is under the parametric conditions of 10 AA/Ch molar ratio, 1.0 wt %
N,N’-methylenebisacrylamide, and 3.0 wt % ammonium persulfate with an associated total variable
cost of 16.5 USD/kg.

A separate objective function was set to determine the lower boundary limits of the swelling
capacity and total variable cost. Equation (18) is minimized under the established conditions of
Equations (13)–(17) and (19)–(27). The results of the minimum swelling capacity (165 g/g) and
total variable cost (8.5 USD/kg) were obtained in the parameters of 5 AA/Ch molar ratio, 1.0 wt %
N,N’-methylenebisacrylamide, and 1.0 wt % ammonium persulfate. Furthermore, its cumulative error
of uncertainty reached 21 g/g.
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Figure 3a depicts the graphical representation of the Pareto optimality analysis that identified the
appropriate boundary limits through determining the maximum swelling capacity at the least possible
cost for the material synthesis of Ch-graft-PA absorbent. Results from the Pareto analysis revealed
that large swelling capacities incurred higher variable cost. The swelling capacity is characterized
by the amount of absorbed water and absorption rate [56]. Synthesizing absorbents with large
swelling capacities are favorable to function as a superabsorbent polymer. Typically, the preparation of
an AA based superabsorbent utilizes the initiator and crosslinker that contributes to higher production
cost [49]. Higher AA/Ch molar ratio and ammonium persulfate concentration facilitate more carboxylic
groups that initiate additional sites for crosslinking reaction, while lower N,N’-methylenebisacrylamide
concentration would avoid an extensive crosslinking to favorably increase the swelling characteristic [27].
Thus, a proper compromise between a high swelling capacity and a low variable cost is noteworthy for
further investigation.

Figure 3. Pareto plot of variable cost with (a) maximum and (b) minimum conditions on the
swelling capacity.

3.4.2. Case 2: Adsorbent Material

The sum of Equations (13) and (14) are minimized subject to the constraints in Equations (15)–(27) to
appropriately establish the lower bound of the swelling capacity according to the desired functionality
of the adsorbent material. Results for the global minimum value showed a non-swelling material
that has a total variable cost of 16.5 USD/kg (upper bound for the total variable cost). The parametric
conditions ensued five AA/Ch molar ratio, 3.0 wt % N,N’-methylenebisacrylamide and 1.0 wt %
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ammonium persulfate. Furthermore, the cumulative error of uncertainty in the swelling capacity
reached 18 g/g.

On the other hand, the objective function in Equation (18) is minimized under the conditions of
Equations (13)–(17) and (19)–(27). This resulted to an upper boundary limit of the swelling capacity
at 165 g/g (with a 21 g/g cumulative uncertainty of results) and a lower boundary limit of the total
variable cost at 8.5 USD/kg for the synthesis of Ch-graft-PA adsorbent. The variables of acid/Ch molar
ratio, N,N’-methylenebisacrylamide concentration and ammonium persulfate concentration rendered
values of 5.0, 1.0 wt %, and 1.0 wt %, respectively.

The results of the Pareto set that comprise the boundary limits to appropriately synthesize the
adsorbent material according to its desired minimum swelling capacity and variable cost are depicted in
Figure 3b. In adsorption processes, high swelling materials have the capacity to adsorb large quantities
of water molecules that increases the volume of the adsorbent. This would consequently lead to fouling
and a sudden stop in the flow of wastewater in the column after a fixed amount of time [38]. It is thus
desirable for adsorbents to have a low swelling capacity to be able to capitalize on the material in
industrial applications. However, it was revealed in the results that a lower swelling characteristic
incurs a higher total variable cost in the Pareto analysis. This is attributed to a higher material usage of
the N,N’-methylenebisacrylamide to lower the swelling capacity due to extensive crosslinking in the
adsorbent synthesis [27]. Therefore, an investigation in a multi-objective optimization using the fuzzy
logic approach is essential for a decision making analysis.

3.5. Multi-Objective Fuzzy Optimization Result

In order to optimize the objective function and the constraints, a decision in a fuzzy environment
is required through the analogy of nonfuzzy environments as to select the activities that enables to
simultaneously satisfy the objective function and constraints [57]. Based on the functionality of the
polymer clay nanocomposite material, the fuzzy optimization was utilized for the decision making
strategy of the two case studies presented in this research. The main objective function in Equation (28)
is carried out in a global optimization procedure under the interval of 0 (dissatisfied) to 1 (satisfied) of
the overall satisfaction rating (μO) in Equation (29). The multi-objective fuzzy optimization process
also included the constraints in Equations (13)–(27).

μO ≤ μSC & μVC (28)

0 ≤ μO ≤ 1 (29)

In order to reach the fuzzy goal of the synthesis of an absorbent material (Case 1), the fuzzy
constraints are subject to the constraints on the maximum swelling capacity (μSC) and minimum
variable cost (μVC) in Equations (30) and (31), respectively.

μSC =
YQ − 185.58

178.23
(30)

μVC =
16.47−VCT

7.96
(31)

For the adsorbent synthesis (Case 2), the fuzzy goal is attained with the minimized fuzzy
constraints of the overall swelling capacity (Equation (32)) and total variable cost (Equation (33)).

μSC =
185.58−YQ

168.69
(32)

μVC =
16.49−VCT

7.94
(33)

The fuzzy objective function and its constraints are characterized by its membership function.
Specifically, the linear membership function can facilitate the estimation of non-linear equations
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and is favorable to define the subjective preference of any objective uncertainty [58]. In a graphical
representation, the linear membership function can be either maximized (Figure 4a) or minimized
(Figure 4b) according to its objective function. Moreover, the boundary limits utilized in the fuzzy
optimization for the swelling capacity and variable cost are derived from the Pareto analysis described
in the preceding section. The boundary limits for absorbent synthesis (Case 1) are as follows: (1) overall
swelling capacity of 364 g/g (upper), (2) overall swelling capacity of 186 g/g (lower), (3) total variable
cost of 16.5 USD/kg (upper), and (4) total variable cost of 8.5 USD/kg (lower). For adsorbent synthesis
(Case 2), the boundary limits are as follows: (1) overall swelling capacity of 186 g/g (upper), (2) overall
swelling capacity of 17 g/g (lower), (3) total variable cost of 16.5 USD/kg (upper), and (4) total variable
cost of 8.5 USD/kg (lower).

(a) 

(b) 

Figure 4. Linear membership function at goals towards (a) maximization and (b) minimization.

The fuzzy global optimal results from the clay–polymer composite material synthesis are listed in
Table 3. Results showed that the maximum λO values for the absorbent and adsorbent material were
0.672 and 0.523, respectively. This indicates that the material synthesis upon the various matrix of AA/Ch
molar ratio, N,N′-methylenebisacrylamide concentration, and ammonium persulfate concentration
were able to successfully reach a compromise solution for the absorbent and adsorbent synthesis with
an aggregated satisfaction rating of 67.2 % and 52.3 %, respectively.

For the absorbent synthesis (Case 1), a proper allocation scheme that achieves the fuzzy
goal subjected to its fuzzy constraints reached an overall swelling capacity of 305 g/g and a total
variable cost of 10.8 USD/kg. The solution that achieved the highest swelling capacity at the least
possible cost corresponds to the fuzzy optimum conditions of 10.0 AA/Ch molar ratio, 1.0 wt %
N,N′-methylenebisacrylamide, and 1.6 wt % ammonium persulfate. The resulting solution is desirable
for synthesizing a superabsorbent material with a high swelling capacity. Typically, superabsorbents are
able to keep large quantity of water that are irremovable under pressure due to its loosely crosslinked
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hydrophilic characteristic as a polymer material. A high-level acid to polymer ratio, low-level crosslinker
dose, and mid-level initiator dose are desirable to appropriately initiate a loose crosslinking reaction in
the carboxylate groups. In comparison with the study of Abdel Aziz and Salama [27], the optimum
results using the RSM model led to a swelling capacity of 351 g/g (9.76 AA/Ch molar ratio, 1.04 wt
% N′-methylenebisacrylamide, and 2.98 wt % ammonium persulfate). However, the total variable
cost for this synthesis is 16.6 USD/kg that is 53.7% more expensive than in the fuzzy optimal solution.
Thus, fuzzy optimization was able to reach a compromise solution based on a desirable swelling
capacity with a more economical cost for superabsorbent synthesis.

Table 3. Fuzzy optimal solutions based on different objectives for the synthesis of ChPA-Mt material.

Parameters Unit

Goal

Absorbent
(↑): Swelling Capacity

(↓): Variable Cost

Adsorben
(↓): Swelling Capacity

(↓): Variable Cost

μO % 67.2 52.3
μSC % 67.2 52.3
μVC % 67.2 52.3

Swelling capacity
(
YQ

)
g/g 2 78

Cumulative uncertainty
(
WYQ

)
g/g 15 19

Overall
(
YQ + WYQ

)
g/g 305 97

Costing:
Arylic acid USD/kg 1.0 0.5

N,N′-methylenebisacrylamide USD/kg 4.1 8.0
Ammonium persulfate USD/kg 5.7 3.8

Total variable cost USD/kg 10.8 12.3
Process Parameters:

AA/Ch 10.0 5.0
N,N′-methylenebisacrylamide wt % 1.0 1.9

Ammonium persulfate wt % 1.6 1.0

Conversely, materials in adsorption technology that exhibit a high swelling degree are highly
unfavorable as adsorbents [38]. The adsorbent synthesis (Case 2) in the fuzzy-based decision making
analysis revealed a minimum overall swelling capacity and total variable cost of 97 g/g and 12.3 USD/kg,
respectively. The fuzzy optimum solution resulted in the parameters of 5.0 AA/Ch molar ratio, 1.9 wt %
N,N′-methylenebisacrylamide, and 1.0 wt % ammonium persulfate. This has been selected to reach
a compromise solution by simultaneously minimizing the swelling capacity and its associated costs
for synthesis. The acid to polymer ratio (low), crosslinker (mid), and initiator (low) combination are
favorable due to promoting an extensive crosslinking reaction leading to smaller swelling capacity
in the Ch-graft-PA material. This would ultimately satisfy the functionality of the adsorbent as the
swelling characteristic is a crucial factor in adsorption technologies.

4. Conclusions

In this study, a strategic decision making analysis for synthesis of ChPA-Mt was investigated
depending on its functionality as an absorbent or adsorbent. The tested variables of AA/Ch molar ratio,
N,N′-methylenebisacrylamide concentration, and ammonium persulfate concentration were studied in
conjunction with an uncertainty analysis in the response (swelling capacity) and its associated variable
cost. The Pareto set analysis indicated the lower to upper boundary limits for the two case studies as
follows: (1) absorbent material, overall swelling capacity (186 g/g to 364 g/g) and total variable cost
(8.5 USD/kg to 16.5 USD/kg); and (2) adsorbent material, overall swelling capacity (17 g/g to 186 g/g)
and total variable cost (8.5 USD/kg to 16.5 USD/kg). A multi-objective fuzzy optimization showed an
innovative approach to determine a solution for the best condition in the material synthesis. According
to its functionality, the absorbent material (305 g/g and 10.8 USD/kg) and adsorbent material (97 g/g and
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12.3 USD/kg) showed a satisfaction rating in its synthesis of 67.2% and 52.3%, respectively. Therefore,
the application of the global fuzzy optimal solutions and its respective conditions in the case studies
proves to be efficient in relation to the material synthesis. Furthermore, the incorporation of the criteria
of the variable cost in terms of material usage and the cumulative uncertainty of the response have
successfully ensued essential compromise results in the decision making process.
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Abstract: The development of a sacrificial bond provided unique inspiration for the design of
advanced elastomers with excellent mechanical properties, but it is still a huge challenge to construct
a homogenous polar sacrificial network in a nonpolar elastomer. In this effort, we proposed a
novel strategy to engineer a multi-ionic network into a covalently cross-linked 1,2-polybutadiene
(1,2-PB) facilitated by in-situ intercalated organic montmorillonite (OMMT) without phase separation.
XRD, SEM, and TEM analysis were carried out to characterize the microstructure of the resulting
polymers. Crosslinking density, dielectric performance, and cyclic tensile tests were used to
demonstrate the interaction of zinc methacrylate (ZDMA) and OMMT. The dynamic nature of ionic
bonds allowed it to rupture and reform to dissipate energy efficiently. Stretching orientation brought
parallelism between polymer chains and OMMT layers which was beneficial for the reconstruction
of the ionic network, ultimately resulting in high strength and a low stress relaxation rate. Overall,
our work presented the design of a uniform and strong sacrificial network in the nano-clay/elastomer
nanocomposite with outstanding mechanical performances under both static and dynamic conditions.

Keywords: sacrificial bond; ionic network; organic montmorillonite; 1,2-polybutadiene; in-situ
intercalation

1. Introduction

The nacreous layer in biological materials—byssus in mollusks and bones in mammals—provide
a paradigm for a stiff, strong, and at the same time tough protective engineering [1,2]. The excellent
performance of biological materials originates from a brick-and-mortar architecture, in which 95 wt %
hard aragonite tablets (brick) are laminated by 5 wt % soft biopolymer matrix (mortar). Inspired by
biological materials, a tremendous amount of effort has been focused on enhancing the mechanical
properties of synthetic polymers by dispersing a small amount of reinforcing nano-clay into a polymer
matrix [3–5]. Despite the undoubted success, it has remained extraordinarily challenging to obtain
synergetic improvements of strength and toughness through these approaches because the biopolymer
is thought to hold the key to the extraordinary toughness in biomaterials to dissipate energy as a
kind of sacrificial bond [6–8]. Sacrificial bonds are defined as bonds that rupture before primary
bonds under deformation to protect the integrity of the primary network [9]. Sacrificial bonds include
irreversible associations, mainly covalent bonds [10] and reversible associations such as hydrogen
bonds [11–14], metal–ligand coordinated interactions [15–18], ionic interactions [19,20], electrostatic
interactions [21,22], hydrophobic associations [23], and π–π stacking [24,25]. Such reversible
associations can break and reform to dissipate energy repeatedly. To combine the reinforcing effect of
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nano-clay and sacrificial bond, Martikainen et al. [26] prepared biomimetic nanocomposites composed
of anionic nano-clay (MMT) and cationic polymer (PDDA), and then modified with dGMP to form
multiple hydrogen bonds. Afterward, MMT was as brick moiety and multiple hydrogen bonds as well
as electrostatic bonds were as mortar moiety, to synergistically improve the mechanical performance
of the biomimetic nanocomposites.

Atactic 1,2-polybutadiene (1,2-PB) rubber with dense vinyl groups and few double bonds
on backbone, exhibiting excellent wet-skid resistance, low rolling resistance, low heat build-up,
and superior aging resistance, can meet the requirements of high-performance green tire when used
in combination with other rubbers such as natural rubber [27–32]. Molybdenum (Mo)-based catalyst
system can provide a higher activity for the coordination polymerization of 1,2-PB compared to
other catalyst systems such as titanium and chromium-based catalyst system [33]. Nevertheless,
the mechanical properties of 1,2-PB are expected to meet various application requirements. If 1,2-PB
was reinforced by the combination of nano-clay and sacrificial bonds, it could endow 1,2-PB with
unique properties. However, nano-clay and reversible sacrificial bonds are high polar motifs, whereas
1,2-PB is typically nonpolar motifs. The primary challenge to incorporate both sacrificial bonds
and nano-clay into elastomers is to achieve effective dispersion. We recently reported an exfoliated
nano-clay/rubber nanocomposite by an in-situ polymerization method [34,35]. The in-situ intercalated
nano-clay was well dispersed in the rubber matrix with a layer-by-layer structure. OMMT, as an
organic modified nano-clay, is composed of a nano-thickness silicate layer with negative charges on
its surface. If there are positive charges on the molecular chain, it will interact with OMMT by ionic
interactions, thereby enhancing the mechanical properties of 1,2-PB theoretically. Moreover, it has
been proven that Zinc dimethacrylate (ZDMA) containing massive -(COO)2Zn ion pairs can graft onto
rubber molecular chains through a peroxide-induced vulcanization system [36,37].

In this work, we incorporated ZDMA-induced ionic sacrificial bond into an in-situ intercalated
OMMT/1,2-PB nanocomposite (in-situ-NC) to reinforce the covalently cross-linked elastomer by the
interaction of ionic bond and nano-clay. The OMMT layers mostly exfoliated by in-situ polymerization
served as bricks and the ionic bonds which could rupture before covalent bond acted as mortar to
enhance the strength of the resulting polymer. As expected, such reinforcing engineering brought
excellent properties to 1,2-PB.

2. Experimental Section

2.1. Materials

1,3-Butadiene (Bd) and n-hexane were offered by Qilu Petrochemical Corp., Zibo, China.
1,3-Butadiene was dried over activated aluminum oxide and distilled twice prior to use. n-Hexane
was distilled with 67–70 ◦C fraction for later use. Na-MMT with the cation exchange capacity (CEC)
of 60~70 mmol per 100 g was supplied by Zhejiang Fenghong Clay Chemical Co., Huzhou, China.
Cetyl trimethyl ammonium bromide (CTAB), silver nitrate (AgNO3), ethyl alcohol, and hydrochloric
acid were purchased from Tianjin Bodi Chemical Co., Ltd., Tianjin, China. The main catalyst (Mo) and
co-catalyst (Al) for coordination polymerization were prepared as reported in our previous work [38].
Nitrogen was supplied by Qingdao Heli Chemical Factory, Qingdao, China. Zinc dimethacrylate
(ZDMA) was purchased from J&K China Chemical Ltd., Beijing, China. Dicumyl peroxide (DCP) was
used as the initiator and was supplied by Shanghai Shanpu chemical Co., Ltd.,Shanghai, China.

2.2. Preparation of OMMT

MMT (20 g) was dispersed into 1 L deionized water, heated to 80 ◦C and stirred for 2 h. Thereafter
18 mmol of CTAB in water solution was slowly added to the MMT suspension and stirred for 3 h with
the PH value being adjusted to 3 to 5. After the reaction was finished, the suspension was filtered with
deionized water, until there was no bromide ion detected by AgNO3 with a concentration of 0.1 M.
Then the product was dried under vacuum at 80 ◦C to constant weight and ground to powder.
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2.3. Preparation of In-Situ-NC

Under a nitrogen atmosphere, a certain amount of OMMT and Bd solution in n-hexane (with a
concentration of 2.6 M) were firstly added into a reactor and heated to 60 ◦C. Then, the main catalyst
(Mo/Bd by a molar ratio of 2 × 10−3) and co-catalyst (Al/Mo by a molar ratio of 30) were subsequently
injected into the reactor to react for 6 h. Then the polymerization was terminated by ethyl alcohol.
After the termination of the polymerization, the resulting nanocomposite was ultimately poured
into the boiling water to precipitate and remove most of the main catalyst and co-catalyst. Then the
precipitates were dried in vacuum at 80 ◦C to a constant weight. The resulting in-situ intercalated
OMMT/1,2-PB nanocomposite was named as in-situ-NC.

By contrast, 1,2-PB was fabricated via the polymerization process mentioned above but without
OMMT, and then the resulting polymer was physically blended with OMMT (wt % being of 4 in Bd).
The resulting physical blended OMMT/1,2-PB nanocomposite was named as ph-NC.

2.4. Preparation of In-Situ-NC/ZDMA

In-situ-NC or ph-NC was compounded with ZDMA in a two-roll mill, respectively. Then the
samples were subjected to compression molding at 135 ◦C. The formulations are listed in Table S1.
The resultants were coded as in-situ-NC-x and ph-NC-x, respectively, where x was the mass fraction of
ZDMA to NC.

2.5. Characterization

2.5.1. X-ray Diffraction (XRD)

XRD patterns were carried out using a Rigaku D/max RB X-ray diffractometer (Tokyo, Japan)
with the diffraction angles from 1◦ to 10◦. CuKα (λ = 0.154 nm) was used as an X-ray source with a
generator voltage of 40 kV and a current of 100 mA.

2.5.2. Gel Permeation Chromatography (GPC)

The molecular weight and molecular weight distribution of 1,2-PB and the in-situ-NC were
characterized with a Waters Co. Maxims 1515 GPC instrument (Milford, MA, USA). The GPC
measurements were conducted by injecting 100 μL sample solution at a flow rate of 1.0 mL/min
at room temperature with tetrahydrofuran as the leaching solvent. The specimen concentration was
1 mg/mL.

2.5.3. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was obtained on a Nicolet FTIR-Magna-750 spectrophotometer (Thermo Nicolet Corporation,
Madison, WI, USA) in the range of 4000–400 cm−1 by total reflection mode.

2.5.4. 1H Spectra of Nuclear Magnetic Resonance (1H NMR)

1H spectra of NMR were measured on a Bruker Ultra-Shield™ spectrometer (Karlsruhe, Germany)
at 500 MHz with deuterated chloroform as the solvent and tetramethylsilane as an internal chemical
shift reference.

2.5.5. Scanning Electron Microscopy (SEM)

SEM analysis was performed on a JMS-6700F (JEOL, Mitaka, Japan) scanning microscope
equipped with an energy-dispersive X-ray (EDX ISIS 300, Oxford, UK) microanalytical system.
The samples were cryo-fractured in liquid nitrogen prior to SEM testing.
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2.5.6. Energy Dispersive Spectroscopy (EDS)

The EDS spectra and EDS maps were carried out by energy dispersion spectroscopy (E-max,
Hitachi, Tokyo, Japan).

2.5.7. Transmission Electron Microscopy (TEM)

For the observation of transmission electron microscopy (TEM), the specimens were
ultramicrotomed into thin pieces of ~100 nm in thickness with UC7-532319 (Leica, Solms, Germany)
microtome under a liquid nitrogen atmosphere. Then, the observations were carried out on a JEM-3010
(UHR, JEOL, Japan) transmission electron microscope at an acceleration voltage of 100 KV.

2.5.8. Crosslinking Density

Samples were immersed in toluene at room temperature for 72 h to achieve their swollen
equilibrium. Then, the swollen samples were blotted with tissue paper to remove the excess toluene
and immediately weighed. Finally, the samples were dried at 80 ◦C to constant weight. The crosslinking
density was determined from the Flory–Rehner equation [39]:

−
[
ln(1 − Φr) + Φr + χΦ2

r

]
= V0n(Φ

1
3
r − Φr/2) (1)

where Φr is the volume fraction of the rubber in the swollen mass, V0 is the molar volume of the
toluene which is 106.2 cm3, n is the crosslinking density, and χ is the Flory-Huggins polymer-solvent
interaction term, which is 0.393 for toluene [40]. The Φr was obtained according to Bala et al. [41]

Φr =
m2/ρ2

m2/ρ2 + (m1 − m2)/ρ1
(2)

where m1 and m2 are the masses of the swollen sample before and after dried, respectively. ρ1 and ρ2

are the densities of toluene (ρ1 = 0.865 g/cm3) and rubber, respectively.

2.5.9. Differential Scanning Calorimetry (DSC)

Glass transition temperature (Tg) was conducted using a TA DSC-Q20 thermal analyzer, Milford,
MA, USA, over a temperature range from −80 to 40 ◦C at a heating rate of 10 ◦C/min.

2.5.10. Dynamic Mechanical Properties (DMA)

Dynamic mechanical properties were performed by DMA Q800 (TA, Milford, MA, USA) under
temperature sweeping mode from −60 to 80 ◦C at a heating rate of 3 ◦C/min, an amplitude of 10 μm
and a frequency of 1 Hz.

2.5.11. Stress-Relaxation Experiment

Under different temperatures (40, 60, 80, and 100 ◦C), samples were quickly stretched to 50%
and maintained for 10 min. Then the stress was reduced to zero, and the residual deformation was
measured for 10 min.

2.5.12. Hysteresis Loss

The loading-unloading cycles were performed on a DMA Q800 (TA, Milford, MA USA) instrument
with an extension rate of 50%/min at room temperature. In each cycle, the sample was stretched to
100% strain. After the second cycle, the sample was heated at 80 ◦C for 10 min and then cooled at
25 ◦C for 10 min to heal the dynamic network, followed by another loading–unloading cycle.
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2.5.13. Dielectric Performance

Dielectric performance was performed on an Alpha-A (Novocontrol Technologies, Montabaur,
Germany) novocontrol under frequency sweeping mode from 107 to 10−2 Hz with a voltage of 1 V at
room temperature. The samples were subjected to gold sputtering for 100 s before testing.

2.5.14. Physical and Mechanical Properties

Tensile and tear strength were tested on a GT-AT-7000M (Taiwan Gotech, Taiwan, China) electronic
tension testing machine at a speed of 500 mm/min. Hardness test was performed on a shore A hardness
test instrument according to ISO 7619-1:2010. DIN abrasion test was performed on a GT-7012-D
abrasion testing machine according to ISO 4649-2010.

3. Results and Discussion

3.1. In-Situ Intercalation of OMMT

Organically modified montmorillonite (OMMT) with lower surface energy and larger interplanar
spacing exhibits better dispersity in organic materials than pure montmorillonite (Na-MMT).
XRD patterns of Na-MMT and OMMT were shown in Figure 1. The diffraction angle of Na-MMT was
6.9◦ corresponding to an interlayer spacing of 1.24 nm according to Bragg’s equation (2dsinθ = n λ).
After the organic modification, the diffraction angle of OMMT was 2.21◦, indicating that the interlayer
spacing was enlarged to 4.01 nm. Then the OMMT was in-situ intercalated with Bd via Mo-catalyzed
coordination polymerization. The relationship between the conversion rate of Bd monomer and the
mass fraction of OMMT was shown in Figure S1 (Supplementary Information). With the increasing
mass fraction of OMMT, the conversion rate of Bd decreased and became less than 30% when the
OMMT was more than 6 wt %, because the anions on OMMT would deactivate the Mo-catalyst.
To ensure a relative higher conversion rate and more intercalated structure, the mass fraction of OMMT
for the following experiments was settled as 4%. Subsequently, the resulting in-situ OMMT/1,2-PB
nanocomposite (in-situ-NC) was subjected to XRD analysis. The OMMT in the in-situ-NC showed no
peak, which indicated that OMMT was mostly exfoliated as individual OMMT layers in the 1,2-PB
matrix. Some small OMMT aggregates still existed in in-situ-NC (as shown by TEM images) but
showed no peak. That was attributed to the fact that the amount of the OMMT aggregates and the
number of the layers constituting these aggregates were low. Consequently, the small aggregates
might be embedded by the rubber matrix and were difficult to detect. By contrast, the physical
blended OMMT/1,2-PB nanocomposite (ph-NC) showed a peak at 2.1◦, demonstrating that the OMMT
was stacked.

 
Figure 1. X-ray diffraction patterns of montmorillonite (MMT), organic MMT and 1,2-PB nanocomposite
(ph-NC), and in-situ-NC.

81



Polymers 2019, 11, 492

The degree of polymerization and molecular weight distribution were determined by gel
permeation chromatography (GPC, Figure S2). The degree of polymerization of 1,2-PB and in situ NC
was 12,777 and 16,703, respectively. For in-situ-NC, the degree of polymerization is larger, because
the polymerization is conducted among OMMT layers, in which partial chain transfer reaction was
inhibited. Therefore, the life of the active center was prolonged and ultimately resulted in higher
molecular weight. The molecular weight distribution of 1,2-PB and in-situ-NC was 2.91 and 2.76,
respectively, demonstrating that the OMMT had little effect on it.

The 1,2-unit content of 1,2-PB and in-situ-NC was calculated by NMR spectra (Figure 2).
The signals at δ = 4.9, δ = 5.3 and δ = 5.5 ppm were attributed to the olefinic protons of =CH2 of
1,2-unit, -CH= of 1,4-unit and -CH= of 1,2-unit, respectively. The 1,2-unit content (C) was calculated
according to the following equation:

C =
Aδ=4.9

Aδ=4.9 + (Aδ=5.3∼5.5 − 1/2 × Aδ=4.9)
× 100% (3)

where A was the integral area of the corresponding signal peak. After in-situ intercalated with
OMMT, the 1,2-unit content of the NC was 83% which was the same as that of unmodified 1,2-PB.
The results of FTIR and 1H NMR showed that, although the negative ions on the surface of OMMT
may devitalize the Mo catalyst, it couldn’t change the structure of active centers in this coordinative
polymerization procedure.

Figure 2. 1H Nuclear Magnetic Resonance (NMR) spectra of 1,2-PB and in-situ-NC.

3.2. Construction of Multi-Ionic Supramolecular Network

For chemically cross-linked elastomers, a weak or transient network could be an effective strategy
to endow them with enhanced mechanical properties and unexpected functionality. The weak or
transient junctions can sustain and sacrifice an initial load and then preferentially break before the
rupture of the covalent network of elastomers. In this effort, ZDMA was employed to construct
sacrificial bonds anchoring between the rubber skeleton and the OMMT layer. ZDMA was grafted onto
the polymer molecular chains by the reaction of the double bond between ZDMA and 1,2-PB (Scheme 1)
to incorporate -(COO)2Zn groups into rubber matrix. Then the Zinc ion (Zn2+) was able to joint with the
negative ion on OMMT to form OMMT-polymer ionic bonding or with the negative ion on an adjacent
polymer to form inter-chain and intra-chain ionic bonding. Additionally, -(COO)2Zn groups could
aggregate together to create a small ion cluster. Therefore, OMMT-polymer ionic bonding, inter-chain,
and intra-chain ionic bonding together with ionic cluster constituted a multi-ionic supramolecular
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network (Scheme 2). During stretching, the multi-ionic network would rupture before the covalent
network and then was reconstructed after unloading.

 
Scheme 1. Reaction between 1,2-PB and zinc methacrylate (ZDMA).

Scheme 2. Proposed mechanism of the rupture and reconstruction of sacrificial bonds in the
multi-network system of 1,2-PB.

The organic modification of MMT could be further verified by FTIR analysis. As shown in
Figure 3a, after organic modification, new peaks appeared at 2918 and 2848 cm−1, respectively, which
were attributed to the asymmetric stretching vibrations of methyl and methylene groups of CTAB.
The absorption peaks at 1089 and 1048 cm−1 corresponded to the stretching vibration band of Si–O in
MMT. In comparison with ph-NC/ZDMA40, the peak intensity of in-situ-NC/ZDMA40 at 1089 and
1048 cm−1 was stronger, resulting from OMMT tending to aggregate by the physical blending method
while it was mostly exfoliated by the in-situ method.

Figure 3. FTIR spectra of (a) MMT, OMMT, 1,2-PB, and in-situ-NC, (b) ZDMA, in-situ-NC/ZDMA40
before and after curing, and ph-NC/ZDMA40.
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Moreover, the exfoliated OMMT layers would leave a more exposed Si–O bond. Additionally, the
formation of a covalent linkage between the ZDMA and the double bond on 1,2-PB was illustrated
by FTIR analysis (Figure 3b). In the case of ZDMA, the absorption peak at 1244 cm−1 belongs to
the vibration band of C–(C=O)–O conjugated with C=C double bonds. The relative intensity of
in-situ-NC/ZDMA40, after curing, was obviously weak at 1244 cm−1 due to the reaction of C=C
double bonds. Moreover, more ZDMA was grafted onto 1,2-PB molecular chains for in-situ-NC
according to the weaker peak intensity at 1244 cm−1. The main reason was that the negative ions on
the surface of OMMT layers led to a better dispersity of ZDMA.

However, the crosslinking of 1,2-PB double bonds and the grafting of ZDMA is a pair of
competitive reactions. In this work, we controlled the crosslinking density of covalent and ionic
networks by adjusting reaction temperature and time. The curing curves of the in-situ-NC/ZDMA40
under different temperatures were shown in Figure 4. The increased torque value is usually considered
to represent the evolution of crosslinking network in rubbers [42]. With the increase in temperature,
the torque rate gradually increased because of a shorter half-life period of DCP. However, at a high
temperature it would be difficult to control the rate of crosslinking, and at a low temperature it
would be difficult to graft ZMDA. Thus, 135 ◦C was selected as the curing temperature for the
following experiments. Samples were swollen in toluene for 72 h to calculate the total crosslinking
density. To destroy the ionic crosslinks, samples with the same size were swollen in the mixture of
toluene/hydrochloric acid/ethyl alcohol for 72 h to calculate the covalent crosslinking density [36,37].
Then the ionic crosslinking density could be determined by subtraction of the covalent crosslinking
density from the total cross-link density. Corresponding digital photographs of in-situ-NC/ZDMA40
cured with different times were shown in Figure S3. It is clear that the swelling volume in the
mixture of toluene/hydrochloric acid/ethyl alcohol was larger than that in the toluene. This distinctly
evidenced that the supramolecular network was destroyed by the hydrochloric acid, thereby resulting
in larger swelling volume. The statistical evidence also demonstrated the existence of the ionic network.
As shown in Figure 5a, both covalent and ionic crosslinking density increased with the increasing
curing time and the ionic crosslinking density was higher than the covalent crosslinking density when
the curing time exceeded 10 min. A high crosslinking density corresponds to a high tensile strength
but has a low elongation at break (Figure S4). Consequently, the samples cured at 135 ◦C for 10 min
could bring about a better reinforcing effect.

Figure 4. (a) Curing curves of in-situ-NC/OMMT40 at 115,125,135,145, and 155 ◦C, (b) curing curves
of in-situ-NC/ZMDAs and ph-NC/ZDMA40 at 135 ◦C.

As shown in Figure 5b, the ionic crosslinking density of ph-NC/ZDMA40 was
0.07 × 10−4 mol/cm3 was significantly lower than that of in-situ-NC/ZDMAs due to the
non-exfoliated OMMT. Under the same curing condition, the covalent crosslinking density for
in-situ-NC was almost zero and for in-situ-NC/ZDMAs was more than 0.8 × 10−4 mol/cm3.
With the increasing mass fraction of ZDMA, both ionic and covalent crosslinking densities for
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in-situ-NC/ZDMAs increased at first and then decreased. The increasing trend illustrated that
ZDMA not only determined the formation of the ionic network but also affected the generation
of covalent bond for in-situ-NC/ZDMA because the -(COO)2Zn groups on ZDMA might accelerate
the decomposition of DCP. Therefore, the covalent crosslinking density increased significantly for
ph-NC/ZDMA40 and in-situ-NC/ZDMAs. However, too much ZDMA in in-situ-NC/ZDMAs is likely
to agglomerate into particles which embed DCP and thereby results in the homopolymerization of
ZDMA to form poly-ZDMA (PZDMA). Accordingly, the reaction rate for the grafting of ZDMA and the
crosslinking of 1,2-PB decreased for in-situ-NC/ZDMA40. Additionally, the total crosslinking density
could be further confirmed by the torque value in a curing curve (Figure 4b). In short, the addition
of ZMDA into the in-situ-NC could accelerate the formation of the covalent network and construct
strong ionic network at the same time.

 
Figure 5. Crosslinking density of (a) in-situ-NC/ZDMA40 under different curing times,
(b) Crosslinking density of in-situ-NC, in-situ-NC/ZDMAs, and ph-NC/ZDMA40.

The stress–strain curves of in-situ-NC, in-situ-NC/ZDMAs, and ph-NC/ZDMA40 were presented
in Figure 6a. In-situ-NC/ZDMA exhibited high breaking stress resulting from the high total
crosslinking density. The reinforcing effect of the ionic network could be verified by the stress–strain
curves of in-situ-NC/ZDMA40 and ph-NC/ZDMA40. Considering a similar covalent crosslink,
the tensile strength of in-situ-NC/ZDMA40 was significantly higher because of higher ionic
crosslinking density (Figure 6b). Nevertheless, the elongation at break of in-situ-NC/ZDMAs was
relatively low which was triggered by the low mobility of the polymer chain restricted by covalent as
well as ionic crosslinks.

 
Figure 6. (a) Stress–strain curves of and (b) fracture energy of in-situ-NC, in-situ-NC/ZDMAs, and
ph-NC/ZDMA40.

The dispersion morphologies of OMMT and ZDMA in 1,2-PB matrix by in-situ intercalated and
physical blending methods were studied by SEM and TEM. As shown in Figure 7a, several aggregates
were marked with white ellipses and some fibrils were highlighted with arrows. According to EDS
spectra (Figure S5), O, K, Na, Al, and Si elements appeared in these aggregates which indicated
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a composition of OMMT. C, O, Zn elements appeared in those fibrils manifesting that they were
composed by ZDMA. Moreover, the composition of these aggregates and fibrils were further verified by
EDS maps (Figures S6 and S7), in which the distribution of C, O, Zn, and Si atoms were well consistent
with the corresponding SEM image. Therefore, for the in-situ intercalated OMMT, it couldn’t be fully
exfoliated leaving a few small aggregates in the polymer matrix. Such small OMMT aggregates have
little effect on the polymer. For in-situ-NC/ZDMA25 (Figure 7c,d), the ZDMA was well dispersed in the
1,2-PB matrix without any agglomerated fibrils, which was attributed to the fact that the well exfoliated
OMMT would facilitate the dispersion of ZDMA via the ionic interaction. However, the ZDMA began
to agglomerate with each other when the fraction of ZDMA reached 40 phr (Figure 7e,f). The ZDMA
in ph-NC/ZDMA40 (Figure 7g,h), by contrast, formed agglomerates more easily due to the poor
dispersity of OMMT by the physical blending method.

 

Figure 7. SEM images of (a,b) in-situ-NC, (c,d) in-situ-NC/ZDMA25, (e,f) in-situ-NC/ZDMA40,
and (g,h) ph-NC/ZDMA40.
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The TEM images were shown in Figure 8. In the case of the nanocomposites prepared by the
in-situ method, OMMT in the 1,2-PB matrix (Figure 8a) was mostly exfoliated with a few small OMMT
aggregates stacked by several layers. However, in the case of the nanocomposite prepared by the
physical blending method, OMMT tended to be large aggregates stacked by dozens of layers (Figure 8d).
ZDMA was dispersed into in-situ-NC/ZDMA25 (Figure 8b) in nanoscale without agglomerates which
was consistent with the result of SEM. ZDMA aggregated to incompact lumps in in-situ-NC/ZDMA40
(Figure 8c) whereas it aggregated to compact chunks in ph-NC/ZDMA40 (Figure 8d), which was in
accordance with the analysis of crosslinking density. These large agglomerates would act as impurities
under loading and decrease the mechanical properties of the resulting polymer.

 

Figure 8. (a) TEM images of in-situ-NC, (b) in-situ-NC/ZDMA25, (c) in-situ-NC/ZDMA40, and (d)
ph-NC/ZDMA40.

The polarity of the polymer materials can be discriminated based on the dielectric constant.
Generally, a polymer typically exhibits a dielectric constant of less than 10 [43]. As shown in Figure 9,
with the same mass fraction of ZDMA, the dielectric constant of ph-NC/ZDMA40 was evidently
higher than that of in-situ-NC/ZDMA40, illustrating that the ph-NC displayed a higher polarity.
For in-situ-NC/ZDMA40, ZDMA was dispersed in 1,2-PB in nanoscale which was entirely integrated
with 1,2-PB/OMMT nanocomposite. Therefore, the polarity of in-situ-NC/ZDMA40 was equivalent
to the linear addition of the ZDMA and 1,2-PB/OMMT. However, in the case of ph-NC/ZDMA40,
ZDMA dispersed in the 1,2-PB matrix mainly in large aggregates and was easily separated from 1,2-PB
and OMMT. Afterward, ZDMA with a higher polarity had a greater effect on the polarity than the
linear consideration. Nevertheless, the volume resistivity of in-situ-NC/ZDMA40 was relatively lower
because the ion exchange in the ionic network helped charge transport. Consequently, the decrease
in volume resistivity indicated that the ionic network could improve the antistatic property of the
resulting rubber. The polarity and resistivity results indicated that ZDMA could construct a uniform
ionic network in in-situ 1,2-PB/OMMT and it could conduct ion exchange.
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Figure 9. (a) Dielectric constant and (b) volume resistivity of in-situ-NC, in-situ-NC/ZDMA40,
and ph-NC/ZDMA40 under the frequency sweeping mode.

DMA testing typically shows a small sample deformation during modulus measurements.
In this way, the sample can respond to deformation by changing the chain conformation. When the
deformation is accommodated by conformational changes, without bending or breaking of bonds,
the relationship between rubbery plateau modulus and crosslinking density (Ve) can be described as
follows [44]:

Ve = E′/(3ρRT) (4)

where the modulus (E′) was obtained in the rubbery plateau (usually take the value of peak temperature
of loss modulus plus 40 ◦C), T is the temperature in ◦K corresponding to the storage modulus value,
R is the gas constant (8.314 × 107 ergs/K mol), and ρ is the density of the polymer. Thus the total
crosslinking density could be calculated by DMA and the results were shown in Figure S9. The results
of the total crosslinking density calculated by DMA were a bit higher than the results calculated by
equilibrium swelling method (Figure 5) but the tendency of both methods was similar.

Figure 10a illustrated the temperature dependence of the storage modulus (E′) and loss
modulus (E”) for NC/ZDMAs. E′ of in-situ-NC/ZDMAs was constantly improved with increasing
ZDMA fraction because the ionic crosslinks provided a force against deformation. In-situ-NC and
ph-NC/ZDMA40 showed a peak of loss modulus at around −10 ◦C, while that of in-situ-NC/ZDMAs
were at around 0 ◦C. We suspected that the high crosslinking density restricted the movement of
the primary network which would relax at a relatively high temperature. The effect of the ionic
network could be proved by the modulus of in-situ-NC/ZDMA40 and ph-NC/ZDMA40. With the
almost identical covalent network, the larger ionic network led to a higher storage modulus for
in-situ-NC/ZDMA40. The peak value of loss modulus obviously increased for in-situ-NC/ZDMAs
since the restricting effect of sacrificial bond on chain segment induced more chain friction during
conformational motion. Therefore, the incorporation of ionic network increased the storage and
loss modulus at the same time. As shown in Figure 10b, in comparison to in-situ-NC and
ph-NC/ZDMA40, the peak value of tan δ for in-situ-NC/ZDMAs was significantly suppressed due to
the remarkably enhanced E′ and slightly improved E”. Moreover, the temperature of tan δ peak for
in-situ-NC/ZDMA40 was higher than that of ph-NC/ZDMA40 because of the high ionic crosslinking
density. For in-situ-NC/ZDMAs, with the increasing mass fraction of ZDMA, the temperature of
peak tan δ increased at first and then decreased which was consistent with the results of crosslinking
density too. In brief, the incorporation of ionic crosslinks led to lower mobility of the polymer chain
and resulted in a higher relaxing temperature for polymer chain segment.

88



Polymers 2019, 11, 492

Figure 10. (a) Dependence of E′ and E” and (b) tan δ versus temperature for in-situ-NC,
in-situ-NC/ZDMAs and ph-NC/ZDMA40.

Among the ionic crosslinks, large ionic clusters drastically reduce the dynamics of polymer
segments around them and create layers of the trapped polymer with gradually reduced mobility.
If the aggregation is significant enough to lead to phase separation, this polymer fraction would show
its own glass transition (named ionic transition) [45]. According to the variation of the loss factor with
temperature (Figure 10b), there is only one transition of the ionic modified polymers. Additionally,
the glass transition temperature (Tg) determined by DSC (Figure 11) also showed no ionic transition
in in-situ-NC/ZDMAs. Therefore, the ionic cluster in this system was not strong enough to create
phase-separated morphology. Moreover, the Tg of in-situ-NC was about 1.8 ◦C higher than that of
pure 1,2-PB because of the exfoliated OMMT layers. It could be concluded from the DSC curve of
ph-NC/ZDMA40 that ZDMA aggregates would enlarge the inter-chain distance and decrease the Tg

of the polymer. For in-situ-NC/ZDMAs, with the increasing mass fraction of ZDMA, the Tg increased
first and then decreased slightly. The increase of Tg was attributed to the fact that the ionic crosslinks
could enhance the interaction among polymer chains and restrict the movement of the chain segment.
Nevertheless, the aggregated ZDMA in in-situ-NC/ZDMA40 reduced the ionic crosslinking density
and decreased Tg slightly.

 
Figure 11. Differential Scanning Calorimetry (DSC) curves of 1,2-PB, in-situ-NC, in-situ-NC/ZDMAs,
and ph-NC/ZDMA40.

Sacrificial bond is a general conception of weaker bond in polymer and it is difficult to prove
its sacrifice directly. Rief et al. reported that the excellent strength and toughness in natural
materials could be characterized by a saw-tooth pattern observed from single-molecule force–extension
curves [46]. The saw-tooth pattern was also reported in synthesized polymers with sacrificial bonds
and this pattern is a direct evidence of the sacrifice of the sacrificial bonds [17]. Meanwhile, Etienne
Ducrot et al. showed that the break of the sacrificial bond could be watched by intensity-colorized
images in chemiluminescent cross-linking molecules, which emit light as they break, mapped in real
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time [10]. However, these direct characterization methods could only be carried out by incorporating
chemiluminescent molecules or using special modified AFM instrument. Fortunately, some studies
reported that the sacrifice of the sacrificial bond could be verified indirectly. Baochun Gou et al. [18,47]
demonstrated that the sacrifice of the sacrificial bond could be proved by hysteresis loss and stress
relaxation testing. To confirm the sacrifice and reconstruction of the ionic bonds, cyclic tensile tests
were performed with stretching to a predefined 100% strain and the corresponding dissipation of
energy was shown in Figure 12. As expected, low hysteresis was observed for in-situ-NC (Figure 12a)
and ph-NC/ZDMA40 (Figure 12c) in the first, second, and after heating cycle, which is reasonable
for dominance of covalent crosslinks. As for the samples prepared by in-situ polymerization, taking
in-situ-NC/ZDMA40 as an example (Figure 12b), significant hysteresis was observed in the first
loading–unloading cycle on account of the effect of the ionic network. The dissipation of energy
during the loading–unloading test was defined as the area surrounded by the circle and was shown in
Figure 12d. The improved dissipation of energy for in-situ-NC/ZDMAs in the first loading–unloading
cycle was associated with the rupture of the ionic network. For the second loading, the stress at
100% strain of in-situ-NC/ZDMA40 was higher than that of the first loading which doesn’t exist for
in-situ-NC and ph-NC/ZDMA40. We speculated that the stretching orientation of polymer chains
and OMMT layers remained after the first unloading due to its slower relaxation rate indicated by
Tg. The orientation of OMMT layers and polymer chains were in the same direction, which was
advantaged for the reconstruction of the ionic network. Meanwhile, the increase in the maximum
stress displayed the formation of a denser ionic network induced by the orientation mentioned above.
After heating at 80 ◦C, the orientation of the covalent network of in-situ-NC and ph-NC/ZDMA40
nearly completed self-recovery, and its cyclic tensile curve almost overlapped that of the first cycle.
However, in-situ-NC/ZDMA40 showed smaller stress during loading after heating than that of the
first cycle before heating. It seems to form a weaker ionic network after heating, which, combining
with the denser network by stretching, indicated that the ionic network is sensitive to the conformation
of polymer chains. In addition, the samples with other content of ZDMA exhibited similar hysteresis
behaviors (Figure S8).

  

Figure 12. Cyclic tensile curves of (a) in-situ-NC, (b) in-situ-NC/ZDMA40 and (c) ph-NC/ZDMA40
and (d) the corresponding dissipation of energy.

To further illustrate the reinforcing effect of ionic crosslinks, stress relaxation analysis,
was performed at 25 ◦C (Figure 13a). All the samples were quickly subjected to a strain of 50%,
and then the strain was maintained for 600 s. Compared with in-situ-NC and ph-NC/ZDMA40,
in-situ-NC/ZDMAs released the applied force much slowly, which implied the protection of ionic
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bonds to the primary network under loading. This relaxing rate was contrary to the result of polymers
reinforced by hydrogen bonds and coordination bonds. Baochun Gou et al. [18,47] manifested that
the hydrogen bonds and coordination bonds could disassociate under stretching and the relaxing
rate was much more rapid than that of the polymer without a sacrificial network. In this effort,
the slow stress relaxation rate of in-situ-NC/ZDMAs might result from the reconstruction of the
ionic network facilitated by stretching orientation. The stress of in-situ-NC/ZDMA, especially
for in-situ-NC/ZDMA35, was a bit higher in the early stage than that of the initial stress, further
demonstrating the reconstruction of the ionic network.

 
Figure 13. (a) Stress relaxation curves and (b) residual deformation after recovery for 10 min under
respective temperatures.

After the relaxation experiment and recovery for 10 min, the residual deformation was measured
and was shown in Figure 13b. The residual deformation of in-situ-NC/ZDMA35 was significantly
larger than that of the others because of the highest ionic crosslinking density. The ionic crosslinks
would break and recombine with the adjacent ions and finally prevent the recovery of the deformed
covalent bond. Nevertheless, in-situ-NC/ZDMA40 exhibited higher residual deformation than
in-situ-NC/ZDMA25 and 30, which was induced by a relatively low ionic crosslinking density due to
PZDMA with low molecular weight. Additionally, as the testing temperature increased, the residual
deformation of in-situ-NC and ph-NC/ZDMA40 continually decreased whereas it increased first
and then decreased for in-situ-NC/ZDMAs. The deformation of ph-NC/ZDMA40 and in-situ-NC
was dominated by the covalent network. At elevated temperatures, the chain segment mobility was
improved which resulted in a stronger contractive force, ultimately limiting the residual deformation.
However, the deformation of in-situ-NC/ZDMAs was determined by both the covalent and ionic
network. Under a quick stretching condition, the partial ionic network was quickly destroyed and
was unable to be in-situ reconstructed. Subsequently, the fractured ionic crosslinks reunited with
adjacent ions and the reuniting rate increased at elevated temperature, thereby leading to a larger
residual deformation. Synchronously, the mobility of the chain segment was improved resulting in
a higher contractive force. Therefore, the residual deformation decreased slightly at 100 ◦C. Overall,
the reversible ionic network endowed the polymer with a more plastic property which meant it may
be used as a shape memory material.

The mechanical properties of in-situ-NC, in-situ-NC/ZDMAs and ph-NC/ZDMA40 were listed
in Table 1. The tensile strength and tear strength of in-situ-NC/ZMDAs were obviously higher than
that of ph-NC/ZDMA40 on account of the ionic crosslinks formed between the exfoliated OMMT and
the -(COO)2Zn groups. Nevertheless, the mechanical properties of in-situ-NC/ZDMA40 decreased
attributed to the large ZDMA aggregates acting as impurities. Meanwhile, the abrasion resistance of
in-situ-NC and in-situ-NC/ZDMAs decreased with the increasing fraction of ZDMA owing to the fact
that the ionic contacts decreased the flexibility of the polymer chains. Moreover, the abrasion loss of
ph-NC/ZDMA40 was also very high, resulting from the weak interaction of the polymer chain and
ZDMA aggregates.
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Table 1. Mechanical properties of in-situ-NC, in-situ-NC/ZDMAs, and ph-NC/ZDMA40.

Sample
ph-NC/

ZDMA40
In-Situ-NC

In-Situ-NC/
ZDMA25

In-Situ-NC/
ZDMA30

In-Situ-NC/
ZDMA35

In-Situ-NC/
ZDMA40

Tensile strength (Mpa) 2.82 0.99 7.98 8.10 11.40 8.45
Tensile stress at 100% elongation (MPa) 1.14 0.60 4.51 3.37 5.82 4.24

Elongation at break (%) 375 800 205 237 213 202
Tearing strength (kN/m) 28.05 11.87 23.28 25.74 31.23 29.48

Shore A hardness (◦) 67 45 59 61 66 65
Abrasion loss (cm3·1.6 km−1) 0.38 0.28 0.33 0.34 0.35 0.37

4. Conclusions

We developed a nano-clay/elastomer nanocomposite with high tensile strength, tearing strength
and low stress relaxation rate which was reinforced by a multi-ionic supramolecular network including
OMMT-polymer ionic crosslink, inter-chain, or intra-chain ionic crosslink as well as small ion cluster.
The exfoliated OMMT layers prevented the aggregation of ZDMA in nonpolar rubber matrix through
ionic interaction between OMMT and ZDMA, and thereby resulted in a uniform ionic network.
The ionic network could rupture preferentially during stretching to protect the covalent network and
dissipate more energy. Additionally, the ionic crosslinks could be reconstructed and be strengthened
through the orientation of OMMT and polymer chain. However, the reversibility of such ionic bonds
enlarged the residual deformation of the resulting polymer. In future studies, we will further improve
the ionic crosslinking density and construct a stronger sacrificial network to prepare shape memory or
self-recovery materials and study the dynamics of ionic crosslinking.
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Abstract: In this study, montmorillonite (MMT) was modified by intercalating polyethylene
oxide (PEO) macromolecules between the interlayer spaces in an MMT-water suspension
system. X-ray diffraction results revealed that the galleries of MMT were expanded significantly
after intercalation of different loading of PEO. MMT/PEO 80/20 composite was chosen as the
support platform for immobilization of Pd species in preparing novel heterogeneous catalysts.
After immobilization of Pd species, the interlayer spacing of MMT/PEO (80/20) (1.52 nm) was
further increased to 1.72 nm (Pd2+@MMT/PEO) and 1.73 nm (Pd0@MMT/PEO), confirming the
well-immobilization of the Pd species in the interlayer spaces of PEO-modified MMT. High-resolution
transmission electron microscopy (HR-TEM) observation results confirmed that Pd nanoparticles
were confined inside the interlayer space of MMT and/or dispersed well on the outer surface of MMT.
The conversion of Pd2+ to Pd0 species was evidenced by binding energy characterization with X-ray
photo electron spectroscopy (XPS). The microstructure variation caused by the Pd immobilization
was sensitively detected by positron annihilation lifetime spectroscopy (PALS) studies. The prepared
Pd0@MMT/PEO (0.2/80/20) catalytic composite exhibits good thermal stability up to around 200 ◦C,
and it showed high activities for Heck reactions between aryl iodides and butyl acrylates and
could be recycled for five times. The correlations between the microstructure and properties of the
Pd@MMT/PEO catalytic composites were discussed.

Keywords: polyethylene oxide; montmorillonite clays; Pd catalysis; catalytic composite; positron
annihilation

1. Introduction

The modification of montmorillonite (MMT) with organic polymers has attracted more and more
interests for their excellent structural and/or functional performances [1–3]. Many water-soluble
polymers, such as polyethylene glycol (PEG) [4], polyethylene oxide (PEO) [5], polyvinyl alcohol
(PVA) [6], polyvinyl pyrrolidone (PVP) [7], etc., can be easily intercalated in MMT with the water
solution intercalation method. In the MMT/polymer nanocomposites, an obvious increase in the
interlayer spacing of MMT is frequently observed, indicating the intercalated polymer chains are
well-confined in the narrow galleries between the MMT layers. Meanwhile, the lipophilicity of
MMT will be significantly improved after the organic polymer chains intercalated. The prepared
MMT/polymer hybrid composites are nowadays frequently applied in many fields, such as preparation
of advanced nano-composites, drug delivery, and water treatment, etc. [8–10].

Recently, many researchers shift the attentions towards heterogeneous catalysis topics with use
of MMT-based composites [11–14]. In particular, MMT/polymer composites have been recognized
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as good supporting materials for immobilization of transition metal catalysts applied in organic
reactions [15–21]. With synergetic processes of ion-exchange with interlayer cations of MMT and
complexation with polar polymers, the transition metal cations, like Pd2+ will be easily immobilized on
MMT/polymer supports. It has been evidenced that polymers (such as PVA, PVP, chitosan (CS), etc.)
modified MMT supported Pd catalytic materials has good comprehensive catalytic performances as
applied in Heck and/or Sonogashira coupling reactions. Pd species can be tightly encaged in the narrow
galleries between the MMT layers. For same Heck reaction, it is reported [15,17] that Pd@MMT/CS
can reuse more times (30 times) than Pd@MMT/PVP catalysts (10 times). It was due to the weaker
encaging of Pd species for bigger interlayer space formed in the case of Pd@MMT/PVP and lower
chelation ability of PVP than that of CS. This revealed that the catalytic performances can be tailored
with different kinds of polymers for the different intercalation structure formed and chelation ability
with transition metals.

Polyethylene oxide is another well-known modifier for MMT and the prepared MMT/PEO hybrid
composites show potential applications in many fields [22,23]. It was suggested that PEO chains could
form single or double-ordered layer arrangements in the interlayer space of MMT. The ending groups
of PEO, i.e., –OH groups, have effective chelation capability with transition metal species. Also, PEO is
known as an effective stabilizer for transition metal nanoparticles in reducing of their agglomeration to
form big-sized particles [24,25]. PEO itself has been used as a polymer support for Pd catalysts in Heck
reactions [26–28]. For example, PEO-supported recyclable NC palladacycle catalysts were developed
by Karami and co-workers [28] by blending of dimeric NC palladacycle with PEO melts at 85 ◦C.
However, the size of the prepared Pd nanoparticles is too large (bigger than 50 nm) and it just showed
moderate catalysis efficiency (up to 80% yield) for Heck reactions. Therefore, further modification of
PEO-supported Pd catalysts is needed. It is expected that PEO-modified MMT should be another good
candidate of support for immobilization of transition metals (such as Pd) in heterogeneous catalytic
materials preparation.

In this study, PEO-modified MMT supports with different content and Pd-supported on MMT/PEO
catalytic composites have been prepared. The microstructure of the PEO chains and Pd species confined
in the interlayer space of MMT was characterized by several methods, including X-ray diffraction (XRD),
high resolution transmission electron microscopy (HR-TEM), X-ray photo electron spectroscopy (XPS),
thermal analysis, differential scanning calorimetry (DSC), and inductively coupled plasma-atomic
emission spectroscopy (ICP). The sub-nano level microstructure of Pd@MMT/PEO catalytic composites
was further studied by positron annihilation lifetime spectroscopy (PALS). The correlations between
the microstructure and catalytic performances of Pd@MMT/PEO catalytic composite in Heck reactions
were discussed.

2. Materials and Methods

2.1. Materials

Na+−MMT (G-105 type) of was purchased from Nanocor Co., Arlington Hts, IL, USA and its
cationic exchange capacity was 145 mmol/100 g. PEO (Mn = 2 × 104 g/mol) was purchased from
Sinopharm Chemical Reagent Co., Ltd. Shanghai, China. PdCl2 (analytical grade) was purchased
from Zhejiang Metallurgical Research Institute Co., Ltd. Hangzhou, China. The aromatic halides
and acrylate substrates used in Heck reactions were purchased from Energy Chemical, Sun Chemical
Technology (Shanghai) Co., Ltd. Shanghai, China. Other used reagents and solvents with no further
treatments were purchased from Sinopharm Chemical Reagent Co., Ltd. Shanghai, China.

2.2. Sample Preparation

A total of 100 mL of 2 wt % of MMT suspension solution was prepared under magnetic stirring.
Specific amounts of PEO were dispersed in 100 mL of deionized water to form homogeneous solution.
The PEO solution and the MMT suspension solution were mixed and kept magnetically stirred in
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water bath at 55 ◦ C for 12 h. The mass ratios of MMT/PEO were set as 100/0, 90/10, 80/20, 70/30, 60/40,
and 50/50. 0.3 g of PdCl2 was dissolved in 100 mL deionized water with the presence of excessive
amounts of NaCl (about 2 g). Then, 2 mL of the fresh Pd2+ solution was drop-wisely added into the
above MMT/PEO (80/20) mixture and kept magnetically stirring for another 6 h. The Pd2+@MMT/PEO
composite was separated by centrifugation and washed with deionized water until neutral (pH = 7).
Afterwards, it was dried in an oven at 60 ◦C. The resultant Pd2+@MMT/PEO composite was reduced to
Pd0@MMT/PEO with ethylene glycol at 80 ◦C. According to the ICP-AES determination results, the Pd
content within the Pd@MMT/PEO catalytic composite was about 0.2 wt %.

2.3. Characterizations

The characterization methods were similar to those in our recent works [19–21]. The XRD
analysis of MMT/PEO and Pd@MMT/PEO samples were performed with a PANalytical Empyrean
X-ray diffraction system (conditions: 2θ from 3◦ to 70◦, scanning rate of 2◦/min). The TGA and DSC
curves of MMT/PEO and Pd@MMT/PEO samples were recorded with a Mettler Toledo TGA/DSC 2
STAR system (Zurich, Switzerland) (conditions: air atmosphere, from 30 to 700 ◦C, scanning rate of
20 ◦C/min). The XPS analysis of Pd@MMT/PEO sample was performed with a Thermo Fisher Scientific
ESCALAB 250Xi X-ray photoelectron spectrometer. The Pd@MMT/PEO samples were embedded in
epoxy resin and then microtomed for HRTEM observation, which was performed with a JEM-2100F
HR-TEM (JEOL Ltd. Tokyo, Japan). The ICP determination of Pd@MMT/PEO samples were performed
with a Leemann ICP-AES Prodigy XP inductively coupled plasma atomic emission spectrometry.
The positron annihilation lifetime spectroscopy (PALS) analysis of MMT/PEO and Pd@MMT/PEO
samples was performed with an EG & G ORTEC fast-slow system (conditions: time resolution of
198 ps). Before PALS measuments, the MMT/PEO and Pd@MMT/PEO samples were pressed into
disks (diameter×thickness: 1 cm × 2 mm) using a 769YP-15A powder tableting machine (Shanghai
Xinnuo Instrument Ltd., Shanghai, China). During lifetime spectra measurements, the positron source
(22 NaCl, 16 μCi, deposited between two Kapton foils) was sandwiched between two pre-pressed
Pd@MMT/PEO samples disks. The analysis of the positron annihilation spectra was performed with
LT-9 (Lifetime-9) and MELT-4 (Maximum Entropy for Lifetime Analysis-4) programs.

2.4. Catalytic Test

In a 50 mL of round bottom flask reactor, a mixture of aromatic halide substrates (1 mmol),
acrylates substrates (2 mmol), Pd0@MMT/PEO catalytic composite (3 μmol of Pd), CH3COOK base
(3 mmol), and solvent (5 mL DMSO + 0.2 mL ethylene glycol) was magnetically stirred at 110 ◦C (oil
bath heating) for 5 h. The coupling reaction progress was detected with both layer chromatography
(TLC) method and gas chromatography-mass spectrometry (GC/MS) analysis (Agilent 6890N/5975
MSD GC/MS, Palo Alto, CA, USA). The coupling reaction yield is according to the GC/MS quantitative
analysis results of the reaction mixture. All the coupling products’ chemical structure was confirmed by
the analysis results of both H1 NMR and GC/MS, which was consistent with our recent works [21,29].
The recycling experiments of the Pd@MMT/PEO were performed as follows: firstly, filtration out the
Pd@MMT/PEO from the reaction system; secondly, repeatedly washing of the filtrated Pd@MMT/PEO
with ethanol for 3–5 times and drying; finally, putting the recycled Pd@MMT/PEO into the reaction
mixture for use in next reaction run.

3. Results and Discussions

Figure 1 shows the XRD patterns of MMT/PEO and Pd@MMT/PEO and the basal spacing
(d001) value for the MMT estimated by Bragg’s formula is summarized in Table 1. Meanwhile,
when the thickness of the single layer of pure Na+-MMT (0.96 nm) is taken into account, the interlayer
spacing of MMT can be estimated (also shown in Table 1). In the galleries between the MMT layers,
the intercalated PEO chains would show different arrangements according to the interlayer spacing
values and macromolecular configurations of PEO chains. For pure Na+-MMT, the d001 is 1.25 nm,
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and its corresponding interlayer spacing is 0.29 nm. At the MMT/PEO ratios of 90/10, the d001 and
interlayer spacing increases to 1.44 nm and 0.48 nm, respectively. Some of previous works [23,30]
showed that the intercalated PEO chains would be in helical conformation. However, it is worth noting
that the size of PEO chains with a helical conformation is about 0.8 nm (>0.48 nm). It indicates that
the helical conformation of PEO chains in the interlayer space of MMT is not to be the case. Similar
with recent work by Zhu et al. [31], lateral single layer of PEO chain with random conformation
confined inside the galleries between the MMT layers in the case of MMT/PEO (90/10) might be
much more possible. At the MMT/PEO ratios of 80/20 and 70/30, the interlayer spacing shows a
slow increase to 0.56 nm (MMT/PEO (80/20)) and 0.62 nm (MMT/PEO (70/30)), respectively. It should
be a wider monolayer of PEG chain confined inside the galleries between the MMT layers. At the
MMT/PEO ratios further increase to 60/40 and 50/50, the interlayer spacing shows further increases to
0.85 nm (MMT/PEO 60/40) and 0.86 nm (MMT/PEO 50/50), indicating bilayers of PEO chains confined
inside the galleries between the MMT layers. As we know, PEO is a polymer with high crystalline
capability. One more layers highly-ordered arrangements should be beneficial to the formation of PEO
crystals. The formation of crystal phase of PEO bulk would lead to a decrease in organic modification
efficiency for MMT. Therefore, MMT/PEO (80/20) with wider monolayer arrangement was chosen
as the platform for immobilization of Pd species in preparation of novel heterogeneous catalytic
composites. The interlayer spacing of Pd2+@MMT/PEO (0.2/80/20) increases to 0.76 nm, 0.2 nm
bigger than MMT/PEO (80/20). This confirms that the Pd2+ cations are effectively chelated by the
PEO chains and well confined inside the galleries of MMT. Though the calculated mean interlayer
spacing of Pd0@MMT/PEO (0.2/80/20) is close to Pd2+@MMT/PEO (0.2/80/20), the scattering peak from
Pd0@MMT/PEO becomes a bit narrower. It is presumably caused by the local distortion of the layered
structure by in-situ-generated Pd0 nanoparticles with uniform size.

Figure 1. XRD patterns of MMT/PEO hybrids and Pd@MMT/PEO catalytic composites. A. MMT;
B. MMT/PEO (90/10); C. MMT/PEO (80/20); D. MMT/PEO (70/30); E. MMT/PEO (60/40); F. MMT/PEO
(50/50); G. Pd2+@MMT/PEO (0.2/80/20); H. Pd0@ MMT/PEO (0.2/80/20).
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Table 1. Results of d001 spacing and corresponding interlayer spacing (subtracting the thickness of
MMT layer of 0.96 nm) of the investigated MMT from XRD.

Sample 2θ (◦) d001 Spacing (nm) Interlayer Spacing (nm)

A. MMT 7.02 1.25 0.29
B. MMT/PEO (90/10) 6.15 1.44 0.48
C. MMT/PEO (80/20) 5.78 1.52 0.56
D. MMT/PEO (70/30) 5.60 1.58 0.62
E. MMT/PEO (60/40) 4.88 1.81 0.85
F. MMT/PEO (50/50) 4.84 1.82 0.86

G. Pd2+@MMT/PEO (0.2/80/20) 5.13 1.72 0.76
H. Pd0@MMT/PEO (0.2/80/20) 5.11 1.73 0.77

The microstructure of the Pd@MMT/PEO catalytic composite was further characterized with XPS
and HR-TEM. As shown in Figure 2A, for Pd2+@MMT/PEO, the binding energy peaks are found at
337.5 eV (Pd3d5/2) and 342.9 eV (Pd3d3/2), confirming the presences of Pd2+ species [32]. As shown
in Figure 2B, for Pd0@MMT/PEO, the binding energy peaks shift to 335.6 eV (Pd3d5/2) and 340.9 eV
(Pd3d3/2), respectively, confirming the presences of Pd0 species [32]. Clearly, XPS characterization
results supply a powerful evidence for the conversion of Pd2+ to Pd0. Figure 3 shows HR-TEM
results of the MMT/PEO (80/20) hybrid and Pd0@MMT/PEO (0.2/80/20) catalytic composite. MMT/PEO
(80/20) shows a typical layered structure with well-ordered parallel stacking of silicate MMT layers.
For Pd0@MMT/PEO (0.2/80/20), it is observed that the interlayer contrast is much clearer than MMT/PEO
(80/20). It should be due to the slight increase in the interlayer spacing after immobilization of Pd
species, which is also evidenced by XRD characterization. Meanwhile, it is observed the dispersion
states of Pd0 nanoparticles (2–4 nm) in the MMT/PEO (80/20) matrices are in two forms: (1) being
confined inside 1–3 layers of MMT, (2) dispersed on the outer surface of MMT layers.

Figure 2. XPS spectra of the Pd2+@MMT/PEO (A) and Pd0@MMT/PEO (B) catalytic composites.
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Figure 3. HR-TEM results of the MMT/PEO (80/20) hybrid (A) and Pd0@MMT/PEO (0.2/80/20) catalytic
composite (B). The insert figures are the enlarged view of the local regions in the HR-TEM photos.

Meanwhile, the effects of the Pd immobilization on the molecular level microstructure of
Pd@MMT/PEO catalytic composite have been characterized by PALS. The positron annihilation
lifetime spectra of MMT/PEO (80/20), Pd2+@MMT/PEO (0.2/80/20), and Pd0@MMT/PEO (0.2/80/20) was
analyzed by three-component fitting using LT-9 and MELT-4 programs. We mainly take attentions to the
longest (third) lifetime component (τ3), which is attributed to the ortho-positronium (o-Ps) annihilations
inside the interlayer space of MMT [33–35]. The size of the micro defects can be estimated from τ3

with suitable models. It was evidenced that the modified Tao–Eldrup equation for cuboidal voids
(Equation (1)) worked well for the MMT-based materials with layered structure [35–38]. Where, l refers
to the mean width of cuboidal micro defects, and Δl (0.17 nm) refers to the value of empirical parameter.

τ3 = 0.5
[
1−

(
l

l + 2Δl
+

1
π

sin
πl

l + 2Δl

)]−1

(1)

The sizes of the micro defects estimated with Equation (1) are listed in Table 2. The PALS result
of pure MMT sample has been reported in our recent work [20], the o-Ps lifetime is 2.801 ns, and the
mean micro defects size (l) of MMT can be calculated as 0.3443 nm. This value is bigger than that
of MMT/PEO (80/20), 0.2901 nm. This is due to the fact that the interlayer space of MMT becomes
more crowded after the PEO chains intercalate. Meanwhile, the effects of the Pd immobilization and
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reducing treatment on the microstructure have been sensitively detected. Though the interlayer space
is expanded obviously after Pd2+ immobilized as determined by XRD, the mean micro defects size
(l) show a decrease from 0.2901 nm (MMT/PEO (80/20)) to 0.2792 nm (Pd2+@MMT/PEO (0.2/80/20)).
By forming effective chelation with –OH groups, Pd2+ cations play a role similar to cross-linking
points for PEO chains, leading to a decrease in micro defects size within the intercalated PEO phase.
Pd0 species often has poorer chelation capability with polar groups than Pd2+ species. Therefore,
the micro defects size then undergoes an increase to 0.2886 nm for Pd0@MMT/PEO (0.2/80/20). Figure 4
shows the distribution of the longest lifetime (τ3) and corresponding micro-defect’s size (l) of the
samples as fitted with MELT-4 program. Similar variation trend of the distribution range of the
micro-defect’s size is found.

Table 2. Variation of longest lifetime, intensity, and mean size of micro-defects of the samples analyzed
by LT-9 program.

Samples τ3 (ns) I3 (%) l (nm)

MMT/PEO (80/20) 2.235 5.8 0.2901
Pd2+@MMT/PEO (0.2/80/20) 2.132 3.7 0.2792
Pd0@MMT/PEO (0.2/80/20) 2.220 4.5 0.2886

 
Figure 4. Distribution of the longest lifetime (τ3) (A) and corresponding micro-defect’s size (l) (B)
of the samples analyzed by MELT-4 program. A. MMT/PEO (80/20); B. Pd2+@MMT/PEO (0.2/80/20);
C. Pd0@MMT/PEO (0.2/80/20).

Figure 5A shows the TGA/DTG results of MMT/PEO hybrids and Pd0@MMT/PEO (0.2/80/20)
catalytic composite. As a stable inorganic layered silicate mineral, MMT shows high thermal stability
except a weight loss stage caused by the evaporation of absorbed and/or bonded H2O before 125 ◦C.
The decomposition temperature (peak temperature of the DTA curve) of PEO is found at about 320 ◦C.
For the MMT/PEO hybrids, decomposition temperature of PEO component shows an obviously
decrease to 240 ◦C for MMT/PEO (80/20) and 200 ◦C for MMT/PEO (60/40), respectively. This decrease
should be due to the different aggregation states of PEO chains between pure PEO and MMT/PEO
hybrid. Due to the high crystallization ability, most PEO chains tend to be regularly aggregated to form
perfect crystals. As confirmed with DSC curves in Figure 5B, an endothermic peak of PEO crystal at
73 ◦C is observed. However, as confined in the narrow galleries of MMT, PEO chains have much lower
probabilities in regular aggregation to form crystals. Therefore, no obvious endothermic peak has
been detected for the MMT/PEO hybrids and Pd0@MMT/PEO (0.2/80/20) catalytic composite. Usually,
the formation of perfect crystal of PEO chains is advantageous for higher thermal stability. As a result,
PEO component in MMT/PEO hybrids shows lower thermal decomposition temperature in TGA
curves. The thermal decomposition temperature of Pd0@MMT/PEO (0.2/80/20) catalytic composite is
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close to MMT/PEO (80/20), indicating similar thermal stabilities. Clearly, the prepared Pd0@MMT/PEO
(0.2/80/20) catalytic composite could be adaptable in organic reactions below 200 ◦C.

Figure 5. TGA/DTG (A) and DSC (B) curves of the MMT/PEO hybrids and Pd@MMT/PEO
catalytic composite.

Heck reactions between aryl halides and butyl acrylate were catalyzed with the prepared
Pd0@MMT/PEO catalytic composite. As shown in Table 3, the Pd0@MMT/PEO catalytic composite
shows high catalytic activity for the reaction between iodo benzene and n-butyl acrylate (entry
1, 91% yield). It still exhibits high catalytic activity for aryl iodides substituted with either an
electron-donating group, such as p-CH3 (entry 2, 89% yield) and m-CH3O (entry 3, 84% yield), or an
electron-absorbing group (such as p-F (entry 4, 88% yield), m-F (entry 5, 87% yield). Heck reaction
between aryl iodides and t-butyl acrylate can be also effectively catalyzed with the prepared
Pd0@MMT/PEO catalytic composite (entry 6–8). The Pd0@MMT/PEO catalytic composite show
low catalytic activity for the reaction between bromo benzene and n-butyl acrylate (entry 9), which is
mainly due to the much higher bonding strength of C-Br than C-I to break. Nevertheless, C-Br bond
can be activated by substitution of strong electron-absorbing group such as m-COCH3 (entry 10).
Clearly, the catalytic activity of Pd0@MMT/PEO is much higher than PEO-supported recyclable
NC palladacycle catalysts [28]. And it is also comparable to recent other reported heterogeneous
catalysts for Heck reactions [39,40]. After the reaction, the Pd0@MMT/PEO catalytic composite can be
conveniently separated and recycled for the next run. As shown in Figure 6, the catalytic efficiency of the
Pd0@MMT/PEO catalytic composite decrease gradually as the recycling times increase. Similarly, higher
recyclability is observed for the Pd0@MMT/PEO catalytic composite as compared with PEO-supported
recyclable NC palladacycle catalysts (can recycle 4 times with moderate yield) [28]. However, it is
obviously lower than recent prepared Pd0@MMT/PVA or Pd0@MMT/PVP catalysts [19,20]. For PEO,
the polar –OH groups are distributed in the ending of the chain rather than each repeating unit of
the chain like PVA. Reasonably weaker chelation and quicker Pd leaching will occur in the case of
Pd0@MMT/PEO.
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Table 3. Catalytic performances of Pd0@MMT/PEO for Heck reactions between aromatic halides
with acrylates.

Entry Aromatic Halides Acrylates Coupling Yield a (%)

1 C6H5I CH2=CHCOO(n-C4H9) 91
2 4-CH3C6H4I CH2=CHCOO(n-C4H9) 89
3 3-CH3OC6H4I CH2=CHCOO(n-C4H9) 84
4 4-FC6H4I CH2=CHCOO(n-C4H9) 88
5 3-FC6H4I CH2=CHCOO(n-C4H9) 87
6 C6H5I CH2=CHCOO(t-C4H9) 74
7 4-CH3C6H4I CH2=CHCOO(t-C4H9) 75
8 4-FC6H4I CH2=CHCOO(t-C4H9) 71
9 C6H5Br CH2=CHCOO(n-C4H9) trace b

10 3-COCH3C6H4Br CH2=CHCOO(n-C4H9) 45 b

a GC-MS Yield; b the reaction time was 10 h.

 
Figure 6. Recycling performances of the Pd0@MMT/PEO catalytic composites.

4. Conclusions

In this study, PEO chains were successfully intercalated into interlayer spaces of Na+-MMT,
which can be used as a novel support for Pd0 nanoparticles. PEO chains and Pd species are well
confined in the interlayer space of MMT, which is well elucidated by XRD, HR-TEM, XPS, TGA,
and PALS. It was demonstrated that Pd0 nanoparticles sized in 2–4 nm were successfully immobilized
on MMT/PEO supports. The sub-nano level micro defects variation of MMT can be sensitively detected
by PALS. After PEO intercalation and Pd immobilization, the micro defects undergo a slight decrease
in size, which is mainly due to the fact that the interlayer space of MMT becomes more crowded.
The prepared Pd0@MMT/PEO catalytic composite shows high catalytic activities for Heck reactions
and can be recycled for five times. The lower recyclability of the Pd0@MMT/PEO than other reported
Pd0@MMT/polar polymers catalytic composites should be mainly due to the weaker chelation of PEO
with Pd. Nevertheless, the comprehensive catalytic performances of the Pd0@MMT/PEO are much
improved as compared with Pd heterogeneous catalysts which are prepared by directly supporting
of Pd species on PEO chains. This work supplies an alternative approach in the preparation of Pd
heterogeneous catalysts with fairly good performances, and might have broad prospects in both
experimental and industrial applications.
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Abstract: In this work, the effect of doubly functionalized montmorillonite (MMT) on the structure,
morphology, thermal, and tribological characteristics of the resulting polystyrene (PS) nanocomposites
was investigated. The modification of the MMT was performed using a cationic surfactant and
an anionic surfactant or a silane coupling agent to increase the compatibility with PS matrix.
The polystyrene/organo-montmorillonite (PS/OMMT) nanocomposite particles were prepared by
soap-free emulsion polymerization. The OMMT was studied using Fourier-transform infrared (FTIR),
X-ray diffraction (XRD), and thermogravimetric analysis (TGA). The structural and morphological
changes of PS/OMMT nanocomposites were further characterized by dynamic light scattering (DLS),
scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The thermal
stability of all the PS/OMMT nanocomposites was higher than that of the pure PS. The anti-wear
properties of the polyalphaolefin (PAO) were significantly improved due to the introduction of the
PS/OMMT nanocomposite particles. The nanocomposites prepared by a cationic surfactant and a
silane coupling agent exhibited the best thermal stability and tribological performance. Our results
provide the valuable insights needed to guide the design of lubrication and friction reducing materials.

Keywords: doubly functionalized montmorillonite; polystyrene; soap-free emulsion polymerization;
thermal stability; tribological property

1. Introduction

Clay-polymer nanocomposites have received great attention in recent years due to their exceptional
properties, such as increased thermal stability, high fire resistance, and enhanced mechanical
characteristics, compared with traditional polymer composites [1,2]. The improvement of many
properties of clay-polymer nanocomposites could be achieved using a relatively low clay loading
(usually < 10 wt %) in a polymer matrix [3]. Among the layered silicates, montmorillonite (MMT)
was one of the most widely utilized to fabricate clay-polymer nanocomposite, mainly because the
MMT was easily available with a high aspect ratio and high expansion capacity [4]. The unit crystal
structure of the MMT consisted of two silicon tetrahedral sheets and a central sheet of alumina
octahedrons. The negative charge was generated on the surfaces of the MMT layers due to the
isomorphic substitutions of lower valance ions (Mg2+, Fe2+) for the central atoms (Al3+, Si4+) in the
interior crystal layers of the MMT [5]. To neutralize the negative charges, hydrated cations (Na+, Ca2+)
were electrostatically adsorbed inside the interlayer space and on the surface of the MMT. Therefore,
the natural state of the MMT was a hydrophilic character, which was inherently incompatible with
the vast majority of organic polymers [6]. The poor affinity between the hydrophilic MMT and the
hydrophobic polymer will not result in a clay-polymer nanocomposite with improved properties
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compared with the pure polymer matrix. To obtain the highest enhancement of properties, the surface
modification of the MMT was desirable to increase the interfacial interactions between the MMT and
the polymer matrix [7]. The surface treatment not only enhanced the compatibility of the MMT with
the organic polymer, but also enlarged the interlayer space between the layers of MMT.

The most traditional and convenient method for the MMT modification was ion exchange reaction
with quaternary alkylammonium salts [8]. However, the ammonium surfactants could not provide
an effective thermal stability for high temperature applications because the decomposition of the
ammonium surfactants could be initiated above 200 ◦C [9]. Thus, the modification of the MMT with
phosphonium surfactants has attracted much interest from researchers. Several research papers found
that the thermal stability of organoclays modified with phosphonium surfactants was superior to
that of organoclays modified with ammonium surfactants [10,11]. On the other hand, the anionic
surfactant was also used to improve the thermal stability of the organoclays [12]. However, it could
be rather difficult to significantly expand the interlayer space of the MMT via the anionic surfactant
alone. Therefore, a novel kind of organo-montmorillonite (OMMT) by the synergistic effect between
the anionic and cationic surfactants has been prepared in recent years [13]. Another method for the
modification of the MMT involved the use of silane coupling agents. These silanes could react with the
MMT OH groups to form the chemical bonds with a covalent character between the molecules of the
silane and the surface of the MMT [14]. The grafting reaction mainly occurred at the broken edges
and at the structural defects situated at the external surfaces of the MMT layers [15]. However, the
employment of both a phosphonium surfactant and an anionic surfactant, or both a phosphonium
surfactant and a silane coupling agent, to fabricate the OMMT to increase the dispersion degree in the
polymer matrix was rarely reported.

Polystyrene (PS) is a synthetic thermoplastic that is widely used in industry due to its excellent
performance of high abrasion resistance, strong plasticity and load bearing capacity [16]. However, the
relatively weak thermal stability and heat resistance of PS has become a significant challenge, hindering
its further applications in a variety of areas. To compensate this demerit, the addition of inorganic clay to
the PS matrix can be further helpful to enhance the properties of the PS matrix [17]. Recently, an attractive
technique to synthesize the clay-polymer nanocomposite is the emulsion polymerization due to the
great advantage of controlled morphology and employment of water as a dispersion medium [18].
However, the surfactants were usually used in emulsion polymerization to provide colloidal stability,
which may affect the final properties of the nanocomposite. The soap-free emulsion polymerization is a
clean and effective way to prepare clay-polymer particles due to the use of little to no surfactant (below
critical micelle concentration) in such a polymerization system [19,20]. Though the soap-free emulsion
polymerization was extensively studied for the preparation of clay-polymer nanocomposites, a few
papers related to the investigation of the effect of doubly organo-modified montmorillonite on the final
properties of the resulting PS/OMMT nanocomposites have been published so far.

In this work, two kinds of doubly organo-modified MMT were successfully prepared by using
both a cationic surfactant and an anionic surfactant or both a cationic surfactant and a silane coupling
agent. Then, the PS/OMMT nanocomposites were produced using styrene monomer and the obtained
OMMT samples via the soap-free emulsion polymerization. The obtained PS/OMMT nanocomposites
were dispersed into polyalphaolefin (PAO) to create lubricants. The effect arising from the doubly
organo-modified MMT on the structure, morphology, thermal, and tribological properties of the
PS/OMMT nanocomposites were studied and evaluated.

2. Materials and Methods

2.1. Materials

The natural sodium montmorillonite (MMT, cationic exchange capacity (CEC) of 100 mmol/100 g) was
provided by Huai An Saibei Technology Co. Ltd., Zhangjiakou, China. The tributyltetradecylphosphonium
chloride (TTPC, 97%), sodium lauryl sulfonate (SLS, 99%), and γ-methacryloxypropyltrimethoxysilane
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(KH570, 97%) were purchased from Aladdin Industrial Corporation, Shanghai, China. Styrene (St, 98%),
divinylbenzene (DVB, 80%), methacrylic acid (MAA, 98%), and potassium persulfate (KPS, 99%)
were supplied by the Tianjin Guang fu Fine Chemicals Research Institute, Tianjin, China. The St was
washed with NaOH solution to remove the polymerization inhibitors, and then distilled under reduced
pressure before use. Polyalphaolefin (PAO, 99% purity) was provided by Shanghai Fox Chemical
Technology, Shanghai, China. Other reagents were of analytical grade and used as received. Deionized
water was applied for all experiments.

2.2. Preparation of OMMT

2.2.1. Preparation of P-MMT

The modification of MMT with TTPC was carried out by the method reported in a previous
paper [21]. Briefly, 2.5 g of MMT was dispersed into 75 mL of deionized water with stirring for 30 min
at 75 ◦C. Then, 25 mL of aqueous solution containing the TTPC surfactant equivalent to 1.2 CEC of
MMT was slowly added into the clay dispersion. The mixture was further stirred at 75 ◦C for 11 h
and then filtered by vacuum filtration followed by washing with deionized water several times to
remove excess TTPC molecules. The final product was dried at 60 ◦C for one day in a vacuum oven
then ground into powder. The sample formed was referred to as P-MMT. The preparation process was
shown in Figure 1 (Stage A).

2.2.2. Preparation of P-SLS-MMT

The P-MMT was further modified using the SLS surfactant to produce the doubly organo-modified
MMT (P-SLS-MMT) as shown in Figure 1 (Stage B) [22]. In detail, 2.5 g of P-MMT and 75 mL of
deionized water were introduced in the reaction flask and stirred for 0.5 h at 75 ◦C. Then, the desired
amount of SLS surfactant was dissolved in 25 mL of deionized water and added slowly into the
suspension. The amount of SLS used was equivalent to 0.6 CEC of MMT. The mixture was stirred
vigorously for 9 h at 75 ◦C. Finally, the resultant product was separated by centrifugation and washed
four times using a mixture of ethanol/deionized water to remove the residual surfactants. The final
product was dried at 60 ◦C overnight to obtain the P-SLS-MMT sample.

2.2.3. Preparation of P-KH570-MMT

The silane functionalization of P-MMT was carried out following the method described in a
previous report [23]. In a typical experiment (Figure 1 (Stage C)), the KH570 (2.483 g) was dissolved
into methanol (90 mL)/deionized water (10 mL) solution with stirring, and the pH of the mixture was
adjusted to 4.0 with acetic acid. The mixture was stirred for 1 h at room temperature to obtain the
hydrolyzed KH570. Then, 2.5 g of P-MMT was introduced into the mixture and the suspension was
further mechanically stirred with reflux at 75 ◦C for 24 h. Finally, the product was filtered and washed
with methanol to remove the undesired siane molecules, and then dried under a vacuum oven at 60 ◦C
for 24 h. The collected product was named as P-KH570-MMT.

2.3. Preparation of PS/OMMT Nanocomposite

The soap-free emulsion polymerization was applied to prepare the PS/OMMT nanocomposites
according to previous reports [24,25]. Briefly, a mixture of OMMT (0.6 g, 3.0 wt % based on St),
St (20.0 g), DVB (1.8 g) and an auxiliary monomer MAA (1.0 g) was ultrasonicated for 10 min in an ice
bath and then magnetically stirred at room temperature for 1 h (Figure 1 (Stage D)). Meanwhile, 0.1 g
of SLS was dissolved in 180 mL of deionized water with stirring for 30 min under nitrogen atmosphere.
Both were later mixed in a 500-mL round-bottomed flask and mechanically stirred at 75 ◦C for 30 min
under nitrogen atmosphere. Then, 0.109 g of KPS initiator was dissolved in 40 mL of deionized water
and slowly introduced into the reactor. The resulting mixture was polymerized at 75 ◦C for 24 h
under nitrogen atmosphere and mechanical stirring (Figure 1 (Stage E)). The final products were
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obtained by centrifugation and washing three times using excess hot ethanol to remove the unbound
polymers, then dried overnight at 60 ◦C. The nanocomposite prepared with P-MMT, P-SLS-MMT, and
P-KH570-MMT was abbreviated as PS/P-MMT, PS/P-SLS-MMT, and PS/P-KH570-MMT, respectively.

p y

Figure 1. Schematic representation of the processes of preparing the organo-montmorillonite (OMMT)
and the polystyrene (PS)/OMMT nanocomposites.

2.4. Preparation of the PAO-PS/OMMT Lubricant

The PAO-PS/OMMT lubricant was prepared to investigate the tribological performance of the
PS/OMMT nanocomposites as additives. The PS/OMMT nanocomposites (1.0 wt % based on PAO)
were added to the PAO, and the mixture was mechanically stirred at 1000 rpm for 30 min followed
by ultrasonication for 1 h at room temperature to allow the dispersion and homogenization of the
nanocomposites in the PAO.

2.5. Characterization

Fourier-transform infrared (FTIR) spectra were conducted over the range of 4000–400 cm−1 using an
FTS-3000 spectrophotometer (American Digilab) via a KBr pressed disk technique at room temperature.

X-ray diffraction (XRD) measurements were carried out with a Bruker D8 Advance X-ray
Diffractometer (Stadi P, Karlsruhe, Germany) using Cu-Ka radiation (λ = 0.1540 nm) with a scanning
rate of 2◦/min, 40 kV, and 30 mA over the 2θ range of 1.5◦–20◦ by a scanning interval of 0.02◦.
The corresponding basal space was computed by applying the Bragg's Law.

Dynamic light scattering (DLS) was performed using a Malvern Mastersizer 2000 (Malvern
Instruments, Malvern, UK) to determine the particle size and size distribution of the samples at
room temperature.

Scanning electron microscopy (SEM, SU8010, Hitachi, Tokyo, Japan) coupled with an energy
dispersing spectrometer (EDS) was used to study the surface morphology and elements of the
nanocomposites. The samples were coated with a thin layer of gold prior to SEM observation.
The EDS analysis was registered three times in different points, and the result was the average of three
obtained values.
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Transmission electron microscopy (TEM) analyses were performed on a JEM-2100 TEM operating
at an accelerating voltage of 200 kV.

Thermogravimetric analysis (TGA) was carried out on a NETZSCH thermogravimetric analyzer
(TGA, STA409PC, Bavaria, Germany) at a heating rate of 10 ◦C/min from 25 ◦C to 800 ◦C under a
nitrogen flow. Differential thermogravimetry (DTG) curves were calculated from the TGA results.

The tribological measurements were performed using a four-ball tester (MRS-1J, Jinan, China)
under a load of 392 N at a rotating speed of 1450 r/min for 1 h at room temperature. Prior to testing,
the steel bearing balls GCr15 (diameter of 12.7 mm, grade 10) were cleaned ultrasonically for 30 min
with ethanol. The average values of coefficient of friction (COF) were reported from three measurements
of each sample.

3. Results

3.1. Surface Treatments of Montmorillonite

3.1.1. FTIR Analysis

The FTIR spectra of MMT, PMMT, P-SLS-MMT, and P-KH570-MMT are given in Figure 2.
In the spectra of MMT, the broad absorption bands at 3446.4 and 1643.4 cm−1 corresponded to the
–OH stretching vibration and H–O–H bending vibration of adsorbed water within MMT interlayer,
respectively. The characteristic absorption peak at 3632.5 cm−1 was attributed to the stretching vibration
of the Al–OH and Si–OH in the silicate layers, and this –OH group was responsible for the reaction
with the silane coupling agent [26]. The bands at 1036.1 and 793.4 cm−1 were representative of the
stretching vibration of Si–O and Si–O–Al, respectively. In addition of these characteristic peaks of MMT,
novel vibration bands related to surfactants and/or silane coupling agents appeared in the spectra of
OMMT (Figure 2B–D). For the P-MMT, the asymmetric and symmetric stretching vibration of –CH2 of
phosphonium surfactants was observed at 2928.2 and 2854.0 cm−1, respectively. This is direct evidence
for the successful intercalation of TTPC surfactants into the interlayer space of MMT. In comparison
with the P-MMT, the intensity of the absorption bands at 2928.2 and 2854.0 cm−1 increased for the
P-SLS-MMT, which can be reasonably attributed to the introduction of the SLS surfactants. Besides, the
absorption band at 1090.2 cm−1 corresponded to the asymmetric stretching vibration of –SO3H group
of SLS surfactants. These results indicated that the TTPC and SLS surfactants were synergistically
incorporated into the interlayer space of MMT. The spectrum of P-KH570-MMT not only had the
characteristic bands of P-MMT, but also exhibited a novel band at 1723.9 cm−1, which was assigned
to the stretching vibration of the C=O in the KH570 molecules. In addition, higher intensity of the
absorption bands at 2928.2 and 2854.0 cm−1 were also found for the P-KH570-MMT sample, implying
that KH570 was successfully grafted on the surfaces and edges of the silicate layers [27]. These
observations suggested that the MMT was doubly organo-modified by a phosphonium surfactant and
a silane coupling agent. It is worth mentioning that a significant decrease of the relative intensity of the
bands at 3632.5–3446.4 cm−1 and 1639.8 cm−1 was observed for the OMMT compared with the MMT,
which indicated that the surface of OMMT changed from a hydrophilic to a hydrophobic character
and the content of water over OMMT decreased. The above results indicated that the target doubly
organo-modified MMT was successfully synthesized.
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Figure 2. Fourier-transform infrared (FTIR) spectra of (A) sodium montmorillonite (MMT), (B) P-MMT,
(C) P-SLS-MMT, and (D) P-KH570-MMT.

3.1.2. XRD Analysis

The XRD patterns obtained for the MMT and OMMT are presented in Figure 3. The MMT showed
a typical XRD reflection at 2θ = 7.28◦, corresponding to a basal spacing of 1.21 nm according to Bragg's
law. This value is in agreement with similar hydrated clays reported in the literature [28]. The significant
increase in the interlayer space of the MMT was observed after the modification with surfactants.
In the case of P-MMT, the characteristic peak shifted from 7.28◦ to 3.84◦, corresponding to an increase
in basal space from 1.21 nm to 2.36 nm. This result confirms that the intercalation of phosphonium
surfactant was really achieved, which is consistent with the FTIR results. In the XRD spectrum of
P-SLS-MMT, the distribution of interlayer space of platelets was characterized by two prominent
reflections that appeared at 2θ = 2.87◦ and 5.79◦, corresponding to interlayer spaces of 3.07 nm and
1.52 nm, respectively. The basal space of P-SLS-MMT was 0.71 nm higher than that of P-MMT, which
indicated that SLS successfully entered the interlayer space of P-MMT and cation-anion type OMMT
was prepared. The anionic surfactants can form ion-pairs with the cationic surfactants to intercalate into
the interlayer space of MMT. This result was also observed by other researchers [29,30]. The appearance
of a second peak in the XRD pattern of P-SLS-MMT was attributed to the (002) reflection. The diffraction
peak of P-KH570-MMT at 4.21◦ corresponded to an interlayer space of 2.09 nm. Compared with P-MMT,
the decrease in the interlayer space of P-KH570-MMT was mainly due to partly intercalated cationic
surfactants becoming washed out with the use of hydroalcoholic solution as a solvent in the silylation
reaction. This result indicated that the KH570 was mainly grafted onto the broken edges and external
surfaces or undergoing ion exchange with the pre-existing surfactants in a very low amount, thus
merely had a significant impact on the interlayer structure of P-MMT [31].

 

Figure 3. XRD patterns of MMT, P-MMT, P-SLS-MMT, and P-KH570-MMT.
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3.1.3. TGA and DTG Analysis

Figure 4 shows the thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG)
curves of MMT, PMMT, P-SLS-MMT, and P-KH570-MMT samples. In Table 1, the mass loss associated
with the different temperature ranges is listed. Two distinct thermal degradation events were obtained in
the DTG curves of the MMT. The first mass loss, occurring at a temperature of 75 ◦C, was assigned to the
elimination of physically adsorbed water, and the second at 660 ◦C corresponded to the dihydroxylation
of clay layers [32]. The mass loss of OMMT was higher than that of MMT at 200–600 ◦C, which was
evidence of intercalated surfactants and/or grafted silane coupling agents. For the P-MMT, the mass
loss below 200 ◦C was lower when compared with the MMT, implying less adsorbed water in the
P-MMT. Furthermore, the mass loss of the P-MMT between 200 ◦C and 600 ◦C was obviously higher
than that of the MMT, which was attributed to the degradation of adsorbed surfactant molecules
on the external surface and of intercalated surfactant molecules in the interlayer space of the MMT.
The overall mass loss of P-MMT (20.7 wt %) was higher than that of MMT (5.6 wt %). Compared with
P-MMT, a greater mass loss in the range of 200 ◦C to 600 ◦C was found in P-SLS-MMT, which could
be attributed to the intercalation of SLS molecules into the interlayer space of P-MMT. In addition,
the maximum mass loss rate temperature of P-SLS-MMT occurred at 499 ◦C, higher than 15 ◦C in
P-MMT, indicating the thermal properties of P-MMT were enhanced owing to the introduction of
the SLS molecules. These results suggested that the SLS molecules were successfully intercalated
into the interlayer space of the P-MMT. This result was consistent with the results of XRD analysis.
In the case of P-KH570-MMT, the first mass loss occurred at a temperature below 200 ◦C which was
attributed to the evaporation of adsorbed water and/or of free molecules of solvent in the pores of
MMT. The mass loss observed over the range of 200–600 ◦C was assigned to the loss of surfactant
molecules combined with the decomposition of adsorbed and/or grafted KH570 molecules introduced
during the silylation reaction. Compared with the P-MMT, the observed increase in mass loss for the
P-KH570-MMT between 200 ◦C and 600 ◦C was attributed to the intercalated and/or grafted silane
molecules. Combining this with the result of XRD, the interlayer space of P-KH570-MMT was smaller
than that of P-MMT, the increasing amount of KH570 molecule was mainly grafted on the broken
edges and the external surface of MMT, not intercalating in the interlayer space of MMT [33].

< ° ° °

Figure 4. (A) Thermogravimetric analysis (TGA) and (B) Derivative thermogravimetry (DTG) curves
of MMT, P-MMT, P-SLS-MMT, and P-KH570-MMT.

Table 1. Relative mass loss during decomposition of investigated samples (wt %).

Sample
Temperature Range

<200 ± 1.5 ◦C 200–600 ± 1.9 ◦C 30–800 ± 2.2 ◦C
MMT 1.9 1.5 5.6

P-MMT 0.6 19.0 20.7
P-SLS-MMT 0.2 23.9 24.9

P-KH570-MMT 2.3 19.9 23.3
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3.2. Characterization of PS/OMMT Nanocomposite

3.2.1. FTIR Analysis

The FTIR spectra of the PS, PS/P-MMT, PS/P-SLS-MMT, and PS/P-KH570-MMT are shown in
Figure 5. In the case of PS, the characteristic bands at 3027.6 and 2914.0 cm−1 were attributed to the CH
aromatic stretching vibrations and CH2 asymmetric stretching vibrations, respectively. Two absorption
bands at 1602.6 and 1449.1 cm−1 were ascribed to the stretching vibration of the aromatic C=C. There
were two strong absorption bands at 763.0 and 691.1 cm−1 that corresponded to the CH out-of-plane
deformation of benzene rings. In addition, the peak at 1725.7 cm−1 was due to the C=O stretching
vibration of methacrylic acid. These observations indicate that the polymerization reaction of styrene
monomer has been occurred [34]. The FTIR spectra of PS/P-MMT not only had the characteristic
bands of PS, but also exhibited new absorption bands at 1039.7 cm−1, which were assigned to Si-O
stretching vibrations of the MMT. This result proved the formation of PS/P-MMT nanocomposites.
The presence of the characteristic peak of MMT in the polymer matrix was also observed in the samples
of PS/P-SLS-MMT and PS/P-KH570-MMT.

 
Figure 5. FTIR spectra of (A) PS, (B) PS/P-MMT, (C) PS/P-SLS-MMT, and (D) PS/P-KH570-MMT.

3.2.2. XRD Analysis

Figure 6 shows the XRD patterns of the PS, PS/P-MMT, PS/P-SLS-MMT, and PS/P-KH570-MMT
nanocomposites. As shown in Figure 6, no characteristic diffraction peak of OMMT was observed
for the PS/P-MMT, PS/P-SLS-MMT, or PS/P-KH570-MMT in the range of 1.5◦–10.0◦ of 2θ. This result
suggested that the PS chains entered into the interlayer space of OMMT and destroyed the intercalated
clay structure, leading to exfoliated structure in the resulting PS/OMMT nanocomposite during the
soap-free emulsion polymerization. The clay platelets could be exfoliated in the PS matrix owing to
the role of the intercalated phosphonium surfactants, SLS molecules, and/or adsorbed KH570 silanes
that obviously enlarged the interlayer space of the MMT, which could provide a bigger space for the
ease of PS macromolecular chains penetration. In addition, the complete exfoliation of individual
clay platelets in the polymer matrix was also because of the favorable miscibility between the organic
clay platelets and polymer matrix [35]. Furthermore, the KH570 molecules that grafted on the broken
edges of the MMT could improve the hydrophobicity of the layered silicates, thus increasing their
compatibility with the PS matrix [36]. However, the disappearance of XRD peaks does not necessarily
suggest complete delamination of the clay platelets. Thus, other analytical tools, such as TEM, were
needed to prove the dispersion and degree of exfoliation of the clay platelets. In order to determine the
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deductions from XRD results, the morphology of the nanocomposites was further analyzed by the use
of TEM. Figure 7 shows the typical TEM images of the PS and PS/OMMT nanocomposites.

 
Figure 6. XRD patterns of PS, PS/P-MMT, PS/P-SLS-MMT, and PS/P-KH570-MMT.

 

Figure 7. Transmission electron microscopy (TEM) images of (A) PS, (B) PS/P-MMT, (C) PS/P-SLS-MMT,
and (D) PS/P-KH570-MMT.

3.2.3. TEM Analysis

As shown in Figure 7A, spherical particles could be observed for the pure PS. However, the size
distribution of particles was broad, and the particle size was in the range of approximately 200–600 nm.
In contrast, when the OMMT was introduced into the polymer matrix, the particle sizes of the PS/OMMT
nanocomposites became much smaller, as shown in Figure 7B–D. Moreover, the size distribution of
PS/OMMT particles was narrow and monomodal, and the particle size was approximately between
250 nm and 400 nm. These results indicated that the morphology of the polymer particles was changed
by the presence of OMMT. The reason was probably that the movement of the styrene monomers
and growth of the PS chains were effectively reduced via the shielding effects of the clay platelets.
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As denoted by the yellow arrows in Figure 7B–D, the existence of exfoliated clay layers encapsulated
inside the polymer particles was clearly visible. The TEM images of PS/OMMT nanocomposites
showed that the nanoclay layers were completely exfoliated and dispersed homogeneously within the
PS matrix. It showed that a highly exfoliated structure of PS/OMMT nanocomposite was obtained,
which was in accordance with the corresponding XRD results. This result implied that the clay layers
of 3 wt % OMMT could maintain the polymer colloidal stability, thus resulting resulted in the complete
exfoliation of the clay layers and formation of exfoliated structure of PS/OMMT nanocomposites [37].

3.2.4. DLS Analysis

Figure 8 shows the size distributions of the pure PS and PS/OMMT nanocomposite samples,
and the average particle size data and PDI values are summarized in Table 2. The particle size
distributions of all samples showed only one narrow peak, and the average diameters of the polymer
particles were in the range of 241.3–378.6 nm. These results were consistent with the results of the
TEM analysis. The average particle size of the pure PS was 378.6 nm, while the average particle
sizes of the PS/OMMT nanocomposites were 290.4 nm, 338.8 nm, and 241.3 nm for the PS/P-MMT,
PS-P-SLS-MMT, and PS/P-KH570-MMT, respectively. The decrease in the average particle size of the
nanocomposites was owing to the addition of OMMT would more likely to facilitate the nucleation to
form smaller and more uniform particles. On the other hand, the PDI values, which were indicative of
the monodispersity of polymer particles, were observed to decrease for the PS/OMMT nanocomposites
compared with the pure PS. This observed decrease was owing to the self-arrangement of the modified
MMT layers within the PS particles might affect the surface tension and cause fine and stable particles.
Moreover, the hydrophobic MMT layers could act as stabilizers to improve the monodispersity of the
PS particles [38]. The organic modification of MMT improved its compatibility with the monomer
phase and promoted the exfoliation of the MMT, which was beneficial to the encapsulation of clay
platelets by the polymer particles. The smallest particle size and PDI value were obtained for the
PS/P-KH570-MMT sample, which was due to the ability of the vinyl group of the KH570 molecule to
participate in the polymerization reaction.

 

Figure 8. Size distribution curves of PS, PS/P-MMT, PS/P-SLS-MMT, and PS/P-KH570-MMT.

Table 2. Particle size distribution of PS, PS/P-MMT, PS/P-SLS-MMT, and PS/P-KH570-MMT samples.

Sample Z-Average (nm) PDI

PS 378.6 ± 8.9 0.232
PS/P-MMT 290.4 ± 3.8 0.159

PS/P-SLS-MMT 338.8 ± 3.6 0.160
PS/P-KH570-MMT 241.3 ± 2.1 0.074
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3.2.5. SEM-EDS Analysis

Figure 9 shows the SEM images of the PS, PS/P-MMT, PS/P-SLS-MMT, and PS/P-KH570-MMT
nanocomposites. As seen in Figure 9A, the particles of pure PS were mostly spherical and the particle
size was approximately 380 nm with a broad size distribution. In particular, a certain degree of
coagulation of the particles was observed due to the poor stability. Compared with the pure PS,
the particle morphology of the PS/OMMT nanocomposites was changed by the presence of the OMMT.
When the OMMT was introduced in Figure 9B–D, the particle size distribution became narrow, and the
particle size decreased to 250–350 nm. These results were in good agreement with the results of TEM
and DLS. Moreover, each PS/OMMT particle kept good dispersion stability because of the stabilizing
effect of OMMT for the polymer particle.

 

Figure 9. SEM images of (A) PS, (B) PS/P-MMT, (C) PS/P-SLS-MMT, and (D) PS/P-KH570-MMT.

The results of the SEM-EDS analysis are given in Table 3. The most pronounced distinction
between the pure PS and the PS/OMMT nanocomposites was the drastic increases in the amount of
Al and Si content in the PS/OMMT samples. This result indicated that the OMMT was successfully
introduced in the polymer matrix.

Table 3. Distribution of the elements in PS, PS/P-MMT, PS/P-SLS-MMT, and PS/P-KH570-MMT samples
found by EDS measurement related with SEM images given in Figure 9.

Sample C (wt %) O (wt %) Al (wt %) Si (wt %)

PS 68.44 ± 0.46 30.33 ± 0.36 0.70 ± 0.09 0.53 ± 0.07
PS/P-MMT 63.62 ± 0.24 31.45 ± 0.40 3.52 ± 0.17 1.41 ± 0.12

PS/P-SLS-MMT 64.15 ± 0.30 31.36 ± 0.38 3.05 ± 0.19 1.44 ± 0.13
PS/P-KH570-MMT 67.92 ± 0.33 28.61 ± 0.29 2.33 ± 0.11 1.14 ± 0.12

3.2.6. TGA and DTG Analysis

Figure 10 presents TGA and DTG curves for the pure PS, PS/P-MMT, PS/P-SLS-MMT, and
PS/P-KH570-MMT. It can be seen from the TGA curves that the weights of residue left of PS/OMMT
nanocomposites at 550 ◦C were increased compared with the pure PS, which indicated the presence of
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the MMT in the polymer matrix. Furthermore, in contrast to the pure PS, the PS/OMMT nanocomposites
exhibited significantly improved thermal stability, which could be attributed to the addition of OMMT
in the polymer matrix [39]. The onset decomposition temperature corresponding to a mass loss of
10 wt % (T10%) of pure PS was 383 ◦C. As for the PS matrix filled with OMMT, the onset decomposition
temperatures of PS/P-MMT, PS/P-SLS-MMT, and PS/P-KH570-MMT were about 399 ◦C, 406 ◦C, and
416 ◦C, respectively, that was, 16 ◦C, 23 ◦C, and 33 ◦C higher than that of pure PS. The maximum mass
loss temperature (Tmax, observed from DTG) was raised from 419 ◦C for the pure PS to 440 ◦C, 443 ◦C,
and 449 ◦C for PS/P-MMT, PS/P-SLS-MMT, and PS/P-KH570-MMT, respectively. The enhancement in
the thermal stability was due to the MMT layers forming a three-dimension network and a labyrinth
pathway in the clay-polymer nanocomposite to prevent out-diffusion of the volatile decomposition
products during thermal decomposition [40]. Meanwhile, the exfoliated structure of the MMT worked
as a mass transport barrier, or a nucleating agent in the matrix, by limiting the heat transfer and
absorbing the heat to decelerate the degradation of the polymers [41]. However, it was observed that
the T10% and Tmax of PS/P-SLS-MMT were higher than those of PS/P-MMT. The reason was perhaps
that the maximum mass loss temperature of P-SLS-MMT was higher than that of P-MMT, as shown
in Figure 4B, due to the electrostatic interaction between the anionic and cationic surfactants. This
improvement in thermal stability was also observed in the PS/P-KH570-MMT nanocomposite. These
results revealed that the double-modified MMT-containing PS nanocomposites showed higher thermal
stability than that of the single-modified one. Interestingly, the T10% and Tmax of the PS/P-KH570-MMT
were higher than those of the PS/P-SLS-MMT. This result indicated that the double bonds of silanes
grafting on the edges and surfaces of the MMT could react with styrene monomer increased chemical
interaction between the MMT and the polymers, resulting in the improved interface interactions and
enhanced the thermal stability [42]. In this case, the PS chains were covalently bonded on the surface of
MMT, and the grafted KH570 molecules worked as the “bridge” connecting the PS chains and silicate
layers, leading to an increase in the thermal stability.

 
Figure 10. TGA and DTG curves of PS, PS/P-MMT, PS/P-SLS-MMT, and PS/P-KH570-MMT.

3.2.7. Friction Performance Analysis

Figure 11 shows the coefficient of friction (COF) versus time of PAO and PAO with PS/OMMT
nanocomposite samples. As it can be seen from the figure, the COF of PAO was around 0.095 at the
beginning and then increased dramatically to about 0.125 within 1000 s, followed by a stable period
of approximately 2700 s. The COF then increased from 0.120 to about 0.145 in the rest of the test.
For PAO-PS/P-MMT, the COF rose up sharply from 0.082 to 0.110, dropped drastically to 0.090 within
250 s, and then experienced a stable period with fluctuation around 1500 s. The COF then increased
slowly to 0.115 at the end of the test. The COF of PAO-PS/P-SLS-MMT started at 0.070, increased
slowly to about 0.100 around 2200 s, and then remained steady during the rest of the test. The COF
of PAO-PS/P-KH570-MMT was 0.070 at the beginning, increased to 0.085 within 250 s, and then rose
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up slowly. At the end of the test, the COF reached 0.090. It can be found from the test results that
the adding PS/OMMT nanocomposites to the PAO decreased the COF values and clearly enhanced
the friction reduction properties. Furthermore, with the same content of nanocomposite particles,
PS/P-KH570-MMT performed the lowest COF value and the best friction reduction properties.

 
Figure 11. The COF versus time of PAO, PAO-PS/P-MMT, PAO-PS/P-SLS-MMT, and
PAO-PS/P-KH570-MMT.

To further characterize the tribological properties for the PS/OMMT nanocomposites, we examined
the wear surfaces of the PAO and PAO-PS/OMMT nanocomposites using SEM. Figure 12A–D and
Figure 13A–D show the SEM morphology of the wear surfaces of the upper and lower ball of
the four-ball machine for PAO, PAO-PS/P-MMT, PAO-PS/P-SLS-MMT, and PAO-PS/P-KH570-MMT,
respectively. From Figure 12A, a wide and deep plowing groove was found on the wear surface,
indicating serious abrasive wear. This worn morphology was also observed in Figure 13A. However,
when the PS/OMMT nanocomposites were added into the PAO, as shown in Figure 12B–D and
Figure 13B–D, the grooves on the wear surface became shallower and narrower, which indicated that
the surface roughness was improved and the COF was reduced. These results indicated that the
PS/OMMT nanocomposites exhibited excellent anti-wear and friction reduction properties in their
tribological properties in a lubricant, which were consistent with the results of Figure 11. During the
lubrication process, the nanocomposite particles were able to fill in the microgrooves on the wear
surfaces and reduce the roughness of the metal surfaces to reduce friction and wear [43]. Furthermore,
the nanocomposite particles could support the metal surfaces and prevent them from contacting each
other and roll like a bearing ball, thereby reducing the COF and wear [44]. Among the wear surfaces,
there was a smoother wear surface with microgrooves and nanogrooves in Figures 12D and 13D.
This result suggested that the best anti-wear and friction reduction properties among all the type of
nanocomposites were observed with the PS/P-KH570-MMT nanocomposite in this study. This may be
due to the smaller PS/P-KH570-MMT nanocomposite particle filling the grooves more effectively than
the larger particles. The nanocomposite particles with smaller diameters could interact with the metal
surface more effectively and form the transfer film more easily to protect the metal surface and reduce
the wear. Meanwhile, with higher thermal stability, the PS/P-KH570-MMT nanocomposite particles
might roll better between two wear surfaces and reduce the friction. The above results indicated that
the improvements of tribological properties of PS/OMMT nanocomposite particles showed promising
applications in the drilling fluid lubrication.
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Figure 12. SEM images of the upper ball of (A) PAO, (B) PAO-PS/P-MMT, (C) PAO-PS/P-SLS-MMT,
and (D) PAO-PS/P-KH570-MMT.

 

Figure 13. SEM images of the lower ball of (A) PAO, (B) PAO-PS/P-MMT, (C) PAO-PS/P-SLS-MMT,
and (D) PAO-PS/P-KH570-MMT.

4. Conclusions

Novel PS/OMMT nanocomposite particles were synthesized by soap-free emulsion polymerization
in the presence of doubly organo-modified MMTs and investigated. The anionic surfactant, SLS, could
be effectively used to further increase the interlayer space of P-MMT by the electrostatic interaction.
The silane coupling agent, KH570, could be introduced to the external surfaces and broken edges
of the P-MMT due to the silylation reaction. The complete exfoliation of the OMMT within the PS
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matrix was confirmed by XRD and TEM analysis. The introduction of OMMT significantly decreased
the average particle size and PDI values of PS, as evidenced by DLS and SEM results, and this
became more pronounced in the PS/OMMT nanocomposites filled with P-KH570-MMT. The results
of TGA-DTG analysis confirmed that the thermal stability of the PS/OMMT nanocomposites was
significantly enhanced compared with pure PS. The Tmax increased from 419 ◦C of pure PS to 449 ◦C of
PS/P-KH570-MMT. Moreover, the COF values of PAO-PS/OMMT nanocomposites were well below
than that of pristine PAO, indicating increased friction reduction properties. Available results in
this work can provide significant guidance for the future synthesis and application of the PS/OMMT
nanocomposites in the oil and gas drilling engineering field to improve drilling fluid lubrication.
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Abstract: Polyimide@graphene oxide (PI@GO) composites were prepared by way of a simple solution
blending method. The nanoscale hardness and Young’s modulus of the composites were measured
using nanoindentation based on atomic force microscopy (AFM). A nanoscale hardness of ~0.65 GPa
and an elastic modulus of ~6.5 GPa were reached with a load of ~55 μN. The indentation recovery on
the surface of PI@GO was evaluated. The results show that relatively low GO content can remarkably
improve the nanoscale mechanical properties of PI.

Keywords: polyimide; graphene oxide; composite; mechanical properties; indentation recovery; AFM

1. Introduction

Polyimide (PI) is a well-known high-performance polymer that has excellent thermal, mechanical,
and electrical properties, as well as outstanding chemical resistance [1,2]. PI products are widely
used in defense and aerospace applications, as well as in the electronics industry, for a variety of
interconnect and packaging applications. Nowadays, electronic products require the PI to possess a
high glass transition temperature and better thermal mechanical strength. To address this concern,
PI-based composites with various fillers including carbon nanotubes [3], SiC, graphene [4], graphene
oxide [5], SiO2 [6], and aramid fibers [7] have been explored. The composites are highly affected by the
reinforcements, in which the dimension, dispersion state, and the interaction of the reinforcements play
significant roles. Actually, the aggregation of nanosize fillers easily results in performance deterioration
of the composites. Thus, the preparation of uniformly dispersed PI-based composites is critical to
the applications. Among the nanosize fillers, graphene oxide (GO) nanosheets have attracted much
attention due to their high dispersibility, easy preparation, and low cost.

Recently, PI@GO composites have been prepared by various methods such as in situ
polymerization [8], chemical cross-linking [9], and thermal imidization [10]. Dynamic mechanical
analysis indicates that the storage modulus and the glass transition temperature of PI are improved
by addition of GO. Besides this, the thermal stability of PI is enhanced with increasing GO
content [10]. However, most of the previous studies focused on the macroscopic properties of PI@GO
composites [11,12] while, actually, the nanoscale properties of PI-based composites are crucial to
their applications in aerospace power and propulsion components. Unfortunately, only limited
methods are available to probe the nanomechanical performance of polymer composites [13–15].
Indentation analysis is used to determine the mechanical properties of an indented material by plotting
the indentation force versus depth, and has been well established for homogeneous materials on
Hysitron or MTS systems. However, the load resolution and size limitations of the indenter restrict its
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application [16]. Relative to indentation analysis, atomic force microscopy (AFM) is considered more
accurate at nanoscale due to the smaller tip radius and indentation depth, which eliminate the effects
of adhesion and plastic deformation on the measurement. Herein, PI@GO composites were prepared
by way of a simple solution blending method. The nanoscale mechanical properties and indentation
recovery of the composites were measured using nanoindentation based on AFM.

2. Materials and Methods

Soluble PI powders (Matrimid@ 5218, Mw = 80,000) were purchased from Zhuzhou Time
New-Materials Tech. Co, Ltd. (Zhuzhou, Hunan, China). Dimethylacetamide (DMAc) was purchased
from Tianjin Hengxing Chemical Reagent Co, Ltd. (Tianjin, China). GO used in our research
was purchased from Suzhou Tanfeng Tech. Co, Ltd. (Suzhou, Jiangsu, China). All materials are
commercially available and were used without further purification. A certain amount of PI was
dissolved in the DMAc, then an amount of GO (0.1 wt % based on the weight of PI) was ultrasonically
dispersed into the PI solution. Then, the as-prepared solution was transferred into a metal mold,
followed by drying in vacuum at 100 ◦C for 48 h under a pressure of 4 mbar. After the solvent was
evaporated, PI@GO composites were obtained. For comparison, a pure PI sample was prepared
analogously to the PI@GO. Before being submitted to AFM testing, the PI and PI@GO samples were
cut into 1 × 1 cm pieces.

The mechanical properties of the PI@GO composites at nanoscale were characterized using AFM
(Bruker, Santa Barbara, CA, USA). Nanoindentation was performed with AFM at three different
areas by using a hand-crafted natural diamond tip with a spring constant of ~225 N/m (Bruker,
Santa Barbara, CA, USA). The height of the tripyramidal tip is 50 μm, and the front, back, and side
angles of the tripyramid are 55◦, 35◦, and 51◦, respectively. The tip radius is 50 nm. The morphology
of the samples was examined by using a common silicon nitride tip (Bruker, Santa Barbara, CA, USA).

In a typical AFM indentation test, a controlled diamond tip is driven into the specimen surface,
and the displacement of the indenter tip is continuously monitored by high-resolution sensors. Various
mechanical properties (most typically the elastic modulus and hardness) of the indented material can
be measured by analyzing the indentation data. The Oliver–Pharr model was employed to evaluate
the hardness and Young’s modulus in this paper. A schematic diagram of a typical indentation is
shown in Figure 1. The indentation hardness proposed by Olive and Pharr is defined as [17]

H =
Pmax

A
(1)

where Pmax is the maximum load and A is the projected area of the indentation. The projected contact
area is linked to the contact depth hc by the tip geometry. In case of a nonideal probe, the deviations of
the contact area can be expressed in the form of a fitting function as shown below [18]:

A = 24.5h2
c + 793hc + 4238h1/2

c + 332h1/4
c + 0.059h1/8

c

+0.069h1/16
c + 8.68h1/32

c + 35.4h1/64
c + 36.9h1/128

c
(2)

with hc = h − ε
Pmax

S
(3)

where h and s are the indent depth and contact stiffness, respectively. ε is a constant that depends on
the indenter geometry (ε = 0.75 for a Berkovich indenter).

Contact stiffness S and Young’s modulus E of the material can be expressed as

1
Er

=
1 − ν2

E
+

1 − ν2
i

Ei
(3)

S =
dP
dh

=
2√
π

Er
√

A (4)
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where Er is the reduced elastic modulus, which accounts for the fact that elastic deformation occurs in
both the sample and the indenter. E and ν are the elastic modulus and Poisson’s ratio for the sample,
respectively. Ei and νi are the same quantities for the indenter. For diamond, Ei = 1141 GPa and
νi = 0.07 [19,20].

Figure 1. Schematic diagram of a typical indentation.

3. Results and Discussion

A diamond cone tip was used as the indenter, and its sensitivity was calibrated using a sapphire
standard specimen. Typical topographical features of the PI@GO sample before and after indentation
tests are shown in Figure 2. A relatively flat surface (Rq = 2.24 nm) can be observed before AFM
nanoindentation (Figure 2a). After capturing the morphology, the ramp mode was employed to
perform the nanoindentation. A 3 × 3 array of indentations was conducted at different indent forces.
Each residual indent was imaged by the indenter in tapping mode immediately after the indentation
and later by a new and sharp silicon tip in tapping mode. As shown in Figure 2b, all AFM images
of the three indents scanned with the indenter show the same triangular shape that is similar to the
expected cross section of a three-sided pyramidal tip. The shapes and sizes of the three indentations
under the same loading level are highly consistent with each other. No detectable pile-up or significant
crack along the edges is observed, indicating that the applied load is not high enough to drive cracks.
Due to the homogenous dispersion of GO in the matrix, no nanosheets can be observed in the AFM
image. Figure 2c shows the morphology of the GO nanosheets. The lateral size of the GO sheets is in
the range of 200 nm ~3 μm. The thickness of a single-layer GO nanosheet is about 1.2 nm.

Figure 2. Typical topographical features of the polyimide@graphene oxide (PI@GO) sample before (a)
and after (b) indentation tests. (c) AFM image of GO nanosheets.

Figure 3 shows typical deflection–distance curves of the PI@GO composite under a load of up
to ~91.9 μN. A deflection–distance curve recorded by AFM can be converted to a force–indentation
plot. The force can be calculated by multiplying the cantilever deflection with calibration factors
that have been experimentally determined [21]. Here, the voltage setpoints 1.5, 2.0, and 2.5 V
correspond to loading forces 55.1, 73.5, and 91.9 μN, respectively. As shown in the loading curve,
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the deflection increased linearly with increasing indenting force. The unloading and loading curves
are not overlapped. Resident depth can be measured from the deflection–distance curve. Based on
these measurements, it was assumed that the indenter is a rigid body.
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Figure 3. Typical deflection–distance curves of the PI@GO composite.

The hardness and elastic modulus of PI and PI@GO composite were calculated as shown in
Figure 4. The hardness of the PI under different loading forces is in the range of 0.5~0.56 GPa
(Figure 4a). The hardness of PI does not show an obvious decrease with the increase in indent force,
indicating that no size effect is presented in the hardness. The reason for the lack of noticeable
size effect might be that the three load forces are relatively close to each other. It was reported that
monolayer graphene oxide has an effective Young’s modulus of ~200 GPa [22]. With the addition
of GO nanosheets, the hardness of PI@GO was boosted remarkably. The homogeneous dispersion
of GO nanosheets is critical to the enhancement of the mechanical properties of PI. Compared with
graphene, the presence of oxygen functional groups makes GO compatible with a polymer matrix.
As we expected, the PI@GO composite exhibits a higher elastic modulus compared with pure PI
(Figure 4b). The GO nanosheets in the PI matrix effectively resist the penetration of the indenter,
resulting in the higher elastic modulus. Robust GO sheets can prevent crack initiation and propagation
very well.
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Figure 4. Hardness (a) and elastic modulus (b) of PI and PI@GO composite under different loads.
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The indentation recovery of polymer surfaces has been widely studied in the past decades [23].
The evaluation of indentation topography enables a definitive evaluation of the indentation hardness
characterization of polymers and a quantitative determination of the viscoelastic recovery at deformed
surfaces. Yanhuai Ding et al. discussed the time-dependent viscoelastic recovery of indentations on a
polymethyl methacrylate surface [24]. A simple Kelvin model was employed to predict the indentation
recovery. As shown in Figure 5a, the inverse AFM images clearly demonstrate the morphology changes
of indentations on the PI@GO surface with increasing recovery time. The residual indentation depth
was measured using a sharp AFM tip and is summarized in Figure 5b. A nonlinear dependence
between the residual indentation depth and time can be observed. The recovery rate decreased
dramatically over time. After several hours, the residual depth remained virtually unchanged, which
is well known as the plastic deformation. By comparison, PI@GO composites show a higher recovery
rate than does PI, which can be ascribed to the excellent mechanical properties of the additives.
The imbedding of GO sheets in the polymer matrix accelerated the indentation recovery by releasing
the deformation energy [25]. The results indicate that two-dimensional nanomaterials can boost the
indentation recovery due to their unique morphological characteristics.
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Figure 5. (a) AFM images of the indentation recovery of PI@GO. (b) Indentation recovery data of PI
and PI@GO under the load of 91.9 μN.

4. Conclusions

In summary, the nanoscale hardness and elastic modulus of PI@GO composites were characterized
by way of AFM nanoindentation. The indentation recovery of the PI@GO surface was measured
compared with that of raw PI. The results show that the hardness and elastic modulus of the PI
are enhanced by the addition of GO. The imbedded GO sheets in the polymer matrix accelerate
the indentation recovery by releasing the deformation energy. This work demonstrates that 2D
nanomaterials can improve the self-healing performance of polymer composites.
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Abstract: In this study, hyaluronic acid (HA), a natural polysaccharide that can specifically bind
to CD44 receptors, was conjugated onto laponite® (LAP) nanodisks for the encapsulation and
specific delivery of the anti-cancer drug doxorubicin (DOX) to CD44-overexpressed cancer cells.
The prepared LM-HA could encapsulate DOX efficiently and release drug in a continuous manner
with pH-responsiveness. In vitro cell viability assay proved that LM-HA had good biocompatibility,
and drug-loaded LM-HA/DOX exhibited targeted anti-tumor effects against HeLa cells with CD44
receptors overexpressed. In addition, the flow cytometric detection and confocal laser scanning
microscope results confirmed that LM-HA/DOX could be specifically internalized by HeLa cells
via CD44-mediated endocytosis. Therefore, the HA-modified LAP nanodisks with high drug
loading efficiency, pH-sensitive drug release properties and CD44 targetability might be an efficient
nanoplatform for cancer chemotherapy.

Keywords: LAP; hyaluronic acid; doxorubicin; CD44 receptor targeted

1. Introduction

Chemotherapy is one of the most widely used and indispensable tools in cancer treatments. Small
molecular anticancer drugs could interfere with cell mitosis and effectively inhibit cell proliferation,
but the lack of specific selectivity to tumor cells and fast body metabolism may cause severe side
effects and low drug bioavailability, limiting their clinical applications [1]. To address these problems,
nanosized drug delivery systems have been developed to prolong the circulation time in the blood,
and enhance the drug accumulation in the tumor via the enhanced permeability and retention (EPR)
effect [2]. In addition, a series of tumor-targeting moieties were functionalized on the surface of
nanocarriers to improve the specific delivery and uptake of drugs by cancer cells, including RGD
(Arg-Gly-Asp) [3], folic acid (FA) [4], phenylboronic acid (PBA) [5], hyaluronic acid (HA) [6], etc. [7–9].
However, it remains a challenge to construct a desired vehicle with a high drug loading efficiency,
a controlled drug release profile, and specific targeting to cancer cells [10].

Until now, various kinds of inorganic and organic materials have been used in constructing
nano-drug delivery systems, such as liposomes [11], dendrimers [12], polymer micelles [13],
nanogels [14], mesoporous silica nanoparticles (MSN) [15], carbon nanotubes (CNTS) [16] and
nanoclays [17]. Among them, laponite (LAP) nanodisks were considered as one of the most promising
delivery vehicles due to their unique structure, good stability, excellent biocompatibility and ease of
surface functionalization [18]. As a type of artificial nanoclay, LAP has a similar composition and
layered structure to native hectorite, and can be degraded into nontoxic products under physiological
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conditions [19]. Moreover, LAP can be dispersed in aqueous solution as nanodisks with about 25 nm
in diameter and 1 nm in thickness, which means that LAP has a highly-specific surface area and
strong cationic exchange capability for the effective encapsulation of various drug molecules [20],
such as doxorubicin (DOX) [21], amoxicillin [22], tetracycline [23], and dexamethasone [24]. In our
previous work, LAP has been applied to encapsulate the positively-charged anticancer drug DOX
with pH-sensitive drug-release properties and an effective drug encapsulation efficiency of 98%.
The prepared LAP/DOX complexes showed a more efficient therapeutic efficacy compared to free
DOX in vitro, by the virtue of their nano-size [20]. Moreover, tumor targeting agents could be further
decorated on LAP to improve specific targeting to cancer cells. For example, DOX-loaded, FA-modified
LAP nanocomposites displayed significantly enhanced therapeutic efficacy in treating cancer cells
overexpressing FA receptors [25]. PEG-lactobionic acid modified LAP possessed great colloidal
stability and exhibited selective cytotoxic properties to targeted hepatocarcinoma cells overexpressing
asialoglycoprotein receptors [26].

A cluster of differentiation-44 (CD44) is a transmembrane glycoprotein over-expressed in a variety
of solid tumors, such as breast cancer, gastric carcinoma, hepatocarcinoma, and melanoma [27]. Hence,
many studies have focused on targeting the overexpression of CD44 receptors to improve the specific
deliver and endocytotic uptake of drugs in cancer cells [28,29]. Hyaluronic acid is recognized as
the primary CD44 binding molecule because of the existence of the binding site, which connects
HA and CD44 receptors on the surface of cancer cells [30]. For instance, Zhang et al. synthesized
HA-modified, single-walled carbon nanotubes to load DOX. In vitro experiments demonstrated that
the drug delivery system could induce significantly higher cytotoxicity against a human cervical
cancer cell line (HeLa cells) overexpressing CD44 receptors than normal fibroblasts, and histological
examinations proved their lower toxicity to vital organs in comparison with DOX [31]. He et al. used
HA to functionalize PS/CaCO3/DNA nanoparticles (HNP) for targeted gene delivery. After 4 h of
incubation with HeLa cells, HNP displayed a significant higher mean fluorescence intensity than
non-targeted NPs, indicating that the enhanced cell uptake of HNP is caused by CD44-mediated
cellular uptake [32]. In Cheng’s work, cisplatin-incorporated Cy5.5-PEG-g-HA nanoparticles could
selectively inhibit the proliferation of HeLa cells, and exhibited an efficacious accumulation in
tumors [33]. Therefore, HA modification could increase cell uptake and preferential accumulation
in tumors overexpressing CD44 receptors, resulting in reduced residual toxicity and an improved
therapeutic effect [34].

In this study, HA-modified LAP nanocomposites were synthesized to load the antitumor
drug DOX for targeted delivery to cancer cells overexpressing CD44 receptors. The structure of
the prepared LM-HA was characterized by 1H NMR, FT-IR spectrometry, thermal gravimetric
analyses (TGA), dynamic light scattering (DLS) and UV-vis spectrometry. The release
profile of LM-HA/DOX nanocomposites was investigated under both acidic and physiological
conditions. Furthermore, CD44 overexpressed HeLa cells were utilized as model cells to
estimate the specific targeting and antitumor efficacy of LM-HA/DOX nanocomposites by
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, flow cytometric analysis,
cell morphology and confocal laser scanning microscopic (CLSM) observation.

2. Experiment

2.1. Preparation and Characterization of DOX-Loaded Nanocomposites

According to the previous literature [35], 50 mg of laponite® (LAP) powder was dissolved in 5 mL
of ultrapure water and magnetically stirred at 50 ◦C overnight to obtain completely LAP aqueous
solution. Then 1 mL APMES aqueous solution (20 mg/mL) was slowly injected into the LAP aqueous
solution and stirred at 50 ◦C for 16 h. The resulting solution was then dialyzed against a dialysis bag
with a molecular weight cutoff of 8000–14,000 for 3 days (2 L, 3 times per day). After dialysis was
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completed, the product in the dialysis bag was transferred to a 50 mL EP tube and stored at 4 ◦C to
obtain LM-NH2.

Then, HA (84.35 mg) was dissolved in ultrapure water (5 mL) and activated by EDC (104.1 mg)
and NHS (62.51 mg) at room temperature for 3 h. Next, the activated HA aqueous solution was added
to LM-NH2 (6.276 mL, 52.33 mg) and stirred for 3 days. Finally, the reaction mixture was extensively
dialyzed against water (2 L, 3 times per day) for 3 days using a dialysis bag with a molecular weight
cutoff of 8000–14,000 to obtain targeted LM-HA.

The DOX/HCl powder was dissolved in ultrapure water to obtain DOX aqueous solution
(2 mg/mL). Then, LM-HA aqueous solution (6 mg/mL) was mixed with DOX aqueous solution
in a mass ratio of 3:1. The drug loaded LM-HA/DOX can be obtained by magnetically stirring for 24 h
in darkness. Subsequently, the solution was purified by centrifugation (15 min, 8500 rpm) and washed
3 times with ultrapure water to achieve drug-loaded LM-HA/DOX nanocomposites. The drug loading
efficiency and loading capacity can be calculated using Equations (1) and (2), respectively:

Loading efficiency = (Mt/M0) × 100% (1)

Loading capacity = Mt/(Mt + ML) × 100% (2)

where Mt, M0 and ML stand for the mass of the encapsulated DOX, the initial DOX, and the
LM-HA/DOX nanocomplexes, respectively.

Details of these methods can be found in the Supplementary Materials, including materials and
characterization techniques, and in vitro drug release.

2.2. Cell Culture

HeLa cells were continuously cultured in a 75 cm2 tissue culture flask with 15 mL Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% FBS, 100 U/mL penicillin, and 100 μg/mL
streptomycin in a humidified incubator with 5% CO2 at 37 ◦C. HA pre-treated HeLa cells were
obtained by pre-treating HeLa cells with HA-containing DMEM medium (3 mM) for 1 h before the
addition of LM-HA or LM-HA/DOX [36,37].

2.3. In Vitro Cytotoxicity Assay and Cell Morphology Observation

HeLa cells were collected and seeded in the 96-well plate at the density of 1 × 104 cells/well,
with 100 μL DMEM medium for 24 h. The next day, the medium was discarded and replaced with
100 μL of fresh medium, containing 10 μL phosphate buffered saline (PBS) of LM-HA nanodisks at
different final concentrations (0, 1.5, 3.0, 6.0, 12, 24, 48 and 96 μg/mL, respectively) (n = 5). PBS was
used as control. After a 24 h culture to bring the cells to confluence, the medium was discarded and
cells were rinsed with PBS 3 times, followed by the addition of 90 μL medium and 10 μL MTT solution,
and continued to incubate for 4 h. Then the original medium was washed out and 100 μL DMSO
solution was added to each hole in shaking table for 20 min. A Thermo Scientific Multiskan MK3
ELISA reader (Waltham, MA) was used to record the absorbance of each well at 570 nm.

To check the therapeutic efficacy of LM-HA/DOX nanocomposites, HeLa cells and HA pre-treated
HeLa cells were incubated with DOX and LM-HA/DOX at different DOX concentrations (0.5, 1.0, 2.0,
4.0 and 8.0 μg/mL) (n = 5) for 24 h. The morphology of cells was observed by using a Leica DM IL
LED inverted phase contrast microscope (Wetzlar, Germany) with a magnification of 100× for each
sample. MTT assay was also applied to evaluate the cell viabilities against a standard protocol.

2.4. Cellular Uptake

Cover slips with a diameter of 14 mm were pretreated with 5% HCl, 30% HNO3, and 75% alcohol,
placed in 24-well tissue culture plates, and then soaked by medium for 24 h. HeLa cells were seeded
into each well with a density of 1 × 105 cells/well. After culturing for 24 h to bring the cells to attach
onto the cover slips, the cells were treated with 0.3 mL fresh medium, which contained free DOX and
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LM-HA/DOX at a final DOX concentration of 0.5 μg/mL, and then were cultured for another 4 h.
After that, the medium was discarded, and the cells were rinsed with PBS 3 times. Then the cells were
fixed with glutaraldehyde (2.5%) for 15 min at 4 ◦C and counterstained with DAPI (1 μg/mL) for
15 min at 37 ◦C, using a standard procedure. Finally, the mean fluorescence intensity was observed
by a confocal laser scanning microscope using a 63 × oil-immersion objective lens (CLSM, Carl Zeiss
LSM 700, Jena, Germany).

The targeting specificity of LM-HA/DOX nanocomposites was quantitatively analyzed via
flow cytometry. The HeLa cells were collected and seeded in the 6-well plate at the density of
4 × 105 cells/well for 24 h. Then, the medium was replaced with 1 mL fresh medium containing
free DOX and LM-HA/DOX at a final DOX concentration of 0.5 μg/mL, then cultured for a further
4 h. After that, the medium was discarded and the cells were rinsed with PBS 3 times, trypsinated,
centrifuged, and resuspended in 1 mL PBS. The intensity of DOX fluorescence was measured using a
Becton Dickinson FACScan flow cytometer (FCM, BD Biosciences, Franklin Lake, NJ, USA).

3. Results and Discussion

3.1. Synthesis and Characterization of LM-HA/DOX

In this study, LAP was first silanized using 3-aminopropyldimethylethoxysilane (APMES) to
introduce amine groups on the surface, and then hyaluronic acid was conjugated by the reaction
between their carboxyl groups and amine groups on LM via 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) chemistry. Finally, the formed LM-HA nanodisks were utilized to
load the chemotherapeutic agent doxorubicin by physical absorption (Scheme 1).

Scheme 1. Schematic illustration of the preparation of LM-HA/DOX.

The structure of LM-NH2 and LM-HA were evaluated by 1H NMR, as shown in Figure 1.
Compared to pristine LAP, the emergence of peaks at 1.2, 2.8, and 3.6 ppm in the spectrum of LM-NH2

were associated to the silane coupling agent APMES, indicating the successful conjugation of APMES
on LAP [38]. After the modification of HA, LM-HA displayed a prominent peak at 1.9 ppm in the
spectrum, which was attributed to -CH3 protons of HA moieties [39]. This result demonstrated that
HA was successfully conjugated on LAP via EDC reaction between the carboxyl group of HA and the
amine group on LM-NH2.
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Figure 1. 1H NMR spectra of laponite nanodisks (LAP), LM-NH2 and LM-HA.

The successful synthesis of LM-HA was also verified by FT-IR, as seen in Figure 2. Compared
with LAP, LM-NH2 displayed a typical peak at 1245 cm−1 triggered by the asymmetric stretching
vibration of the Si-O-Si bond, indicating that APMES were successfully decorated onto LAP [21]. After
the modification of HA, there were three kinds of prominent peaks at 1692 cm−1, 2895 cm−1 and
1152 cm−1. They were assigned to the C=O stretching vibration of the carboxyl group and the amide I
band, the symmetric stretching vibration of C-H, and the C-O stretching of the proteoglycan sugar ring
of HA, respectively [40]. Hence, the FT-IR result confirmed the successful conjugation of the targeting
agent HA on LAP.

Figure 2. FT-IR spectra of LAP, LM-NH2, LM-HA, and HA.
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TGA was then used to quantify the component of LM-HA by measuring the weight loss of LAP,
LM-NH2, and LM-HA from 100 ◦C to 700 ◦C (Figure 3). Compared with the pristine LAP, LM-NH2

showed a slight weight loss of 5.79% during the heating process, which was attributed to the thermal
decomposition of the APMES [21]. This result demonstrated the conjugation of APMES on LAP.
LM-HA exhibited a higher weight loss of 22.70%, and by deducting the residue weight of APMES,
the amount of HA modified on LAP was about 13.80% of the final LM-HA product. Therefore, the TGA
result further verified the successful synthesis of LM-HA.

Figure 3. TGA curves of LAP, LM-NH2, and LM-HA, respectively.

Furthermore, zeta potential measurement and DLS were used to evaluate the change of
hydrodynamic and surface potential after modification (Table 1). After silanization, the hydrodynamic
diameter increased from 86.5 nm of pristine LAP to 184.0 nm of LM-NH2, and the zeta potential
surged from −39.6 mV to −12.0 mV, due to the introduction of amine groups on the surface. After the
modification of HA, LM-HA showed a lower surface potential of −14.1 mV, which was attributed to
the inherent negative charge of HA moieties on surface. Meanwhile, the hydrodynamic size of LM-HA
expanded to 282.6 nm because of the conjugation of hydrophilic HA chains, which may provide
additional colloidal stability for nanocomposites.

Table 1. ζ-potential and hydrodynamic diameter of LAP, LM-NH2, LM-HA, and LM-HA/DOX,
respectively. All the samples were dispersed in water at the concentration of 0.5 mg/mL.

Materials ζ-Potential (mV) Hydrodynamic Size (nm)

LAP −39.6 ± 0.7 86.5 ± 5.1
LM-NH2 −12.0 ± 2.0 184.0 ± 1.9
LM-HA −14.1 ± 1.4 282.6 ± 12.7

LM-HA/DOX −10.8 ± 0.7 412.7 ± 16.1

3.2. DOX Encapsulation and Release

In this study, LM-HA was used to load anticancer drug DOX by mixing the aqueous solution
of LM-HA and DOX for 24 h. UV-vis spectroscopy test was conducted to confirm the encapsulation
of DOX into LM-HA nanodisks (Figure 4). Obviously, the solutions of LM-HA did not show any
absorbance over 400 nm, while drug-loaded materials displayed an obvious DOX-related absorbance
peak at 480 nm, demonstrating that LM-HA could encapsulate DOX effectively [41]. Although the
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size of LM-HA/DOX expanded to 412.7 nm after drug loading, they still exhibited good stability in
PBS, culture medium (DMEM) and fatal bovine serum (FBS) for two weeks (Table S1 and Figure S1).
The drug loading efficiency and loading capacity was calculated to be 85.1 ± 1.5% and 22.1 ± 0.22%
respectively, using a standard calibration curve. The reason for slightly reduced drug loading efficiency
compared to our prior study may be that the increase of surface potential after modification caused a
decrease of adsorbed drugs onto LAP via electrostatic interactions [20].

Figure 4. UV-vis spectra of free doxorubicin (DOX), LM-HA, and LM-HA/DOX, respectively.

As seen in Figure 5, the release profiles of LM-HA/DOX at pH 5.4 or 7.4 were investigated.
Obviously, at a weak acid condition, LM-HA/DOX initially exhibited a fast release of DOX in the first
48 h, and then a sustained release for a long duration. After 168 h, LM-HA/DOX nanocomposites
released about 44% of DOX at pH 5.4. The two-phase release profile of LM-HA/DOX may help to
restrain the proliferation of cancer cells immediately after administration and keep a relatively high
drug concentration for continuous chemotherapy. In contrast, at pH 7.4 condition, the drug release
rate was very low, and around 13% of DOX was desorbed after 168 h. The reason for the pH-sensitive
release property of LM-HA/DOX may be the good solubility of the salt form (DOX.HCl) of DOX under
acidic pH conditions, and its hydrophobic neutral structure under physiological pH conditions [42].
Considering the slightly acidic microenvironment in tumors, a drug released in a sustained manner
with pH-responsiveness may be beneficial for chemotherapy, and the decreased leakage of the drug
during circulation in physiological conditions may decrease the side effect of DOX.
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Figure 5. In vitro DOX release profile of LM-HA/DOX at 37 ◦C under pH 5.4 and 7.4 conditions.

3.3. Targeted Therapeutic Efficacy of LM-HA/DOX

To evaluate the targeted therapeutic efficacy of LM-HA/DOX, HeLa cells with overexpressing
CD44 receptors were used as model cells, and free HA-pretreated HeLa cells were also prepared as
a block control by culturing cells in HA-containing DMEM for 1 h before the experiment. Firstly,
an MTT assay was conducted to evaluate the cytotoxicity of LM-HA on HeLa cells and HA-pretreated
HeLa cells (Figure 6). It was obvious that the viability of both cells could remain over 90% after being
treated with LM-HA within the concentration range of 1.5 to 96 μg/mL, demonstrating the good
biocompatibility of the LM-HA nanocomposites.

Figure 6. MTT viability assay of HeLa cells and HA pre-treated HeLa cells treated with LM-HA for
24 h, respectively.

To evaluate the therapeutic efficacy of LM-HA/DOX nanocomposites, the cell viability of HeLa
cells was assessed by MTT assay after being treated with free DOX and LM-HA/DOX with different
DOX concentrations for 24 h, and the viability of HA-pretreated HeLa cells treated with LM-HA/DOX
was also measured (Figure 7). Both free DOX and LM-HA/DOX could restrain the proliferation of
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HeLa cells in a dose-dependent manner, demonstrating the prominent chemotherapeutic effect of DOX.
Moreover, LM-HA/DOX displayed a significantly enhanced inhibition of HeLa cells in comparison
with free DOX at the same DOX concentration, demonstrating the superior therapeutic effect of
LM-HA/DOX. Importantly, the cell viability of HA-pretreated HeLa cells was much higher than
that of HeLa cells when treating with the same dose of LM-HA/DOX. The half-maximal inhibitory
concentration (IC50) of LM-HA/DOX in treating HA-pretreated HeLa cells (1.62 μg/mL) was found to
be about 3.38 folds higher than that of HeLa cells (0.48 μg/mL), demonstrating that LM-HA/DOX
could specifically inhibit HeLa cells via the CD44-mediated targeting. In summary, LM-HA/DOX
nanocomposites can exert enhanced antitumor efficacy on cancer cells overexpressing CD44 receptors.

Figure 7. MTT viability assay of HeLa cells and HA pre-treated HeLa cells treated with free DOX and
LM-HA/DOX nanocomposites for 24 h with different DOX concentrations.

Finally, the targeted antitumor efficacy of the LM-HA/DOX nanocomposites was confirmed by
morphology observation (Figure S2). Obviously, with the increase of DOX concentration, an increasing
portion of HeLa cells and HA-pretreated HeLa cells became rounded and non-adherent, confirming
the inhibition efficiency of LM-HA/DOX. In addition, LM-HA/DOX exhibited a higher inhibition
rate in treating HeLa cells in comparison with HA-pretreated HeLa cells. This result is consistent
with the MTT assay results, demonstrating the targeted inhibition of CD44-overexpressed cancer cells
by LM-HA/DOX.

3.4. CD44-Mediated Cellular Uptake

HeLa cells and HA-pretreated HeLa cells were incubated with LM-HA/DOX nanocomposites
for 4 h to assess the intracellular uptake of LM-HA/DOX by CLSM observation (Figure 8). The cell
nuclei displayed blue fluorescence after being stained by DAPI, and the uptake and distribution of
LM-HA/DOX could be illustrated by the self-fluorescence of DOX. Compared with the PBS control
group, HeLa cells displayed DOX-related fluorescence in cell nuclei and cytoplasma after treated with
free DOX and LM-HA/DOX. And the red fluorescence of LM-HA/DOX group was brighter than that
of free DOX group, indicating the effective uptake of LM-HA/DOX by cells. Additionally, the red
fluorescence signal accumulated in HA pre-treated HeLa cells was lower than that in HeLa cells, which
was possibly due to the blockage of CD44 receptors on the cell surface by free HA. This outcome
verified that the modification of HA could enhance the cellular uptake of LM-HA/DOX through
CD44-mediated specific targeting.
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Figure 8. CLSM images of HeLa cells and HA pre-treated HeLa cells treated with PBS, free DOX and
LM-HA/DOX nanocomposites for 4 h, at same DOX concentrations of 0.5 μg/mL.

Finally, flow cytometry measurement was performed to further demonstrate the targeting
specificity of LM-HA/DOX in HeLa cells (Figure 9). When compared to PBS control, both DOX
and LM-HA/DOX displayed an obvious mean fluorescence enhancement, indicating the uptake
of DOX and LM-HA/DOX by HeLa cells. Moreover, HeLa cells exhibited a significant enhanced
mean fluorescence after being treated with LM-HA/DOX in comparison to HA pre-treated HeLa
cells, in consistent with CLSM result. This phenomenon clearly demonstrated that HA modification
could increase the cellular uptake by CD44-mediated endocytosis. Overall, LM-HA/DOX could
selectively bind and internalize into HeLa cells due to the specific interaction between HA
and CD44 overexpressed on cell surface, resulting in enhanced therapeutic efficacy in treating
CD44-overexpressed cancer cells.
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Figure 9. Mean fluorescence intensity of HeLa cells and HA pre-treated HeLa cells treated with PBS,
free DOX and LM-HA/DOX nanocomposites for 4 h, at the same DOX concentrations of 0.5 μg/mL.

4. Conclusions

To conclude, hyaluronic acid-decorated LAP nanocomposites were successfully synthesized
for targeted delivery of anticancer drugs to tumor cells overexpressing CD44 receptors. Obviously,
the prepared LM-HA could load DOX effectively (85.1 ± 1.5%), and release drug in a pH-sensitive
profile. In vitro cell viability assay, FCM, and CLSM results demonstrated that LM-HA/DOX
nanocomposites exhibited a significantly enhanced antitumor efficacy than free DOX in treating
CD44-overexpressed HeLa cells, due to their specific delivery and enhanced uptake via CD44-mediated
endocytosis. Therefore, the designed LM-HA/DOX nanocomposites can be considered as a promising
targeted anticancer drug delivery system for cancer treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/1/137/s1.
Figure S1. Photographs of LM-HA/DOX dispersed in different solvents, Figure S2. Micrographs of HeLa cells
and HA pre-treated HeLa cells treated with PBS, LM-HA/DOX for 24 h with different concentrations of DOX
(1.0, 2.0, and 4.0 μg/mL), Table S1. ζ-potential and hydrodynamic diameter of LM-HA/DOX dispersed in water,
PBS, DMEM, and FBS, respectively.
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Abstract: Atrazine (ATZ) is an herbicide which is applied to the soil, and its mechanism of action
involves the inhibition of photosynthesis. One of its main functions is to control the appearance
of weeds in crops, primarily in corn, sorghum, sugar cane, and wheat; however, it is very toxic
for numerous species, including humans. Therefore, this work deals with the adsorption of ATZ
from aqueous solutions using nanocomposite materials, synthesized with two different types of
organo-modified clays. Those were obtained by the free radical polymerization of 4-vinylpyridine
(4VP) and acrylamide (AAm) in different stoichiometric ratios, using tetrabutylphosphonium
persulfate (TBPPS) as a radical initiator and N,N′-methylenebisacrylamide (BIS) as cross-linking agent.
The structural, morphological, and textural characteristics of clays, copolymers, and nanocomposites
were determined through different analytical and instrumental techniques, i.e., X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA). Adsorption
kinetics experiments of ATZ were determined with the modified and synthesized materials, and
the effect of the ratio between 4VP and AAm moieties on the removal capacities of the obtained
nanocomposites was evaluated. Finally, from these sets of experiments, it was demonstrated that
the synthesized nanocomposites with higher molar fractions of 4VP obtained the highest removal
percentages of ATZ.

Keywords: clay–polymer nanocomposites; atrazine; radical polymerization;
hexadecyltrimethylammonium bromide; phenyltrimethylammonium chloride; FTIR; TGA; adsorption

1. Introduction

Atrazine (ATZ) is an herbicide that belongs to the family of triazines; its International Union of Pure
and Applied Chemistry (IUPAC) name is 6-chloro-N-ethyl-N-(1-methylethyl)-1,3,5-triazine-2,4-diamine
(Figure 1). It is a selective herbicide that is applied to the soil; mainly, its action mechanism involves
the inhibition of photosynthesis. Moreover, in plants, it is absorbed through the roots or leaves and it is
applied before or after the germination of seeds. One of the main applications of ATZ is for controlling
the occurrence of broadleaf and grassy weeds [1,2]. Additionally, ATZ is also known as an endocrine
disruptor; this term defines a diverse and heterogeneous set of chemical compounds capable of altering
the hormonal balance.
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Figure 1. Structure of the atrazine (ATZ) herbicide.

There are many factors that contribute to the pollution of water sources destined to human
consumption, through runoffwith ATZ. Some of the properties that determine the mobility of ATZ
and its metabolites in the environment are their low affinity to the soil components and their high
persistence. Moreover, the relative “high” solubility of ATZ in water is the most frequent cause of
finding it in surface and underground water bodies [3,4]. The Environmental Protection Agency of the
United States (EPA) reported that this herbicide is toxic to numerous aquatic and reptile species, at
levels of up to two parts per billion (ppb). Moreover, the EPA recommendation for the treatment of
drinking water, polluted with triazines, is filtration with granular activated carbon (GAC) [5].

The degradation of ATZ can be carried out by both biological and chemical reactions. Biological
degradation occurs through the activity of microorganisms and it is considered as the main process
by which this herbicide is transformed [6–9]. However, the degradation of ATZ by means of
microorganisms is not the most appropriate technology due to the formation of its metabolites,
which are more toxic than the herbicide itself. Meanwhile, the chemical degradation of ATZ is
carried out mainly by two processes: hydrolysis and photolysis. Hydrolysis commonly leads to
the production of hydroxylated compounds such as hydroxyatrazine, desethylhydroxyatrazine, and
deisopropylhydroxyatrazine, each one with variable persistence and toxicity [10].

One alternative method employed for the removal of ATZ is the adsorption process through the
development of novel adsorbent materials, which is widely used. Some advantages of this method
are (i) effectiveness, since it can reduce ATZ concentration to prevent the formation of a metabolite
of the herbicide; (ii) simplicity, because its application is the use of columns through which water is
passed; (iii) environmentally friendly, thanks to the use of small amounts of adsorbents that can be
regenerated; and (iv) economical, because materials are cheaper than those used in other methods.
One example of these kinds of materials involves clays modified with a cationic surfactant, also called
organo-modified clays, because the nature of the hydrophilic clay is modified by organic cations to
form a richer organophilic surface, which confers them a great affinity for organic compounds, being
able to remove them from water bodies [11–14].

These organo-modified clays are incorporated into polymer matrices to obtain clay polymer
nanocomposites that attracted attention as adsorbents, since they can be reusable and have a high
retention capacity [15–17]. It is noteworthy that a nanocomposite consists of at least two main
components that are chemically distinct and insoluble. The first of them is the matrix that serves as the
continuous phase and could be a polymeric, a metallic, or a ceramic material. The second one is the
filler, in the nanoscale range, i.e., from 1 to 100 nm, whose main function is to reinforce the matrix; some
examples of fillers are graphene, dichalcogenide materials like MoS2 MoSe2, WS2, or MoTe2, or natural
materials such as clays or zeolites. Specifically, in our research group, we synthesized different types of
clay polymer nanocomposites for different purposes, i.e., for the removal from aqueous solutions of
azo dyes [18,19], a triarylmethane dye [20], or even phenolic compounds [21].

The compound 4-vinylpyridine (4VP) is a weak base that, when protonated, can increase its
volume due to the incorporation of solvent and electrostatic repulsion between the charged sites.
Moreover, the presence of the pyridine ring offers the possibility of anchoring different species, making
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it a good adsorbent [22]. Acrylamide (AAm) has two reactive centers: the amide group carries out the
characteristic reactions of an aliphatic amide and also has weakly acidic and basic properties [23,24].
The double bond of AAm is deficient in electrons and produces Michael-type addition reactions, many
of which are reversible. AAm is used in the treatment of water to flocculate solids. On the other
side, sepiolite is a raw clay mineral that is used for its organo-modification. This is because of the
enhancement in the mechanical properties that it offers to any polymer matrix and because it is very
easy to modify with a cationic surfactant [25–27].

In this work the organo-modification of a raw clay mineral, consisting mainly of sepiolite, and
its nanocomposites, comprising monomers 4VP and AAm in different percentages, were synthesized
and characterized. For this purpose, a raw clay mineral, a sepiolite, from Puebla State, in Mexico, was
organo-modified with two different cationic surfactants, namely, hexadecyltrimethylammonium
bromide (HDTMA-Br) or phenyltrimethylammonium chloride (PTMA-Cl). Afterwards, these
organo-modified clays were incorporated into the copolymer structures, p(4VP-co-AAm), to obtain
two different series of nanocomposites. At last, their morphology, their thermal properties, their
spectroscopic characteristics, and their ATZ kinetics adsorption were gauged.

2. Materials and Methods

2.1. Materials

All the chemicals and materials used in the synthesis and characterization of nanocomposites, as
well as those for the ATZ adsorption tests, were used as received without any further purification,
unless otherwise stated. Firstly, 4-vinylpyridine (4VP; (FW) = 105.14 g·mol−1, b.p. = 62–65 ◦C) and
acrylamide (AAm; FW = 71.08 g·mol−1, m.p, = 82–86 ◦C) monomers, N,N’-methylenebis(acrylamide)
(BIS; FW = 154.17 g·mol−1, m.p. ≥ 300 ◦C) cross-linking agent, hexadecyltrimethylammonium bromide
(HDTMA-Br; FW = 364.45 g·mol−1, m.p. = 212 ◦C) and phenyltrimethylammonium chloride (PTMA-Cl;
FW = 171.67 g·mol−1, m.p. = 246–248 ◦C) cationic surfactants, and formamide (FW = 45.04 g·mol−1,
b.p. = 210 ◦C) solvent were obtained from Sigma-Aldrich. Sodium chloride (NaCl, FW = 74.55
g·mol−1, Tm = 776 ◦C) was obtained from JT Baker (Mexico City, Mexico). The ionic-liquid radical
initiator of the polymerization, tetrabutylphosphonium persulfate (TBPPS; FW = 710 g·mol−1),
was synthesized according to the procedure previously reported elsewhere [28]. Atrazine (ATZ,
6-chloro-N-2-ethyl-N-4-isopropyl-1,3,5-triazine-2,4-diamine ≥90%) was kindly supplied by Servicios
Tecnológicos para la Agrigultura S.A. de C.V. (Irapuato, Mexico) in its commercial form “Calibre 90
DF”. Finally, a raw clay mineral, with sepiolite, supplied by Zeolitech S.A. de C.V. (Puebla, Mexico)
and identified by the supplier as A1, was employed.

2.2. Raw Clay Mineral Organo-Modification and Cationic Exchange Capacity (CEC)

Firstly, the raw clay mineral (sepiolite) was milled and sieved until it was obtained with a particle
size lesser than 44 μm (325 mesh); subsequently, it was stored in plastic bottles free of moisture until it
was used. Afterward, 50 g of this clay was put in contact with 500 mL of a NaCl solution (0.1 M) for 3 h
with reflux. Next, phases were separated and the clay was decanted; then, another 500 mL of NaCl
solution was added, repeating the same procedure until it completed 6 h of reflux. At the end of the
total reflux time, the clay was allowed to cool to room temperature and the solution was decanted.
After its homoionization, the clay material was washed with deionized water for the elimination of
chloride ions, which was verified using silver nitrate (AgNO3). In addition, CEC of the clay material
was performed as reported by the American Petroleum Institute, API [29,30]. Briefly, 1 g of the raw
clay material, 10 mL of distilled water, 15 mL of hydrogen peroxide (H2O2; 3% v/v), and 0.5 mL of a
sulfuric acid (H2SO4) solution (0.5 N) were mixed. Subsequently, the mixture was heated and allowed
to boil for 10 min. After this time, distilled water was added until a volume of 50 mL was obtained;
finally, it was titrated with a methylene blue solution of 0.01 mEq.

146



Polymers 2019, 11, 721

2.3. Modification of the Homoionized Clay Mineral with HDTMA-Br and PTMA-Cl

The modification of the homoionized clay mineral was carried out with two different cationic
surfactants, namely, HDTMA-Br and PTMA-Cl. In the case of the modification of the clay mineral with
HDTMA-Br, it was carried out as reported by Hernández-Hernández et al. [21]. Specifically, 10 g of
clay material was put in contact with 100 mL of a solution of HDTMA-Br (0.03 M, 30 mEq·L−1) for 48 h
at 30 ◦C and 100 rpm. In the case of the modification with PTMA-Cl, 10 g of clay material were put in
contact with 100 mL of a 0.03 M PTMA-Cl solution (30 mEq·L−1), applying the same conditions of
temperature and contact time. The concentration of the used surfactant was in concordance with the
CEC that was calculated for the raw clay mineral. At the end of this time, the two organo-modified
clay minerals, with HDTMA-Br (OMH) or with PTMA-Cl (OMP), were washed with deionized water
until the complete removal of bromide or chloride ions, respectively.

2.4. Synthesis of the Organo-Modified Clay Nanocomposites (CC)

Organo-modified clay nanocomposites (CC) were obtained according to the following procedure:
appropriate amounts of 4VP and AAm comonomers, OMH or OMP organo-modified clays, BIS
cross-linking agent, TBPPS polymerization initiator, and a solvent mixture consisting of formamide
and deionized water (50% v/v) were added to a polymerization reactor (Table 1). In all cases, the total
amount of the two comonomers (0.1 mol), initiator (TBPPS, 0.25 mol. % referred to the total molar
amount of the two comonomers), cross-linking agent (BIS, 3 mol. % referred to the total molar amount
of the two comonomers), and the solvent mixture (2 mL) were kept constant. Then, mixtures without
TBPPS to avoid spontaneous polymerization were placed in an ultrasonic bath for 3 h at 100 rpm to
exfoliate and disperse the clay [17]. After, TBPPS initiator was added and the polymerization reactors
were again ultrasonicated until TBPPS was totally dissolved. Finally, nitrogen was bubbled for 30 min
and reactors were sealed and placed in an oil mineral bath at 55 ◦C for 24 h. After polymerization,
all samples were extracted and washed with deionized water for several days to remove the solvent
mixture and all reagents that did not react.

Table 1. Experimental data of the synthesized samples. 4VP—4-vinylpyridine; AAm—acrylamide;
OMH—organo-modified with hexadecyltrimethylammonium bromide; OMP—organo-modified with
phenyltrimethylammonium chloride; BIS N,N’-methylenebis(acrylamide).

Sample Codes 4VP (mol. %) AAm (mol. %) OMH/OMP (wt. %) BIS (mol. %) TBPPS (mol. %)

CC01 100 0 - 3 0.25
CC02 85 15 - 3 0.25
CC03 65 35 - 3 0.25
CC04 50 50 - 3 0.25
CC05 30 70 - 3 0.25
CC06 10 90 - 3 0.25
CC07 0 100 - 3 0.25

CCH01 100 0 5 3 0.25
CCH02 85 15 5 3 0.25
CCH03 65 35 5 3 0.25
CCH04 50 50 5 3 0.25
CCH05 30 70 5 3 0.25
CCH06 10 90 5 3 0.25
CCH07 0 100 5 3 0.25
CCP01 100 0 5 3 0.25
CCP02 85 15 5 3 0.25
CCP03 65 35 5 3 0.25
CCP04 50 50 5 3 0.25
CCP05 30 70 5 3 0.25
CCP06 10 90 5 3 0.25
CCP07 0 100 5 3 0.25
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2.5. Swelling Behavior

Equilibrium swelling behaviors were recorded for the synthesized dry materials, one for each
stoichiometric ratio, and their initial weight (Po) was recorded. Dry disc samples were immersed in 50
mL of deionized water at room temperature. Weights of swollen discs were measured at different time
intervals after excess surface water was removed. This procedure was repeated until there was no
weight change. The swelling percentage was calculated according to the following equation:

Sw (%) = [(Ws −Wd)/Wd] × 100, (1)

where Wd and Ws are the initial dried disc sample and the final swollen disc sample weights after a
certain period of time, respectively.

On the other side, the critical pH points of the samples were studied while they were immersed in
distilled water for 8 h, at room temperature in solutions of pH ranging from 2.2 to 11. In all cases, the
inflexion point of the swelling as a function of pH gives us the critical pH point.

Finally, the pH sensitivity was defined from the following equation:

(pH)s =W3/W7, (2)

where W3 and W7 are the swollen weights of the samples at pH = 3 and 7, obtained after 8 h of swelling.

2.6. Characterization

2.6.1. Raw Clay Mineral, Organo-Modified Clay Materials, and CC

X-ray diffraction (XRD) of both the raw clay mineral and the organo-modified clay materials was
obtained on a Rigaku X-ray diffractometer to identify the main crystalline phases that compose them.
The analyses were performed by the powder method, running the samples from 2◦ to 85◦ in 2θ and
with a step size of 0.02◦.

FTIR spectra for all samples were recorded on an infrared absorption spectrophotometer with
Fourier transform (FTIR Varian 640-IR) equipped with a diamond ATR (attenuated total reflectance)
accessory. The absorption was measured in a wavenumber range between 4000 and 600 cm−1, with a
resolution of 16 cm−1 and 16 scans.

The morphology of the clay minerals and CC was studied by means of scanning electron
microscopy (SEM) using a scanning electron microscope SEM JEOL model JSM 5900LV (Mexico City,
Mexico).

In the case of the thermal analysis, the thermal stability of the samples was studied through the
thermogravimetric analysis (TGA) in a thermogravimetric analyzer, TA Instruments, model Q5000
TGA (Mexico City, Mexico) under N2 atmosphere, from 25 to 850 ◦C, at a heating rate of 10 ◦C·min−1.
Moreover, differential scanning calorimetry (DSC), using a differential scanning calorimeter, TA
Instruments model 2910 (Mexico City, Mexico), was employed in order to determine the thermal
transitions of the polymeric materials. For each sample, two consecutive scans were performed in a
temperature range from −80 to 200 ◦C under N2 atmosphere, with a heating rate of 20 ◦C·min−1.

2.6.2. ATZ Quantification and Adsorption Kinetics Evaluation

Firstly, absorption spectra were obtained at different ATZ concentrations, from 1 to 11 mg·L−1, in
a Perkin Elmer Lambda 35 ultraviolet–visible light (UV–Vis, Metepec, Mexico) spectrophotometer, at a
wavelength value of 222 nm. Subsequently, mixtures of 35 mg of raw clay mineral, OMH, OMP, or CCC
samples, and 10 mL of ATZ solutions (5 mg·L−1) were shaken in an orbital bath for different periods of
time, from 4 to 24 h, at 25 ◦C and 100 rpm. Lastly, samples were decanted, and the supernatants were
centrifuged at 1500 rpm for 20 min, and the concentration of ATZ in the supernatant was determined
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by means of the UV–Vis technique, following the procedure reported previously [16]. It is noteworthy
that all adsorption kinetics experiments were performed at least in triplicate.

The qe values (equilibrium adsorption capacity) were determined from the adsorption kinetics
curve: once the qt values did not change, we could assume that the equilibrium was reached; therefore,
qe = qt.

In addition, qt was determined from the following equation:

qt = [(Ci − Ct)/w] V, (3)

where Ci is the initial concentration of the ATZ solution in mg·L−1, Ct is the ATZ concentration in a
determined time t (mg·L−1), w is the mass of the dry adsorbent material (g), and V is the volume of the
solution (L).

3. Results

3.1. Organo-Modification of the Raw Clay Mineral

3.1.1. CEC

Table 2 summarizes the obtained CEC results for the raw clay mineral (sepiolite), as reported
by the API [29]; this procedure was carried out in triplicate. Furthermore, to be more accurate, 0.1
and 0.5 g samples were weighed to compare the obtained results. The mineral presented a CEC of
29.6 mEq/100 g, which is in concordance with what is reported in the literature for a sepiolite [31–33].

Table 2. Cationic exchange capacity (CEC) results for the raw clay mineral.

Raw Clay Mineral (g) Volume of Methylene Blue (mL) CEC (meq/100 g)

0.5006 15 29.96
0.5003 15 29.86
0.4996 14 28.02
0.1006 3 29.82
0.1004 3 29.88
0.1002 3 29.94

3.1.2. XRD Analysis

Figure 2a shows the XRD patterns of the raw clay mineral, the OMH, and the HDTMA-Br cationic
surfactant. In the case of the first pattern, reflections corresponding to the main clay minerals present
in the structure were identified and corresponded to sepiolite (JCPDS 00-023-0330), albite (JCPDS
00-001-0739), and quartz (JCPDS 00-005-0490). Moreover, the pattern corresponding to the HDTMA-Br
surfactant was also observed, and it was compared to the JCPDS 00-030-1746 card. In general terms,
it can be seen that the obtained XRD pattern maintained the same crystallographic structure of the
HDTMA cationic surfactant. Finally, the pattern of the OMH presented a displacement to the right, in
angles 2θ, compared to the raw clay mineral, which was a result of the decrease of the interlaminar
space and is proof that a change in the crystalline structure of the material was carried out mainly in
the interlaminar zone.
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(a) (b)

Figure 2. X-ray diffraction (XRD) patterns of the (a) raw clay mineral, the organo-modified
with hexadecyltrimethylammonium bromide (OMH), and the hexadecyltrimethylammonium
bromide (HDTMA-Br) cationic surfactant. (b) The raw clay mineral, the organo-modified with
phenyltrimethylammonium chloride (OMP) and the phenyltrimethylammonium chloride (PTMA-Cl)
cationic surfactant.

On the other side, the XRD patterns of the raw clay mineral, the OMP, and the PTMA-Cl cationic
surfactant are shown in Figure 2b; however, a different behavior was observed. In this case, peaks did
not present any shift and maintained the same pattern. Therefore, it is suggested that the exchange
process of the PTMA cations within the clay structure was achieved mainly with the external cations
present in the surface of the raw clay mineral [21].

3.2. Organo-Modified Clay Nanocomposite (CC) Characterization

3.2.1. Swelling Behavior

Firstly, we studied the swelling properties of the synthesized materials. Figure 3a shows the
swelling percentage of a synthesized p(4VP-co-AAm) copolymer, sample CC04, and the homopolymers
p(4VP) and p(AAm), which correspond to samples CC01 and CC07, respectively. Sample CC07 reached
its equilibrium after 8 h with a maximum swelling percentage of 400%. However, it showed poor
mechanical properties when it was swollen, since its structure collapsed. Meanwhile, the sample CC01
reached its maximum swelling capacity at 12 h with a maximum percentage of 140%. Finally, the
copolymer CC04 had its maximum swelling capacity at 12 h with a percentage of 190%; this decrease
in the swelling capacity, compared to the homopolymer CC07, was mainly due to the presence of the
4VP moiety in the copolymer matrix, which is more hydrophobic than the AAm moiety.

Figure 3b shows the equilibrium swelling of nanocomposites with OMH, which occurred very
quickly during the first 4 h for all the materials. In the case of nanocomposite CCH07, a maximum
swelling percentage of 400% was found. On the other side, the nanocomposite CCH01 had a maximum
swelling percentage of 140%. Finally, the nanocomposite CCH04 presented a maximum swelling
percentage of 190%. It is important to mention that the swelling capacity between polymers and their
nanocomposites with OMH did not vary significantly; however, the time in which the equilibrium was
reached changed significantly, going from an equilibrium swelling time of 12 to 4 h.

At last, Figure 3c shows the swelling behavior for nanocomposites synthesized with OMP. For all
synthesized materials, the equilibrium time was found after 8 h; in the case of nanocomposite CCP07, it
reached a maximum percentage of 290%. Meanwhile, the nanocomposite CCP01 exhibited a maximum
swelling percentage of 190%, and the nanocomposite CCP04 showed a swelling capacity of 200%.
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Figure 3. Equilibrium swelling time of different systems: (a) CC01, CC04, and CC07; (b) CCH01, CCH04,
and CCH07 nanocomposites modified with HDTMA; (c) CCP01, CCP04, and CCP07 nanocomposites
modified with PTMA.

Figure 4a displays the critical pH value of the synthesized homopolymers and copolymer. For
the homopolymer CC07, it was confirmed that the swelling capacity did not depend on the pH of the
aqueous solution; therefore, it is a polymer that does not respond to the pH stimulus. In contrast,
the homopolymer CC01 showed variable swelling capacities due to the basic nature of the pyridine
nitrogen ring [34]. The critical pH value determined was found to be 4.9, which was very similar to
that reported by Clara-Rahola et al. [35]. This homopolymer presented a significant swelling capacity,
because, at these values, the pyridine groups of p(4VP) are protonated; thus, the repulsive electrostatic
contribution induces the swelling of the polymer structure forming hydrogen bonds with the water
molecules in the medium. Finally, the copolymer CC04 showed a very similar behavior to that of
homopolymer CC01, with a critical pH value of 5.0; thus, it is understood that the behavior of this
copolymer was significantly influenced by the p(4VP) moiety in its structure.

Figure 4b illustrates the critical pH value of nanocomposites synthesized with the organo-modified
clay with HDTMA. From this figure, it can be seen that, for nanocomposite CCH01, the critical pH value
did not show any significant difference compared to the homopolymer CC01 and it was practically the
same, i.e., 4.9. Similarly, it was observed that the nanocomposite CCH04 did not show any significant
difference with the copolymer CC04, with a critical pH value of 5.

Finally, Figure 4c represents the critical pH value of nanocomposites synthesized with the
organo-modified clay with PTMA. From this figure, it can be observed that the critical pH values
for nanocomposites with this organo-modified clay had a similar behavior to the synthesized
nanocomposites with HDTMA, i.e., pH = 4.9.
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Figure 4. Critical pH value of different systems: (a) CC01, CC04, and CC07 copolymers; (b)
CCH01, CCH04, and CCH07 nanocomposites modified with HDTMA; (c) CCP01, CCP04, and CCP07
nanocomposites modified with PTMA.

Figure 5a,b show the reversibility of the extended and collapsed states for the synthesized
p(4VP-co-AAm) nanocomposites with the organo-modified clays HDTMA and PTMA, respectively.
Measurements were performed below and above the critical pH value, that is, at pH = 3.3 and pH
= 9, after swelling for 4 or 8 h, depending on the nanocomposite sample. In the case of Figure 5a,
nanocomposites CCH01 and CCH04 showed very good reversibility response with pH sensitivity,
Sw9/Sw3.3 = 2.56. In the case of nanocomposite CCH07, since AAm did not have a response to pH, it
did not demonstrate any response to this external stimulus. Figure 5b corresponds to nanocomposites
CCP01, CCP04, and CCP07. Similarly, these materials displayed a pH sensitivity value, Sw9/Sw3.3 = 2.54,
which is in concordance with that obtained for nanocomposites modified with HDTMA.
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Figure 5. pH reversibility for different systems: (a) CCH01, CCH04, and CCH07 nanocomposites
modified with HDTMA; (b) CCP01, CCP04, and CCP07 nanocomposites modified with PTMA.

3.2.2. FTIR

Figure 6a shows FTIR spectra corresponding to raw clay mineral, OMH, and HDTMA
cationic surfactant. In this case, three important signals were observed that confirmed the OMH
organo-modification with HDTMA; namely, the first signals between 2918 and 2843 cm−1 were due to
the stretching vibrations of the –CH2 groups present in the hydrocarbon chain, and the third signal
at 1470 cm−1 corresponded to the bending vibration of this same bond. In addition, the increase
in the intensity of all these signals was related to the amount of ammonium salt used to obtain
this organo-modified clay. In the case of Figure 6b, the most important signal representative of the
organo-modification with PTMA was found at 1502 cm−1, which could be attributed to the bending
vibrations of the C–N bond of the quaternary ammonium salt.

 
(a) (b)

Figure 6. Fourier-transform infrared (FTIR) spectra of (a) raw clay mineral, OMH, and HDTMA-Br
cationic surfactant; (b) raw clay mineral, OMP, and PTMA-Cl cationic surfactant.

Figure 7 shows the FTIR spectra of samples CC01, CC04, and CC07. In the case of homopolymer
CC01, the absorption bands located between 1600 and 1419 cm−1 corresponded to the stretching
vibrations of the pyridine ring, while the band at 821 cm−1 was associated with the symmetric vibrations
of the monosubstituted ring of pyridine. Moreover, bands at 1492 and 1451 cm−1 were characteristic
of the C–C stretching vibrations of the benzyl ring and the stretching vibrations of the C–H bond of
this same ring, respectively. Finally, other bands in this spectrum were associated with the stretching
vibration of the aliphatic CH2, at 2914 cm−1, and aromatic CH, at 3026 cm−1, and the medium intensity
bands, located in the range between 1250 and 1000 cm−1, with C=N bonds.
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Figure 7. FTIR spectra of CC01, CC04, and CC07 copolymer matrices.

Meanwhile, in the spectrum corresponding to the copolymer CC04, the characteristic bands of
p(4VP) could be observed at 2914 cm−1, associated with the stretching vibration of the aliphatic CH2

bond, and at 821 cm−1, corresponding to the symmetric vibrations of the monosubstituted pyridine ring.
In the same way, the bands corresponding to acrylamide were found at 2100 cm−1 which corresponds
to the N–H combination of stretching and torsional vibrations, and at 1613 cm−1, which corresponds to
the stretching of the C=O bond of the acrylamide.

Lastly, in the case of the homopolymer CC07, two characteristic bands corresponding to the
N–H bond were observed; the first one was located at 3359 cm−1, which was due to its asymmetric
stretching vibrations, and the second one was at 3203 cm−1, due to its symmetric stretching vibrations.
In addition, between 2914 and 2800 cm−1, vibrations of the CH2 bonds of the aliphatic chain were
observed. Finally, the absorption band at 1684 cm−1 indicated the stretching vibrations of the carbonyl
group, C=O, corresponding to the primary amides of acrylamide.

3.2.3. SEM

Figure 8a–c show micrographs of the raw clay mineral (sepiolite), OMH, and OMP organo-modified
clays, respectively. In Figure 8b, the OMH surface showed agglomerates of some particles, which were
not identified on the surface of sepiolite, depicted in Figure 8a. The same behavior was observed in
Figure 8c, which corresponds to the OMP organo-modified clay, where a more homogeneous surface
could be observed, with respect to that of sepiolite. These changes could be attributed to the presence
of the cationic surfactants that were not present in the structure of the sepiolite, which is in concordance
with a previous report concerning the organo-modification of different types of clays [36,37].

In the case of Figure 9a–c, SEM micrographs of copolymer CC04, and nanocomposites CCH04
and CCP04, respectively, are shown. As it can be seen, copolymer CC04 had a more regular surface; in
comparison, nanocomposites CCH04 or CCP04 exhibited a more heterogeneous surface with some
little aggregates randomly distributed onto their surface. This change could be attributed to the
incorporation of the OMH or OMP into the structure of the material that was not present in the
sample CC04.
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Figure 8. SEM micrographs of (a) raw clay mineral (sepiolite), and (b) OMH- and (c)
OMP-modified clays.

  
(a) (b) 

 
(c) 

Figure 9. SEM micrographs of (a) CC04 copolymer, and (b) CCH04 and (c) CCP04 nanocomposites.
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3.2.4. Thermal Analysis

TGA and DSC analyses (not shown) of the raw clay mineral (sepiolite), the organo-modified
clays (OMH and OMP), and CC04, CCH04, and CCP04 polymer and nanocomposite samples were
performed and are summarized in Table 3.

Table 3. Thermogravimetric analysis (TGA) results of the employed materials.

Sample Code T5 (◦C) Tg (◦C)

Raw clay mineral 500 ND 1

OMH 480 ND 1

OMP 520 ND 1

CC04 150 165
CCH04 140 167
CCP04 140 168

1 ND = not determined.

In the case of the TGA analyses, the thermal stability of clay materials was very good, and, for
all materials, the obtained T5 values (i.e., the temperature at which the sample loses 5% mass) were
found between 480 to 520 ◦C depending on the nature of the raw clay mineral or the employed cationic
surfactant for its organo-modification. As for the copolymer or nanocomposite samples, these values
were found from 140 to 150 ◦C; however, this stability decreased when the organo-modified clay
was incorporated into the copolymer matrix structure, which is in concordance with some previous
reports [18,21].

Meanwhile, from the DSC analyses, it was found that Tg values for copolymer and nanocomposite
samples were around 165 to 168 ◦C, depending on the incorporated organo-modified clay into its
structure. This slight change could be attributed to the plasticizer effect that clay minerals could
provide to the polymer matrix, since they have an organophilic nature due to their organo-modification
with the HDTMA or PTMA cationic surfactants.

3.3. Adsorption Experiments

3.3.1. Adsorption Kinetics of the Synthesized Nanocomposites with the CC04 Copolymer

Adsorption kinetics allows evaluating the potentiality of a material to be used as an adsorbent.
Therefore, it is important to determine the time for which the adsorption process reaches its equilibrium,
as well as the kinetics parameters, to understand the behavior of the materials in the atrazine
adsorption process.

Figure 10 represents the adsorption kinetics for the CC04 and respective nanocomposites, i.e.,
CCH04 and CCP04. From this figure, it can be observed that all the synthesized materials presented
a maximum adsorption capacity at 12 h, with ATZ removal being slightly higher in the CCP04
nanocomposite. A similar behavior was obtained for the OMH and OMP (not shown).
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Figure 10. Adsorption kinetics for the synthesized materials: CC04 copolymer, and CCH04 and
CCP04 nanocomposites.

It is noteworthy that, when all materials reached the equilibrium time (12 h), they maintained a
constant adsorption capacity; this indicates that the copolymer matrix contributed to keeping the ATZ
molecule stable on the surface of the material during the adsorption process. On the other hand, from
this same figure, it can be seen that nanocomposites CCP04 and CCH04 presented qt values slightly
higher with respect to the CC04 copolymer, since the incorporation of the organo-modified clays into
the copolymer matrix conferred synergic properties to the nanocomposite materials.

Moreover, in order to know the nature of the system, the experimental data were associated with
the following kinetics models: pseudo-first-order and pseudo-second-order, as depicted in Figure 11a–c.
Comparing the two proposed models for the ATZ adsorption, it is observed in Table 4 that all the
synthesized materials presented a better fit with the pseudo-first-order model, obtaining higher values
of the correlation coefficient (R2) very close to 1, and lower values of chi-square (χ2), indicating that the
limiting step for the ATZ adsorption process was the mass transfer of the herbicide from the solution
to the surface of the adsorbent [38]. In the case of the value of the constant K, it was observed that
nanocomposites CCH04 and CCP04 presented higher values than the CC04 copolymer, which was
an indication that the adsorption speed of ATZ was higher; consequently, the value of constant K
depended on the content of the quaternary ammonium salt present in the nanocomposite.

Therefore, from these results, it can be observed that the pseudo-first-order model is the one that
was best fitted to the experimental data, which is an indication that the mechanism of physisorption
was predominant in the adsorption process.

Table 4. Parameters for the kinetics models of the synthesized materials.

Material qe(exp) (mg·g−1)
Pseudo-First-Order Model Pseudo-Second-Order Model

KL (h−1) qe (mg·g−1) R2 K2 (g·mg−1·h−1) qe (mg·g−1) R2

CC04 0.845 0.137 0.945 0.986 0.095 1.258 0.978
CCH04 0.900 144 0.972 0.983 0.100 1.278 0.974
CCP04 0.903 143 0.988 0.984 0.098 1.298 0.976
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Figure 11. Kinetics models of the different synthesized materials: (a) CC04 copolymer, and (b) CCH04
and (c) CCP04 nanocomposites.

3.3.2. Effect of the 4VP and AAm Molar Fractions in the Obtained Nanocomposites

Figure 12 presents the contact tests that were carried out for the polymeric matrix, and the
nanocomposites with HDTMA or PTMA in all the stoichiometric ratios considered for the synthesis.
Briefly, 0.0367 g of each material was put in contact with 10 mL of a commercial ATZ solution with
an initial concentration of 5 mg·L−1; all tests were carried out at 25 ◦C, 100 rpm, with an equilibrium
time of 12 h. After this period of time, samples were decanted to separate the aqueous phase from the
adsorbent material. From this figure, it can be observed that from the synthesized materials, the p(4VP)
homopolymer, and its nanocomposites, with HDTMA and PTMA organo-modified clays, showed the
highest adsorption capacities, with qt values of 1.192 mg·g−1 for the homopolymer, and between 1.286
and 1.293 mg·g−1 for the nanocomposites with HDTMA of PTMA, respectively.
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Figure 12. Removal capacities of the synthesized copolymers, with different of 4-vinylpyridine (4VP)/
acrylamide (AAm) co-monomer ratios in their structures.

Moreover, it was also observed that, when the ratio of acrylamide in the copolymer and
nanocomposite structures increased, the adsorption capacity of ATZ with these materials decreased.
Nevertheless, in the case of copolymers or nanocomposites with 85:15, 65:35, and 50:50 ratios between
4VP and AAm, the ATZ removal capacity was very similar, i.e., around 15%, which is in agreement with
the data previously reported by Gardi et al. [5]. Finally, nanocomposites with PTMA organo-modified
clay into their structure were more efficient than HDTMA nanocomposites, which can probably be
attributed to the cationic surfactant structure that has an aromatic ring in its chemical structure. Table 5
shows the percentages of the synthesized copolymers, with different molar fractions of 4VP and AAm
in their structures.

Table 5. Removal percentages and q average value for the different synthesized materials.

Material
Copolymer (CC) HDTMA Nanocomposites (CCH) PTMA Nanocomposites (CCP)

Removal (%) qt Average (mg·g−1) Removal (%) qt Average (mg·g−1) Removal (%) qt Average (mg·g−1)

01
92

1.192 ± 0.036
94

1.286 ± 0.015
95

1.293 ± 0.01492 94 95

02
81

1.026 ± 0.007
82

1.185 ± 0.011
83

1.165 ± 0.01581 82 83

03
76

1.024 ± 0.002
79

1.056 ± 0.023
80

1.054 ± 0.00975 78 80

04
71

0.938 ± 0.019
73

0.998 ± 0.033
78

1.122 ± 0.01569 73 78

05
37

0.505 ± 0.002
39

0.562 ± 0.038
44

0.625 ± 0.00736 41 46

06
28

0.366 ± 0.005
31

0.425 ± 0.007
35

0.476 ± 0.00127 31 36

07
15

0.210 ± 0001
19

0.266 ± 0.003
22

0.324 ± 0.00216 21 24

3.3.3. Effect of the Mass–Volume Ratio on the Capacity to Remove ATZ with the Modified and
Synthesized Materials

Finally, the relationship between the mass of the adsorbent and the initial concentration of ATZ
in the solution was evaluated in this work, and the results are presented in Figure 13. In the first
case, an unexpected behavior, i.e., a decrement of the mass of the adsorbent material, from 0.0367
to 0.01 g, favored the ATZ adsorption process with both copolymers and nanocomposites, with an
increase in the adsorption capacity of 400%. As for the effect of the initial concentration of ATZ on its
adsorption process, when the concentration increased from 5 to 20 mg·L−1 in the aqueous solutions, it
was observed that the adsorbed amount of the herbicide with materials was favored, until it reached
six times its initial removal capacity. It is worth noticing that this was only observed in the polymeric
materials; on the contrary, the organo-modified clays did not show this behavior, since the active sites
were occupied quickly by the herbicide, causing saturation of the material. Lastly, the effect of the
volume of solutions on the ATZ adsorption capacity was evaluated, and it was observed that this
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parameter was strongly associated with the initial concentration of the herbicide, since, at low ATZ
concentrations (5 mg·L−1), the adsorption capacity was 200%; however, when the concentration of the
analyte was increased to 25 mg·L−1, the adsorption capacity diminished to only 50%. Therefore, the
effect of the volume on the adsorption capacity was lesser compared to the effects of variations of the
adsorbent mass and initial ATZ concentration.

Figure 13. Adsorption experiments varying the mass–volume ratio and the initial concentration of
atrazine in the prepared solutions.

4. Discussion

From these results, it was demonstrated that p(4VP-co-AAm) copolymers and their nanocomposites
with an organo-modified clay were obtained through the radical polymerization technique. Firstly,
the nature of the hydrophilic raw clay mineral was effectively changed to a hydrophobic one, with
the incorporation of two different types of organo cationic surfactants, HDTMA of PTMA. From the
obtained XRD patterns, it is important to remark that the expansion of the interlaminar spaces could
be an indication of the presence of the surfactant molecules in the organo-modified clay and this
became evident because of the shift of the peaks toward lower angles in 2θ, as well as the appearance
of new ones.

When the percentage of hydrophilic monomer (AAm) in the synthesis of the copolymers was
increased, the maximum swelling percentage at the equilibrium was augmented, and the absorption
time of water decreased by action of the ionic forces between the functional groups of the copolymer
chain and the surrounding medium. This decrement in the equilibrium time was attributed to the
incorporation of the organo-modified clay within the polymer matrices, and the swelling capacity
was similar between nanocomposites and these matrices, due to the hydrophobic nature of these
organo-modified clays. Furthermore, it was observed that, at pH values below the critical pH value,
the swelling capacity decreased in comparison with the polymer matrices; however, it was also lower
compared to the nanocomposite with the HDTMA-modified clay, because the organo-modification of
the clay with the PTMA surfactant and the type of structure that it presented prevented the penetration
of water inside the matrices; therefore, a decrement in the swelling capacity was observed. Furthermore,
all of the synthesized materials confirmed an excellent response to cyclical changes in pH, demonstrated
by their stable sensitivity to pH value.

In the case of FTIR spectra, the successful incorporation of the organo-modified clays into the
polymer matrices was confirmed by the appearance of bands related to silicates and the alkyl chains of
both cationic surfactants. In addition, according to the TGA, the amount of absorbed water decreased
when the organo-modified clays with HDTMA or PTMA were incorporated into the matrix structures.
Moreover, the thermal stability of nanocomposites was higher than that of the polymer matrices due to
the incorporation of these organo-modified clays in their structures. Specifically, the value of Tg for the
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p(4VP) differed from that reported in the literature probably due to the amount of cross-linking agent
used in the synthesis of the polymers, which gave them a higher plasticizer effect.

The kinetics results indicated that nanocomposites reached their maximum adsorption capacity
from 12 up to 24 h. This indicates that the copolymer matrix contribution was the stability of the ATZ
molecule on the surface of the material during the adsorption process. The kinetics model that best
fitted the experimental data was the pseudo-first-order model, which pointed out that the mechanism
of physisorption was predominant during the adsorption process. Finally, the relationship between
mass and volume with the initial concentration of ATZ played an important part in the removal
capacity of the obtained materials, and it is an important consideration for future applications.

5. Conclusions

In this work, two different series of copolymers and their nanocomposites, obtained from 4VP and
AAm with the incorporation of two diverse organo-modified clays, were successfully synthesized. It
was confirmed that the swelling capacity of the synthesized materials was influenced by the percentage
of the hydrophilic monomer (AAm) into their structure; i.e., the higher the hydrophobic monomer
(4-VP) moiety, the lower the swelling capacity of the materials. The critical pH value (pH = 4.9) did
not vary between the polymer matrix and the synthesized nanocomposites because of the amount
of the organo-modified clay that was dispersed within the polymer matrix. The pH sensitivity test
showed that the physical properties of the copolymers were not affected by the incorporation of the
organo-modified clay within its structure, since this dispersion was very low. As it was previously
confirmed, the thermal stability of the obtained nanocomposites was greater than that of the copolymers
due to the incorporation of the organo-modified clay into their structure. Lastly, from the adsorption
kinetics experiments, it was demonstrated that the modification of the raw clay mineral with the
HDTMA-Br and PTMA-Cl surfactants improved its performance for the ATZ removal; and the kinetics
model of pseudo first order was the one that best described the ATZ sorption from aqueous solutions.
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Abstract: Nanotechnology comprises a promising approach towards the update of dental
materials.The present study focuses on the reinforcement ofdental nanocomposite resins with
diverse organomodified montmorillonite (OMMT) nanofillers. The aim is to investigate whether
the presence of functional groups in the chemical structure of the nanoclay organic modifier
may virtually influence the physicochemical and/or the mechanical attitude of the dental resin
nanocomposites. The structure and morphology of the prepared materials were investigated by
means of wide angle X-ray diffraction and scanning electron microscopy analysis. Fourier transform
infrared spectroscopy was used to determine the variation of the degree of conversion over time.
Measurements of polymerization shrinkage and mechanical properties were conducted with a linear
variable displacement transducer apparatus and a dynamometer, respectively. All the obtained
nanocomposites revealed intercalated structures and most of them had an extensive filler distribution
into the polymer matrix. Polymerization kinetics werefound to be influenced by the variance of
the clay organomodifier, whilenanoclays with vinyl groups considerably increased the degree of
conversion. Polymerization shrinkage was almost limited up to 50% by incorporating nanoclays.
The absence of reactive groups in the OMMT structure may retain setting contraction atlow levels.
An enhancement of the flexural modulus was observed, mainly by using clay nanoparticles decorated
with methacrylated groups, along with a decrease in the flexural strength at a high filler loading.
The overall best performance was found for the nanocomposites with OMMTs containing double
bonds. The significance of the current work relies on providing novel information about chemical
interactions phenomena between nanofillers and the organic matrix towards the improvement of
dental restorative materials.

Keywords: dental resins; nanocomposite materials; organically modified clays; montmorillonite;
intercalation; nanotechnology

1. Introduction

Composite restorative materials were initially developed to overcome the drawbacks of
silicate cements and unfilled resins based on methyl methacrylate monomer and its polymer [1].
Furthermore, aesthetic reasons and concerns associated with amalgam’s toxicity [2] established
them as modern biomaterials in the dental industry. These materials consist of the following
major components: (a) an organic resin matrix, usually containing 2,2-Bis[p-(2′-hydroxy-3′-
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methacryloxypropoxy)phenylene]propane (Bis-GMA) or 1,6-bis(methacryloxy-2-ethoxycarbonyl-
amino)-2,4,4-trimethylhexane (UDMA) and the co-monomer triethylene glycol dimethacrylate
(TEGDMA) as viscosity controller, (b) an inorganic reinforcing filler, such as glass, quartz or fused silica,
and (c) a coupling agent, such asγ-methacryloxy propyltrimethoxysilane, to enhance bonding between
the filler and resin matrix. The latter contains an activator/initiator system to promote light-activated
polymerization of the organic matrix and form cross-linked polymer networks [3–5]. In clinical practice,
restorations based on dental composite resins are usually challenged by requirements, such as excellent
mechanical properties, low wear, and water solubility or sorption, low polymerization shrinkage and
marginal leakage, good biocompatibility, caries-inhibition ability and low toxicity, color matching,
and stability, etc. [6,7].

Nanotechnology constitutes a promising approach towards the improvement of biomedical [8,9]
and dental applications [10,11], utilizing particles as fillers in nanometer scale with a high surface area
that can markedly change resins’ macroscopic properties. In recent years, polymer-clay nanocomposites
have attracted the strong interest of many materials researchers, as it is possible to achieve impressive
enhancements of nanocomposite properties compared to the pure polymers [12–18]. Particularly,
when these properties depend on the surface area of the filler particles, only small amounts (typical
less than 5 wt %) of nanoclay may improve mechanical properties and thermal stability, give better
resistant to solvents, and decrease gas and liquid permeability [3,19–22]. Montmorillonite (MMT) is a
2:1 layered silicate, commonly used in polymer nanocomposite formulations. Due to its hydrophilic
nature, pristine MMT containing Na+ or Ca2+ ions is usually modified with quaternary ammonium
ions through an ion exchange reaction, and the resulting organomodifiednanoclay (OMMT) is then
compatible to the polymer matrix [23–32]. In general, four types of polymer-clay nanocomposite
structures are mainly produced: (1) Exfoliated nanocomposites where the individual nanoclay layers
are absolutely delaminated and dispersed in the polymer matrix, while their ordered structure collapses;
(2) intercalated nanocomposites formed by the insertion of polymer chains between the intact silicate
layers, retaining their regular alternation of galleries and laminas; (3) intermediate nanocomposites
which are partially intercalated and partially exfoliated, and (4) conventional composites where layered
silicate acts as a conventional micro-sized filler due to the presence of tactoids [3,14,27,33]. Several
studies have proven that compared to the intercalated nanocomposites, the exfoliated analogs have a
higher Young’s modulus, larger increase in elongation at break, and better thermal stability, and the
extent of exfoliation strongly affects the improvement of the final properties [3,34–36].

Green composites for environmental purposes [37], drug delivery systems [38], and DNA acid
nucleic bases adsorption studies [39] constitute some of the numerous modern MMT applications.
There are many reports associated with the incorporation of OMMTs in dental composites and
their efficacy in terms of the nanocomposite morphology and final properties. It has been shown
that at low nanoclay regimes (Cloisite 93A and 30B up to 10 wt %), the polymerization features,
mechanical and thermal properties of the final nanocomposites mainly depend on the degree of
exfoliation or intercalation of the clay layers [40]. Light-cured methacrylated/MMT nanocomposites
with intercalated or exfoliated structures have also been studied by using the commercial Claytone
APA. It was found that materials containing 3 wt % OMMT were extensively cured with increased
water uptake, while the presence of the clay had no significant effect on the mechanical properties of
nanocomposites [41]. Furthermore, storage modulus and thermal stability increment accompanied
with slower polymerization rates and lower degrees of conversion were observed by incorporating
up to 15 wt % OMMT with hexyltrimethylammonium bromide [42]. Intercalated nanocomposites
containing 50, 60, and 70 wt % Cloisite 10A with lower polymerization shrinkage, high degree
of conversion, and lower flexural strength compared to composites analogs filled with silanized
silica were also reported [43]. The usage of 50, 60, and 65 wt % Cloisite 30B was found to induce
lower polymerization shrinkage than silanized silica [44], while a similar degree of conversion
and higher elastic modulus values in comparison to barium glass fillers were indicated at lower
concentrations [45]. Dental nanocomposites exhibited high thermal stability when pre-irradiated
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Cloisite 20A (50 wt %) was used [46]. Moreover, MMT was successfully functionalized with
2-(methacryloyloxy)ethyltrimethylammonium chloride and further incorporated into experimental
dental composites. Physical and biological properties results showed a potential interest inthe
application of such nanoclays into dental resin composites [47]. The two commercial OMMTs Viscogel
B8 and Dellite 67G were better dispersed into dental resin matrix at 2.5 wt % improving the final
mechanical properties, whereas the increase of filler concentration reduced the crosslinking ability of
the system [48].

In the present study, an effort was made to synthesize and characterize dental nanocomposite
resins containing OMMTs with a noticeable diversity of the organic clay modification. For this
purpose, a commercially available OMMT with ammonium intercalant having hydroxy-polar groups,
an OMMT with C16 alkyl chain hydrophobic ammonium intercalating agent, and two OMMTs
containing quaternary ammonium functional methacrylates with C8 and C18 alkyl chains, respectively,
were incorporated into dental resin formulations. Moreover, the corresponding surface modified
OMMTs with silane coupling agent were also utilized. This work aims to investigate whether the
presence of functional groups in the chemical structure of the nanoclay organic modifier may virtually
influence the physicochemical and mechanical attitude of dental resin nanocomposites.In a few words,
it can be concluded that methacrylated OMMTs are generally responsible for the overall improvement
of the produced nanocomposites. The obtained findings could play a key role inthe designing of novel
dental nanocomposites suitable to meet the requirements of clinical practice.

2. Materials and Methods

2.1. Materials

The monomers triethylene glycol dimethacrylate (TEGDMA), 95%, and 2,2-Bis[p-(2′-hydroxy-3′-
methacryloxypropoxy)phenylene]propane (Bis-GMA) were both provided by Aldrich, Taufkirchen,
Germany. Co-initiator 2-(Dimethylamino)ethylmethacrylate (DMAEMA), 99%, and initiator
camphorquinone, 98%, were purchased from J&K Scientific GmbH, (Lommel, Belgium). Commercially
available OMMT, Nanomer® I.34MN, produced by Nanocor Company (Hoffman Estates, IL, USA) and
supplied by Aldrich (Taufkirchen, Germany), is an –onium ion modified clay containing 25 to 30 wt
% methyl dixydroxyethyl hydrogenated tallow ammonium ion. OMMTs with different intercalating
organomodifiers, such as cetyltrimethylammonium chloride (MMT-CTAC), dimethylaminooctadecyl
methacrylate (MMT-DMAODM), dimethylaminohexadecyl methacrylate (MMT-DMAHDM), as
well as two surface modified analogs, with 3-(trimethoxysilyl)propyl methacrylate, S.MMT-CTAC,
and S.MMT-DMAHDM were all prepared in our previous works [49,50]. The specific chemical
structures of all MMT organomofidiers are represented in Figure 1. All other chemicals used were of
reagent grade.

2.2. Sample Preparation

Six groups of experimental composites were prepared by initially mixing a Bis-GMA/TEGDMA
base (50:50 wt/wt) which containedcamphorquinone (0.2 wt %) and DMAEMA (0.8 wt %) as a
photo-initiating system. Afterward, the different organomodified clays were mixed with the resin
by manual mixing until the powder was completely wetted with organic matrix, and the obtained
mixture was ultrasonicated for 10 min. The nanofiller loading was 50 wt % to ensure paste handling
properties almost similar to a commercial dental composite resin. Bis-GMA/TEGDMA pure matrix
was also prepared to the same composition to be used as control material.

166



Polymers 2019, 11, 730

Figure 1. Different types of clay organomodifiers used for nanocomposite synthesis (R stands for
hydrogenated tallow).

2.3. Measurements

X-ray diffraction (XRD) analysis of cured materials and nanopowders (MMT-CTAC and
S.MMT-CTAC) were performed over the 2θ range of 2◦ to 10◦, at steps of 0.05◦, and counting
time of 5 s per step, using a Miniflex II XRD system from Rigaku Co. (Tokyo, Japan) with Cu Ka
radiation (λ = 0.154 nm).

Scanning electron microscopy (SEM) was carried out using a JEOL JSM-6390LV (JEOL USA, Inc.,
Peabody, MA, USA) scanning microscope equipped with an energy-dispersive X-ray (EDX) INCA
PentaFETx3 (Oxford Instruments, Abingdon, England) microanalytical system. All the studied surfaces
were coated with carbon black to avoid charging under the electron beam.

Polymerization shrinkage kinetics were conducted according to the "bonded-disk" method which
was initially published and further refined by Watts and co-workers [51–53]. Briefly, a disk-shaped
un-set specimen with dimensions of 1.0 mm × 8.0 mm was formed and centrally positioned upon a
3 mm thick rigid glass plate. A flexible cover-slip diaphragm, supported by an outer peripheral brass
ring with internal diameter circa 15 mm, was rested on the upper surface of the specimen disk so as
to be adherent. A uniaxial LVDT (linear variable displacement transducer) measuring system was
positioned centrally onto the cover slip. The signal from the LVDT was transmitted to a computer by a
transducer indicator (E 309, RDP Electronics Ltd., Wolverhampton, UK), and a high-resolution analog
to digital converter (ADAM-4016 acquisition module) supported by datalogger software (Advantech
Adam/Apax.NET Utility, version 2.05.11). Measurements records were taken by continuous irradiation
of specimens with a quartz–tungsten–halogen lamp (Astralis 3, Ivoclar-VivadentSchaan, Liechtenstein)
at 650 mW·cm−2 for 5 min directly from beneath the glass plate at room temperature. A radiometer
(Hilux, Benlioglu Dental Inc., Ankara, Turkey) was used to verify the output irradiance of the
light-curing device. Four repetitions (n = 4) were made at each specimen. Strain was calculated as:

ε(%) = 100 × ΔL
L0

(1)

where ε(%) represents the strain (%), ΔL and L0 are the shrinkage displacement and the initial specimen
thickness, respectively.

Polymerization kinetics wereperformed by placing a small amount of each composite between two
translucent Mylar strips, which were pressed to produce a very thin film. The films of unpolymerized
composites were exposed to visible light as previously described, and immediately scanned by a
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Spectrum One Perkin–Elmer FTIR spectrometer (PerkinElmer Inc., Waltham, MA, USA) at different
curing time intervals (0, 5, 10, 15, 20, 25, 30, 40, 60, 80, 120, 180 s). Spectra were obtained over
4000–600 cm−1 region and acquired with a resolution of 4 cm−1 and a total of 32 scans per spectrum.
The area of aliphatic C=C peak absorption at 1637 cm−1, and the aromatic C=C peak absorption at
1580 cm−1 were determined, utilizing a base line technique which proved the best fit to the Beer–Lambert
law [54]. The aromatic C=C vibration was used as an internal standard. The percent degree of monomer
conversion (DC %) of the cured specimen, which expresses the percent amount of double carbon bond
reacted at each time period, was determined according to the equation:

DC(%) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣1−
(A1637

A1580

)
polymer(A1637

A1580

)
monomer

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦× 100 (2)

For flexural tests, bar-specimens were prepared by filling a Teflon mold (2 mm × 2 mm × 25 mm)
with unpolymerized paste in accordance withISO 4049. The mold surfaces were overlaid with glass
slides covered with a Mylar sheet to avoid air entrapping and adhesion of the final set material.
The assembly was held together with spring clips and irradiated by overlapping on both sides,
as previously described. Each overlap irradiation lasted for 40 s. Five specimen bars (n = 5) were
prepared for each nanocomposite. The specimens were stored at 37 ± 1 ◦C in dark conditions for 24 h
immediately after curing. Afterward, they were bent in a three-point transverse testing rig with 20
mm between the two supports (3-point bending). The rig was fitted to a universal testing machine
(Testometric AX, M350-10kN, Testometric Co. Ltd., Rochdale, England). All bend tests were carried
out at a cross-head speed of 0.5 mm·min−1 until fracture occurred. The load and the corresponding
deflection were recorded. The flexural modulus (E) in GPa and flexural strength (σ) in MPa were
calculated according to the following equations:

E =
F1l3

4bd1h3 10−3 and σ =
3 Fmax l

2bh2 (3)

where: F1 is the load recorded in N, Fmax is the maximum load recorded before fracture in N, l is
the span between the supports (20 mm), b is the width of the specimen in mm, h is the height of the
specimen in mm, and d1 is the deflection (in mm) corresponding to the load F1.

2.4. Statistical Analysis

The values of the measured mechanical properties represent mean values ± standard deviation of
replicates. Kruskal–Wallis statistic test, followed by a Dunn’s test, for multiple comparisons between
means to determine significant differences (p < 0.001), for analysis of the experimental results. This was
performed separately for both flexural modulus and strength parameters.

3. Results and Discussion

3.1. Structure and Morphology Characterization

Diffractogramsfor the synthesized dental nanocomposite resins and their corresponding pure
nanoclays appear in Figure 2. The presence of two distinct diffraction peaks is observed for most
nanocomposites. Furthermore, the diffraction peaks of the pristine OMMTs are mainly shifted to
lower 2θ angles (first peaks), denoting a possible obtained intercalated structure due to the insertion
of macromolecules within clay galleries. Jlassi et al. have proven the co-existence of exfoliated with
intercalated clay layers for epoxy nanocomposites with 3 wt % bentonite acting as intercalated chain
transfer agent [55], as well asthe high degree of exfoliation for epoxy resins containing 0.5 wt %
bentonite/4-diphenylamine diazonium/polyaniline nanocomposite filler [56]. However, our findings
were also enhanced by predominantly intercalation phenomena previously reported by other researchers
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regarding dental composites filled with MMT nanoparticles at higher clay loadings around 50 wt
% [45,46,57]. The secondary peaks of nanocomposites remained in the same angle regions as the
initial peaks of the pure OMMTs, implying the portion of nanoclay that did not intercalated by
macromolecular chains. Hence, agglomerated MMT nanofillers might be formed usually called as
"tactoids". In such relatively high nanofiller loadings, similar structural characteristics were also
reported by other researchers [43–45].

Figure 2. X-ray diffraction (XRD) patterns of the dental nanocomposite resins and the different
incorporated organo modified montmorillonite (OMMT) nanoclays.
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The d001-basal spacing values for all nanocomposite resin groups were calculated according to the
Bragg’s law (nλ = 2dsinθ) and are listed in Table 1. The d001-values for the majority of the used OMMTs
were determined in our previous work [50] and are also available in Table 1 for comparative purpose.

Table 1. d001-spacing values calculated on the basis of X-ray diffraction (XRD) spectra for different
species of nanoclays incorporated in nanocomposite resins.

Nanocomposite
Resin

OMMT Nanofiller
(50 wt %)

d001

(nm)
Δd001

(nm)

Pure OMMT
[49,50]

OMMT into
Nanocomposite

Group 1 Nanomer® I.34MN 1.86 3.39 1.53
Group 2 MMT-DMAODM 1.77 3.95 2.18
Group 3 MMT-DMAHDM 1.73 3.45 1.72
Group 4 S.MMT-DMAHDM 1.78 3.62 1.84
Group 5 MMT-CTAC 1.83 3.56 1.73
Group 6 S.MMT-CTAC 1.79 3.60 1.81

Particularly, the incorporation of MMT-DMAODM nanofillers into dental nanocomposites
imposed a considerable change of interlamelar spacing, implying a possible structure composed
of highlyintercalated regions along with a small portion of agglomerates. The vinyl groups of
DMAODM are capable ofstrongly interacting with methacrylated groups of monomers, and, thus,
favor the formation of such structures. Similar performance is also observed for surface modified
OMMTs, S.MMT-DMAHDM, and S.MMT-CTAC, as silane coupling agent could also chemically interact
with monomers’ functional groups (Figure 3). On the other hand, MMT-DMAHDM nanoparticles
showed a satisfactory alternation of d001-basal spacing values, due to functional end groups, denoting
anintercalated structure of nanocomposite. However, this nanocomposite structure seems to be
enriched with clay agglomerates as the first diffraction peak is shorter than the secondary. In the same
manner, Nanomer® I.34MN and MMT-CTAC exhibited a well-established agglomeration of nanofillers
despite their remarkable extent of monomer intercalation.

Figure 4 shows SEM microphotographs taken for all the nanocomposite resins’ groups. It can
be seen that voids were presented on the observed surfaces, while clay nanofillers (white dots) were
extensively distributed into the polymer matrix for the majority of composites, despite the formation of
some agglomerates distinguished as larger white dots. These clusters formed by OMMTs’ aggregation
could be attributed to some restrictions associated with the widely used manual mixing [58–62].
Previous studies based on this technique have proven that the relatively high clay filler loadings
(varying from 16 up to 70 wt %) might result in the occurrence of a great number of tactoids [43,45,46,63].
Nanomer® I.34MN (Figure 4a), MMT-DMAHDM (Figure 4c), and MMT-CTAC (Figure 4e) clays seem
to form the most and largest agglomerates. The lower extent of clustering is observed for OMMTs,
such as MMT-DMAODM (Figure 4b), S.MMT-DMAHDM (Figure 4d), and S.MMT-CTAC (Figure 4f),
with organomodifiers containing methacrylated groups, which maybe due to their chemical affinity
with monomers which can promote better dispersion of nanofillers into the organic matrix. The above
observations describe a surface nanoparticles’ distribution which is almost in agreement with the
aforementioned XRD results.
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Figure 3. Schematic representation of nanocomposite formation indicating the possible chemical
interactions between nanoclayorganomodifier and dental resin monomers.
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Figure 4. Scanning electron microscopy (SEM) images of a series of experimental dental nanocomposite
resins containing (a) Nanomer® I.34MN; (b) Montmorillonite-dimethylaminooctadecyl methacrylate
(MMT-DMAODM); (c) Montmorillonite-dimethylaminohexadecyl methacrylate (MMT-DMAHDM);
(d) S.MMT-DMAHDM; (e) Montmorillonite-cetyltrimethylammonium chloride (MMT-CTAC);
(f) S.MMT-CTAC at concentration 50 wt %.

3.2. Polymerization Kinetics

Figure 5a represents the results on the degree of conversion versus time for Bis-GMA/TEGDMA
matrix and the nanocomposite resins containing different types of nanoclayorganomodifiers. Typical
FTIR absorbance peaks (1635 and 1582 cm−1) recorded for Group 1, 2, and 4 nanocomposites,
under cured and uncured conditions, which were used to calculate the degree of conversion are given
in Figure 5a. The experimental values of the final DC (%) are listed in Table 2. Representative data for
some commercial dental resins [64,65] are also given in Table 2.
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Table 2. Experimental values concerning curing kinetics, polymerization shrinkage and mechanical
properties of pure 2,2-Bis[p-(2′-hydroxy-3′- methacryloxypropoxy)phenylene]propane/triethylene
glycol dimethacrylate(Bis-GMA/TEGDMA) resin and dental nanocomposite resins.For flexural modulus
and strength mean values, the groups with the same superscript letters exhibit statistically significant
differences (p < 0.001). Literature data for typical commercially available dental resins are also
included [64,65].

Sample Final DC (%) Total Strain (%)
Flexural

Modulus (GPa)
Flexural

Strength (MPa)

Bis-GMA/TEGDMA 61.60 6.47 ± 0.19 1.53 ± 0.40 a,b,c 92.59 ± 13.94 d,e,f

Nanomer® I.34MN nanocomposite 56.80 3.46 ± 0.37 2.40 ± 0.64 29.45 ± 11.45
MMT-DMAODM nanocomposite 70.60 2.80 ± 0.23 3.32 ± 0.36 a 36.60 ± 7.28
MMT-DMAHDM nanocomposite 60.80 2.71 ± 0.13 2.30 ± 0.15 26.82 ± 6.33 d

S.MMT-DMAHDM nanocomposite 61.70 2.86 ± 0.37 3.14 ± 0.47 b 32.39 ± 3.52
MMT-CTAC nanocomposite 41.00 2.51 ± 0.29 2.50 ± 0.84 21.14 ± 6.79 e

S.MMT-CTAC nanocomposite 45.80 2.54 ± 0.22 3.48 ± 0.34 c 23.09 ± 10.23 f

FiltekTM Z350 XT (3M ESPE, St. Paul, MN,
USA) [64]

50.96 1.66 ± 0.15 9.13 ± 0.66 80.52 ± 15.88

Tetric® N-Ceram Bulk Fill (Ivoclar-Vivadent,
Schaan, Liechtenstein) [64]

49.50 1.36 ± 0.08 7.05 ± 0.60 60.37 ± 11.05

Tetric®Evo Ceram Bulk Fill
(Ivoclar-Vivadent, Schaan, Liechtenstein) [65]

56.70 - 6.10 94.50

Grandio (Voco, Cuxhaven, Germany) [65] 62.80 - 15.30 125.00

According to Figure 5a, for pure Bis-GMA/TEGDMA the reaction conversion eventually reaches
the relatively low ultimate value of approximately 62%. This performance is attributed to the glass-effect
procedure due to the influence of diffusion-controlled phenomena on the propagation reaction and the
constrained mobility of monomer molecules to find and react with a macro-radical [66–69]. Despite
available monomers still remaining unreacted, the reaction rate is almost zero. Furthermore, an abrupt
increment in the degree of conversion observed at the first 5 min for the majority of the materials,
implies the appearance of the well-known auto-acceleration or gel-effect phenomenon due to the
effect of diffusion-controlled phenomena on the termination reaction and the reduced mobility of live
macro-radicals to find one another and react [66]. As a result, their concentration increases, leading
toelevated reaction rates.

Figure 5. Cont.
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Figure 5. (a) Degree of conversion versus time of 2,2-Bis[p-(2′-hydroxy-3′- methacryloxypropoxy)
phenylene]propane/triethylene glycol dimethacrylate(Bis-GMA/TEGDMA) matrix and dental
nanocomposite resins filled with different OMMT nanoparticles; (b) FTIR spectra with measured peak
areas (1635 and 1582 cm−1) used to calculate the percent degree of conversion (DC (%)) for uncured
and cured nanocomposites.

In particular, the gel-effect phenomenon seems to be more effective for MMT-DMAODM,
MMT-DMAHDM, and S.MMT-DMAHDM, as the presence of OMMT nanofiller might act as a
barrier to the diffusion of macroradicals to find each other and terminate. Thus, the local concentration
of radicals increases leading toincreased reaction rates and higher conversion values at the gel-effect
period. It is obvious that the high reactivity of MMT-DMAODM nanoparticles arisingfrom the presence
of vinyl functional groups in a short C8 alkyl chain of the organomodifier can significantly enhance the
auto-acceleration effect up to 68% degree of conversion, while the final reaction degree reaches almost
70%. The lower conversion value of 50% observed for MMT-DMAHDM and S.MMT-DMAHDM at
the gel-effect period maybe denotes a lower reactivity of vinyl groups in a larger C16 alkyl chain,
although the ultimate conversion value is almost comparative to the Bis-GMA/TEGDMA matrix.
From the results it is also apparent that for hydrophobic MMT-CTAC and S.MMT-CTAC, as well
as for Nanomer® I.34MN containing hydroxy-groups, the reaction rates decrease and the gel-effect
phenomenon becomes weaker, as the corresponding degree of conversion values vary from 30% to
37%, maybe due to a possible occurrence of aggregates as shown from XRD spectra and SEM images,
resulting in a lower capability of clay to act as radical scavenger. Moreover, the ultimate reaction
degrees deteriorate as the movement of the small monomer molecules decreases, caused by a lower
intercalation extent of the OMMTs, so that their diffusion becomes restricted and they do not easily
react with macroradicals. The aspect that clay aggregates can act as microfillers affecting absorption
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and scattering of light and, thus, attenuating the light photo-initiation process, has been suggested by
other researchers [70]. In particular, hydroxy-groups of Nanomer® I.34MN nanoclay, are not expected
to participate in the addition polymerization reaction and, thus, affect the auto-acceleration and glass
effect, even if they could interact with ether oxygen atoms of monomers via hydrogen bond formation.
An alternative explanation could be that primary ketyl radicals formed from the degradation of the
camphorquinone photo-initiator [71] may react with the quaternary ammonium hydroxyls on the
MMT surface by abstracting a hydrogen atom. The alkoxy radicals of OMMT may then scavenge a
further primary radical, leading to the decrease of the effective number of primary radicals which can
find a monomer molecule and initiate polymerization [72].

On the other hand, degree of conversion curves for S.MMT-CTAC and S.MMT-DMAHDM denote
that additional double bonds due to the silane coupling agent on the surface of OMMT nanoclay rather
favor the occurrence of both gel and glass effect.

A theoretical model to optimize experimental data used for DC (%) calculations was previously
suggested by Ilie and Durner [73]. According to that, the increase of DC can be described by the
superposition of two exponential functions, and the correlation function is asfollows:

y = y0 + α (1− e−bx) + c
(
1− e−dx

)
(4)

where y is the DC (%), x is the polymerization time, the term y0 represents the y-intercept,
while parameters a, b, c, and d are modulation factors of the exponential function to optimize
the double exponential function on the measured curve. Typical measuring points recorded for
nanocomposites filled with Nanomer® I.34MN, MMT-DMAHDM, and S.MMT-DMAHDM were
plotted again (Figure 6), and a line of best fit was inserted through all points.

Figure 6. Representative DC-time experimental data and the two exponential approximate
functions, for pure Bis-GMA/TEGDMA matrix and nanocomposites filled with Nanomer® I.34MN,
MMT-DMAHDM and S.MMT-DMAHDM. Lines of best fit are drawn through all experimental points
of the approximate function.

The calculated parameters a, b, c, and d for each nanocomposite are given in Table 3. Particularly,
the R2 values denote a satisfactory correlation between measured and theoretical data. For a long
polymerization time (x→∞) Equation (4) is converted to:

y = y0 + α+ c (5)
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The theoretical final DC (%) can now be calculated by combining the specific values y0, a, c of
Table 3 and Equation (5). By comparing the DC (%) values of Tables 2 and 3, it can be postulated that
the theoretical approach is very close to the obtained experimental data.

Table 3. Parmeters describing the exponential sum function accompanied by the coefficient of
deterimination, R2, and the calculated values of the final percent degree of conversion (DC (%)).

Resin y0 α b c d R2 Final DC
(%)

Bis-GMA/TEGDMA −0.2870 6.4892 0.1446 54.9137 0.1447 0.9972 61.69

Nanomer® I.34MN
nanocomposite

−1.8527 41.3735 0.0652 16.4640 0.0652 0.9929 55.98

MMT-DMAHDM
nanocomposite 0.0000 15.1918 0.0462 45.2200 1.0484 0.9982 60.41

S.MMT-DMAHDM
nanocomposite 0.0000 10.2364 0.0243 51.4829 0.5863 0.9995 61.72

3.3. Polymerization Shrinkage Kinetics

Setting contraction of dental composite resins, widely known as polymerization shrinkage,
should be ideally limited as much as possible because this achievement favors marginal adaptation,
reduces the possibility of a breakdown of the bond to the tooth tissues and prevents the occurrence of
secondary caries [5]. Figure 7a illustrates the polymerization shrinkage strain plots versus time for
Bis-GMA/TEGDMA matrix and nanocomposite resins containing several types of OMMT nanoclays.
Figure 7b shows the apparatus used for shrinkage measurements, as was discussed in Section 2.3.
The total strain (%) values are listed in Table 2, while corresponding values are also included for several
commercially available dental resins [64,65]. As it was expected, the setting contraction proceeds
faster for pure matrix than nanocomposites, and reaches an ultimate strain value almost 3-fold higher
compared to the majority of nanocomposites. Nanofillers do not participate in the polymerization
reaction, and concurrently decrease the concentration of reactive methacrylate groups [2]. The ultimate
strain values recorded for the synthesized nanocomposite resins vary from 2.5% up to 3.5%. In terms
of traditional composite resins, values of around 1.5% to 3.0% volumetric contraction are typical as
opposed to 6% for acrylics [2]. According to XRD results, OMMT nanoclays are subjected to swelling
as their platelets are spread apart via polymerization process. As a result, this expansion mechanism
increases the free volume inside the clay and might allow for a reduction of polymerization shrinkage
as well as residual stresses [44]. A similar attitude for Bis-GMA/nanoclay systems hasalso been reported
by other researchers [74,75]. Campos et al. found that dental nanocomposites’ shrinkage isreduced by
increasing MMT filler content from 20 to 50 wt %, indicating the influence of clay nanoparticles on
polymerization shrinkage [57].
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Figure 7. (a) Time dependence of polymerization shrinkage strain of Bis-GMA/TEGDMA matrix
and dental nanocomposite resins with diverse types of OMMT nanoclays; (b) Apparatus utilized for
polymerization shrinkage measurements.

Figure 7a reveals that nanocomposites filled with OMMTs containing quaternary ammonium
methacrylates, such as MMT-DMAODM and MMT-DMAHDM, exhibit higher setting contraction
than the corresponding MMT-CTAC with hydrophobic ammonium intercalant throughout the
photo-polymerization process. Mahmoodian et al. suggested that not only the degree of conversion
but also the volume shrinkage are dependent on the type of clay organomodifier [40]. The presence of
functional groups in clay nanoparticles accounts for the observed tendency, as more available double
bonds can take part in an addition polymerization reaction between nanoclayorganomodifiers and
monomers, leading to the formation of more covalent bonds with a smaller length. Thus, the free
volume of the nanocomposite resin is reduced, and the polymerization shrinkageincreases. Moreover,
the silane coupling agent on the surface of S.MMT-CTAC and S.MMT-DMAHDM contributes additional
double bonds throughout the setting reaction in a similar way, enhancing somewhat the polymerization
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shrinkage of the final nanocomposite resin when compared to MMT-CTAC and MMT-DMAHDM.
According to literature data, OMMTs containing OH polar groups performed as effective setting
contraction controllers [40] even at high mass fractions [44]. However, nanocomposite filled with
Nanomer® I.34MN yielded the highest strain curve, although hydroxy-groups of its organomodifier
are not expected to participate in the polymerization reaction. As it was indicated from XRD and SEM
results, possible agglomeration of clay lamellae presented in the intercalated structure of resin could
readily reduce the expansion and free volume of Nanomer® I.34MN clay, augmenting the shrinkage
strain of the set nanocomposite.

3.4. Mechanical Properties

The flexural properties of the dental nanocomposite resins produced were studied in relation
to the effect of the different nanoclayorganomodifier, at a constant concentration of 50 wt %.
Their flexural modulus and strength dependence on the various OMMT type are shown in
Figure 8a,b, respectively, while the corresponding mean values accompanied by standard deviations
are listed in Table 2. Typical data are also included for some commercially available resins based
on previous studies [64,65]. Concerning the flexural modulus, significant statistic differences
were found to exist between Bis-GMA/TEGDMA and nanocomposites with MMT-DMAHDM,
S.MMT-DMAHDM, and S.MMT-CTAC. Force versus displacement representative plots of flexural
behavior for Bis-GMA/TEGDMA matrix and nanoclay filled dental resins are given in Figure 8c.
It is obvious that all nanocomposite resins exhibited higher flexural values compared to the pristine
Bis-GMA/TEGDMA matrix. This specific trend was supposed to be expected, as MMT nanoparticles
may give rise to high stiffness and modulus [76], and, thus, exert the high resistance against the plastic
deformation, as well as the stretching resistance of the oriented macromolecular networks into the clay
galleries [77,78]. In each nanocomposite case, the quaternary ammonium intercalating agent of the
organoclay can perform as the ‘bridge’ connecting the OMMT platelets and inserted macromolecules.
The ammonium head groups of the intercalant molecules reside at the silicate layer, and the organic
ligands stretch around the silicate surface and target towards the polymer chains [25].

In particular, nanocomposites filled with S.MMT-CTAC, MMT-DMAODM, and S.MMT-
DMAHDM, yielded the highest stiffness among the rest of the nanocomposites produced, corresponding
to a 105% to 127% increment of flexural modulus when compared to virgin Bis-GMA/TEGDMA.
It seems that vinyl groups of the specific organomodifier contributed to a noticeable stiffening of
nanocomposite resins, through a copolymerization process between MMT quaternary ammonium
intercalants and methacrylated monomers. A lower improvement percentage of flexural modulus was
shown for nanocomposites with Nanomer® I.34MN (57%), MMT-DMAHDM (50%), and MMT-CTAC
(63%).Despite the potential of hydroxy-groups of Nanomer® I.34MN to interact with monomers
through hydrogen bonding, and vinyl groups of MMT-DMAHDM to copolymerize with matrix,
the relatively smaller number and size of the clay clusters found for the nanocomposites reinforced
with MMT-DMAODM, S.MMT-DMAHDM, and S.MMT-CTAC nanoparticles may account for the
most intensive stiffening effect rendered by the presence of MMT. It could be stated that the longer
chain length (C16) of quaternary ammonium intercalating agent DMAHDM onto MMT sheets might
restrict the nanoparticle mobility of the nanoclay through the organic phase of monomers, rather
than the MMT-DMAODM intercalant chain (C8), resulting in a probable additional chemical reaction
between the separate nanofillers with reactive vinyl groups, and, thus, to a higher extent of clustering.
Discacciati et al. also suggested the formation of clay larger agglomerates at high clay concentration,
when they used the stereochemically heavy and reactive vinylbenzyltrimethyl ammonium cation as
MMT intercalant, due to the strong covalent bonding between clay sheets [63].
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Figure 8. (a) Flexural modulus; (b) Flexural resistance; (c) Graphic representation of force against the
displacement of flexural properties, for pure Bis-GMA/TEGMA matrix and dental nanocomposite
resins filled with different OMMT nanofillers.

Although MMT nanoparticles were capable of increasing the stiffness for the total of the tested
nanocomposite resins compared to the pure Bis-GMA/TEGDMA resin, a considerable weakness of
flexural strength was observed (Figure 8b). The corresponding strength values are also listed in
Table 2. The flexural strength decrease recorded at 50 wt % clay concentration contrasts with epoxy
nanocomposites employing other types of cation-exchanged clays, such asbentonite/4-diphenylamine
diazonium/polyaniline nanocomposite, where a filler loading up to 0.5 wt % can significantly improve
flexural strength [56]. At high nanofiller clay levels as much as 50 wt %, the co-existence of agglomerates
along with clay intercalates into the cross-linked matrix, according to the combination of XRD and
SEM results may be responsible for the low resistance of nanocomposites against flexural loadings.
It is widely known that agglomeration can give rise to stress formation [79], while it moderates
the intercalation phenomena which favors the improvement of mechanical properties [80]. As a
result, the dispersion of tactoids in the polymer matrix can act as a conventional filler, and the
interfacial adhesion between the organoclay and polymer matrix is not strong enough to withstand
large deformations (Figure 8c). A similar trend of flexural strength decrease at high nanofiller fractions
was also observed by other researchers [45]. In terms of the type of MMT organomodifier, according
to Figure 8b and Table 2 values, it can be seen that the enrichment of clay functionalization with as
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many as vinyl groups, including silane modifier, might yield somewhat better flexural strength of the
nanocomposite when compared to the other tested experimental organoclays. In particular, the better
dispersion and a possible co-polymerization of MMT-DMAODM nanoparticles with organic matrix
could account for a slight capability of the nanocomposite to resist bending loadings.

4. Conclusions

Dental nanocomposite resins were successfully synthesized by inserting different OMMT
nanoparticles. The specific type of clay organomodifier was found to affect not only their morphological
characteristics but also their physicochemical and mechanical properties. The combination of XRD and
SEM results confirmed the intercalation of macromolecular chains between clay platelets, while some
agglomerates of clay still remained. Vinyl groups of intercalant and/or silane coupling agent promoted
the better dispersion of nanofillers into the resin matrix. Monitoring of polymerization kinetics
revealed that the affinity of methacrylatednanoclays with monomers can contribute to the acceleration
of the photo-polymerization reaction, improving the final degree of conversion. Particularly, the high
reactivity of methacrylated MMT-DMAODM enhanced the gel-effect up to a 68% degree of conversion,
while the final reaction degree reached almost 70%. Experimental data obtained for nanocomposites
with Nanomer® I.34MN, MMT-DMAHDM, and S.MMT-DMAHDM were found to be very close to those
derived from theoretical calculations. Polymerization shrinkage was lowered by incorporating any kind
of the tested nanoclay, especially in the absence of organomodifier reactive groups. Nanocomposite
containing the non-reactive hydrophobic MMT-CTAC exhibited the lowest total strain (2.51%), whereas
Nanomer® I.34MN yielded the highest strain curve (3.46%) due to a possible agglomeration of
clay lamellae.Regarding the mechanical properties, it was verified that the incorporation of OMMT
nanofiller improves the stiffness of the dental composite resin. A 105% to 127% increment of flexural
modulus values was achieved for nanocomposites reinforced with thepolymerizable S.MMT-CTAC
(3.48 GPa), MMT-DMAODM (3.32 GPa), and S.MMT-DMAHDM (3.14 GPa) nanoclays, when compared
to Bis-GMA/TEGDMA resin matrix (1.53 GPa). However, the flexural strength was decreased due
to the aggregation of clay nanoparticles at high concentrations. The significance of the current work
relies on providing novel information about chemical interactions phenomena between nanofillers and
organic matrix towards the improvement of dental restorative materials.
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30. Huskić, M.; Žigon, M. PMMA/MMT nanocomposites prepared by one-step in situ intercalative solution
polymerization. Eur. J. 2007, 43, 4891–4897. [CrossRef]

181



Polymers 2019, 11, 730

31. Cui, L.; Tarte, N.H.; Woo, S.I. Synthesis and properties of poly(methyl methacrylate)/clay nanocomposites
prepared via in situ polymerization with Ni(acac)2catalyst. J. Appl. Sci. 2008, 110, 784–790. [CrossRef]

32. Tiwari, R.R.; Khilar, K.C.; Natarajan, U. Synthesis and characterization of novel organo-montmorillonites.
Appl. Clay Sci. 2004, 38, 203–208. [CrossRef]

33. Karger-Kocsis, J.; Wu, C.-M.; Karger-Kocsis, J. Thermoset rubber/layered silicate nanocomposites. Status and
future trends. Eng. Sci. 2004, 44, 1083–1093. [CrossRef]

34. Kojima, Y.; Usuki, A.; Kawasumi, M.; Okada, A.; Kurauchi, T.; Kamigaito, O. One-pot synthesis of nylon
6–clay hybrid. J. Polym. Sci. Part A: Polym. Chem. 1993, 31, 1755–1758. [CrossRef]

35. Burnside, S.D.; Giannelis, E.P. Synthesis and properties of new poly(dimethylsiloxane) nanocomposites.
Chem. Mater. 1995, 7, 1597–1600. [CrossRef]

36. Wang, Z.; Pinnavaia, T.J. Hybrid Organic−Inorganic Nanocomposites: Exfoliation of Magadiite Nanolayers
in an Elastomeric Epoxy Polymer. Chem. Mater. 1998, 10, 1820–1826. [CrossRef]

37. Sciascia, L.; Casella, S.; Cavallaro, G.; Lazzara, G.; Milioto, S.; Princivalle, F.; Parisi, F. Olive mill wastewaters
decontamination based on organo-nano-clay composites. Ceram. Int. 2019, 45, 2751–2759. [CrossRef]

38. Calabrese, I.; Cavallaro, G.; Scialabba, C.; Licciardi, M.; Merli, M.; Sciascia, L.; Liveri, M.L.T. Montmorillonite
nanodevices for the colon metronidazole delivery. Int. J. Pharm. 2013, 457, 224–236. [CrossRef]

39. Sciascia, L.; Liveri, M.L.T.; Merli, M. Kinetic and equilibrium studies for the adsorption of acid nucleic bases
onto K10 montmorillonite. Appl. Clay Sci. 2011, 53, 657–668. [CrossRef]

40. Mahmoodian, M.; Pourabbas, B.; Arya, A. Preparation and characterization of Bis-GMA/TEGDMA/clay
nanocomposites at low filler content regimes. J. Compos. Mater. 2010, 44, 1379–1395. [CrossRef]

41. Mucci, V.; Pérez, J.; Vallo, C. Preparation and characterization of light-cured methacrylate/montmorillonite
nanocomposites. Polym. Int. 2011, 60, 247–254. [CrossRef]

42. Terrin, M.M.; Poli, A.L.; Horn, M.A., Jr.; Neumann, M.G.; Cavalheiro, E.T.G.; Correa, I.C.; Schmitt, C.C. Effect
of the loading of organomodified clays on the thermal and mechanical properties of a model dental resin.
Mater. Res. 2016, 19, 40–44. [CrossRef]

43. Campos, L.M.D.P.; Boaro, L.C.; Ferreira, H.P.; Dos Santos, L.K.G.; Dos Santos, T.R.; Parra, D.F. Evaluation
of polymerization shrinkage in dental restorative experimental composites based: BisGMA/TEGDMA,
filled with MMT. J. Appl. Sci. 2016, 133, 43543. [CrossRef]

44. De Paiva Campos, L.M.; Lugão, A.B.; Vasconcelos, M.R.; Parra, D.F. Polymerization shrinkage evaluation
on nanoscale-layered silicates: Bis-GMA/TEGMA nanocomposites, in photo-activated polymeric matrices.
J. Appl. Polym. Sci. 2014, 131, 40010. [CrossRef]

45. Campos, L.M.P.; Boaro, L.C.; Santos, T.M.R.; Marques, P.A.; Almeida, S.R.Y.; Braga, R.R.; Parra, D.F. Evaluation
of flexural modulus, flexural strength and degree of conversion in BISGMA/TEGDMA resin filled with
montmorillonite nanoparticles. J. Compos. Mater. 2017, 51, 927–937. [CrossRef]

46. Campos, L.M.P.; Zaharescu, T.; Boaro, L.C.; Santos, L.K.G.; Santos, T.M.R.; Ferreira, H.P.; Parra, D.F. Thermal
and mechanical behavior evaluation of dental composites filled with irradiated montmorillonite. J. Appl. Sci.
2017, 134, 45063. [CrossRef]

47. Munhoz, T.; Fredholm, Y.; Rivory, P.; Balvay, S.; Hartmann, D.; Da Silva, P.; Chenal, J.-M. Effect of nanoclay
addition on physical, chemical, optical and biological properties of experimental dental resin composites.
Dent. Mater. 2017, 33, 271–279. [CrossRef]

48. Menezes, L.R.; da Silva, E.O.; da Silva Rocha, A.C.; de Oliveira, D.C.R.S.; de Barros Campos, P.R.
The applicability of organomodified nanoclays as new fillers for mechanical reinforcement of dental
composites. J. Compos. Mater. 2018, 52, 963–970. [CrossRef]

49. Nikolaidis, A.K.; Achilias, D.S.; Karayannidis, G.P. Effect of the type of organic modifier on the polymerization
kinetics and the properties of poly(methyl methacrylate)/organomodified montmorillonite nanocomposites.
Eur. J. 2012, 48, 240–251. [CrossRef]

50. Nikolaidis, A.K.; Koulaouzidou, E.A.; Achilias, D.S. Synthesis and characterization of novel organomodified
nanoclays for application in dental materials. Curr. Nanosci. 2018, 14, 1–12. [CrossRef]

51. Watts, D.; Marouf, A. Optimal specimen geometry in bonded-disk shrinkage-strain measurements on
light-cured biomaterials. Dent. Mater. 2000, 16, 447–451. [CrossRef]

52. Watts, D.; Marouf, A.; Al-Hindi, A. Photo-polymerization shrinkage-stress kinetics in resin-composites:
methods development. Dent. Mater. 2003, 19, 1–11. [CrossRef]

182



Polymers 2019, 11, 730

53. Al Sunbul, H.; Silikas, N.; Watts, D.C. Polymerization shrinkage kinetics and shrinkage-stress in dental
resin-composites. Dent. Mater. 2016, 32, 998–1006. [CrossRef]

54. Rueggeberg, F.; Hashinger, D.; Fairhurst, C. Calibration of FTIR conversion analysis of contemporary dental
resin composites. Dent. Mater. 1990, 6, 241–249. [CrossRef]
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Abstract: Hybrid materials based on clays and polyamines are supposed to be efficient heavy metals
sorbents due to the well-known adsorption behaviour of the clay matrix and to the coordination
properties of un-protonated amino groups. For this purpose, a montmorillonite clay was modified
with three different aliphatic polyamines: L6 and L10 have a linear structure with six and ten
amino groups, respectively, while B14 is a branched polyamine with fourteen amino groups. Initial
amine concentration was the main parameter investigated and data were fitted with Langmuir and
Freundlich models. Interaction mechanisms between clay and amines were deeply investigated
by different experimental techniques such as X-ray powder diffraction (XRD), thermal analysis
measurements (DTG), Fourier Transform Infrared Spectroscopy (FT-IR) and diffuse reflectance (NIR)
spectroscopy. Experimental results showed that the amount of amines efficiently immobilized in
the solid phase can be increased by increasing the initial concentration of polyamines in the clay
modification process. These data were best fitted by Freundlich model, indicating a presence of
surface sites of different nature. In the resulting hybrid materials, neither the accessibility of the
NH/NH2 groups of the amines, nor the accessibility of the structural OH of the clay was hindered.
Several preliminary tests in La ions’ uptake and release from aqueous solution were also carried out.
In the conditions used for this study, total metal ion removal was achieved at sufficiently low linear
amine loadings (i.e., 0.45 mmol/gclay for the small L6 amine), suggesting that these hybrid materials
are promising for the proposed application in environmental remediation.

Keywords: organo-clays; polyamines; clay-amine interaction mechanisms; structure effects; la uptake
and release

1. Introduction

In recent years, water issues have progressively gained prominence in view of water relationship
with the three pillars of a sustainable development: that is, economic, social and environmental [1].
It is an undeniable fact that unsustainable development pathways have generated immense pressures
on water resources, affecting its quality and availability and the Earth’s capacity to sustain the growing
demands for freshwater is being challenged [2,3]. Water, indeed, is also a key resource for industrial
and manufacturing processes (e.g., heating, cooling, cleaning, rinsing, etc.) but wastewater that is
generated can cause environmental damage when it is discharged without any treatment. Industrial
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pollutants in water generally include heavy metals and /or huge amounts of organic pollutants whose
removal is mandatory indeed but requires the application of complex and expensive processes [4].
The complexity and the cost of the treatments are much more pressing in case of very strict disposal
limits, low concentration of the contaminants and/or contaminants hard to be removed.

Conventional techniques proposed for this purpose, such as ion exchange, precipitation,
electrodialysis, reverse osmosis, ultrafiltration, flocculation, biosorption, adsorption and so forth [5,6]
in some cases are not effective to treat complex and complicated polluted wastewaters or they are too
expensive. For instance, conventional water treatment processes are not able to adequately address the
removal of a wide spectrum of heavy metals (e.g., Cd, Cr, Cu, Ni, As, Pb and Zn), in particular, when
they are present in complex mixtures [7].

Numerous approaches have been explored to develop cheaper and more effective technologies.
Among these purification methods, the adsorption process, using adequate sorbents, is considered one
of the most efficient and economical techniques in view of its simple design and facile handling [8] and
the search for low-cost adsorbents with strong metal-binding capacities has been pursued. Consequently,
sorption, particularly Solid Phase Extraction (SPE), has become one of the most promising alternative
treatments technologies, being simple and potentially low cost. Many different solid adsorbents,
such as materials of mineral, organic or biological origin, zeolites, industrial by-products, agricultural
wastes, biomass and polymeric materials have been proposed and studied in the literature [9].

In this respect, the use of natural materials as sorbents has gained significant interest in recent
years, mainly due to their high selectivity for certain heavy metal ions, their low cost and potential to
be more environmentally friendly [10–12]. “Green adsorbents,” however, are expected to possess lower
adsorption capacity than the super-adsorbents reviewed in the literature, thus a strong improvement
of their properties is required to make them competitive. In the above “scenario,” clays have been
suggested as a “green” alternative being characterized by low cost, high mechanical intensity, good
tolerance towards harsh chemical environment, convenient solid-liquid separation and excellent
reusability [13,14]. More recently, the use of natural clays in treating rare earths-containing wastewaters
has been reported [15]. Montmorillonites were selected as sorbent in view of their excellent properties,
including high cation exchange capacity, swelling behaviour, adsorption properties and large surface
areas [15,16]. These clays, however, cannot efficiently remove huge amounts of pollutants and show a
negligible selectivity towards the different metal ions. Therefore, layered inorganic-organic hybrid
materials (organo-clays) have been proposed in various applications [17–19]. Indeed, montmorillonites
can be easily modified by some intercalating agents, which can be allocated in the clay interlayer via a
combination of ionic and weaker forces [20,21]. Some Authors, [22], with the final target of Rare Earths
(RE) recovery, demonstrated that the use of organo-clays has positive effects on the capture of La ions.
They investigated the intercalation of two different montmorillonites with N-(methoxy-polyethylene
glycol) ethylene diamine. Such a polymer was selected for being characterized by a polyethylene-glycol
chain, able to intercalate in the clay interlayer [23] and by two amino groups, already reported in the
literature, able to interact and remove heavy metal ions [24,25]. Preparation procedure was deeply
investigated at different polyamine concentrations and operating conditions [26]. It was found that
the intercalation mechanism was mainly dependent on the pH of the preparation procedure, which
affects the protonation of the amino groups. At alkaline pH, the interaction was mainly based on weak
bonds between the free amino groups of the organic moiety and the clay matrix and the obtained
organo-clays were much more effective in La uptake than pristine clay. So, as general remark, the
clay-polymer system can be considered promising for the here proposed application.

Starting from these data, in the present paper new organo-clay systems are assessed where
montmorillonite is modified with polyamines characterized by longer chain length (i.e., larger
number of amino groups) or more complex structures (i.e., more steric hindrance). By the use of
multi-technique characterization approach (i.e., X-ray powder diffraction, XRD, thermal analyses
measurements, TGA-DTG, Fourier Transform Infrared Spectroscopy, FT-IR and Diffuse Reflectance
Near Infrared Spectroscopy, DR-NIR) the interaction mechanisms occurring between the clay matrix
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and the polyamines are proposed. The final goal is to identify the best operating conditions, with
respect to the chemical nature of the polyamine, to prepare organo-clay system characterized by high
metal capture capability and selectivity in wastewaters treatment. Finally, the prepared materials were
tested in La ions uptake to assess their usability in the field of environmental water remediation.

2. Materials and Methods

2.1. Materials

A natural smectite clay was used as sorbent, namely a Ca-montmorillonite (STx-1b, The Clay
Minerals Society, STx hereafter). From the supplier datasheet, the chemical composition of the
clay is IVSi4.0

VI(Al1.21Fe3+
0.05Mg2+

0.36Ti0.02)XII(Ca0.14Na0.02K0.01)O10(OH)2 and the measured Cation
Exchange Capacity (CEC) is 89 meq/100 g.

Three different polyamines were used as clay modifiers. Polyamines are characterized by several
amino group numbers and/or more hindered structures. In particular, two linear ethylene-based
amines with different chain length (L6 and L10) and a branched amine (B14) were considered (Table 1,
where chemical structures and labels used within the text are summarized).

Table 1. Structures, number of amino groups (n) and labels of the different amines.

Structure Number of Amino Groups Label

6 L6

10 L10

14 B14

Polyamine L6 technical grade was supplied by Sigma Aldrich; L10 and B14 were prepared
according to literature procedure [27].

2.2. Organo-Clays Preparation

The preparation of the organo-clays was performed according to a procedure developed
elsewhere [28], which implied the mixing of the clay with the aqueous polyamine solution, in a
jacketed reactor under vigorous stirring (500 rpm), for 90 min at controlled temperature of 30 ◦C. This
temperature and time were demonstrated to be the proper ones for the effective amine immobilization,
while amine concentration was the main parameter to be considered to affect the intercalation
process [23].

The pH of the solutions was measured before and after the reaction using a Mettler Toledo
FE20/EL20 digital pH-meter (Mettler Toledo, Italy). All the polyamine solutions were highly basic,
presenting a natural pH of about 11 and no variation of this parameter was detected during the
mixing reaction.
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At the end of the reaction, the solid and liquid phases were separated by centrifugation (3500 rpm
for 15 min, RotoFix 32 centrifuge HETTICH, Tuttlingen, Germany). The dried solid (one day at r.t.),
was ground in a mortar and fully characterized.

These measurements could be affected by underestimation due to the entrapment in the interlayer
of polymers combustion residues.

According to the literature, quantitative evaluation of the amine contents was performed by
Chemical Oxygen Demand (COD) [23,28] using a Spectrodirect Lovibond instrument (Tintometer
Gmbh, Dortmund, Germany). Measurements were performed according to Reference [29]. Amine
content in the solid phase (Cs) was calculated by difference between the initial (C0 mmol/g) and the
residual polyamine amount in the liquid phase (Cres mmol/g) according to Equation (1):

Cs = C0 −Cres (1)

After the interlayer reaction, also the presence of Ca, that is, the clay interlayer cation and Mg,
leached from clay layers or present as impurity, was monitored in the solution. Ca and Mg were
measured by Inductively Coupled Plasma—Optical Emission Spectroscopy (ICP-OES) analyses using
a Perkin Elmer Optima 2000DV spectrometer, estimated error within 1%).

Throughout the text, all the results of chemical analysis will be referred to 1g of clay.
In Table 2, labels of the samples, initial amine solution concentration (mM) and C0—initial mmoles

of polyamine per g of clay—are summarized.

Table 2. Sample labels and initial contacted amine concentration used in the clay modification
experiments.

Sample (Label)
Amine Solution Initial

Concentration (mM)

Initial Contacted Amine C0

(mmol/gclay)

L6-25 25 0.5
L6-70 70 1.5
L6-135 135 3.1
L6-175 175 4.0

L10-15 15 0.3
L10-25 25 0.6
L10-35 35 0.8
L10-60 60 1.4
L10-90 90 2.1

B14-15 15 0.3
B14-25 25 0.6
B14-40 40 0.9
B14-90 90 2.0

2.3. Organo-Clays Characterizations

X-ray powder diffraction (XRD) patterns were recorded with a Bruker D8 Advance diffractometer
using a graphite-monochromated Cu Kα radiation; the scan step was 0.02◦ 2θ and the measurement
time was 1 s per step. The XRD line profile analysis was performed with TOPAS P 2.1 software
(Bruker AXS, Karlsruhe, Germany) using a Pearson VII profile function, after background subtraction.
The calculated profiles were used for the determination of basal spacing (d001) of the organo-clays.

Thermal analyses measurements (TG-DTG) were performed with a DTA-TG SEIKO 6300 thermal
analyser. The experiments were carried out in flowing air in the temperature range of 25–1000 ◦C, with
heating rate of 10 ◦C/min.

FT-IR spectra were recorded with a Jasco mod. 615 spectrometer and with a FT-IR Thermo Nicolet
380 Avatar (Thermo Electron Corporation, Madison, WI, USA) using the KBr pressed disk technique
(mid-IR region).
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Diffuse reflectance NIR spectra of pure powders have been obtained in air by a Jasco V570
UV-vis-NIR instrument (Jasco-Europe SRL, JascoTM Software) and reported in Kubelka-Munk units in
the range 9000–4000 cm−1.

2.4. Metal Ions Uptake and Release Tests

La(NO3)3 solutions were selected as model systems. La ions uptake and release experiments were
performed according to literature [15,26,28]. The use of concentrated solutions was considered in order
to demonstrate the feasibility of the method in industrial applications.

Briefly, weighted amounts of organo-clays were contacted under stirring with model solutions
19 mM concentration for 90 min, solid/liquid ratio = 0.04 g/mL. pH of the contacting solution was in
the range 5–6, that is, pH of the starting La solution before contacting. Solid and liquid were separated
by centrifugation (HETTICH 32 RotoFix).

The flowchart of the uptake/release procedure is reported in Figure 1.

Figure 1. Flowchart of the UPTAKE/RELEASE process.

La ions content in the solutions, (mother, after uptake and after release), was determined by
ICP-OES (Perkin Elmer Optima 2000DV spectrometer).

Captured ions were determined according to Equation (2):

qt =
(C0 −Ct)V

W
(2)

where qt (mmol/g) is the adsorbed metal ion at time t, C0 and Ct are the initial and the residual
metal concentrations in solution (mmol/L) respectively, V is the volume of solution (L) and W is the
organo-clay mass (g).

Release tests were performed by contacting the La-containing organo-clays with HNO3 solution at
pH 1 under continuous stirring at room temperature, for 1.5 h, with a solid/liquid ratio of 0.026 g/mL [30].

Released ions qw (mmol/g) were calculated according to Equation (3), where Cw is the metal
concentration in solution (mmol/L) after release (determined by ICP-OES).

qw =
(Cw)V

W
(3)

V is the volume of the solution (L) and W is the organo-clay mass (g).

3. Results and Discussion

3.1. Characterization of Modified Clays

In Figure 2 polyamine contents (Cs) obtained at different initial amine concentrations are reported.
The extent of the intercalation reaction is clearly irrespective of amine structure and molecular weight.
The asymptotic behaviour of Figure 2 well fits all the data. The plateau value is reached, by all the
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systems, for C0 higher than 0.3 mmol/ganhydrous clay and this value represents the maximum loadable
polyamine in STx clay in these conditions.

Figure 2. Amine content in the solids as a function of the initial contacted amine.

Considering that the intercalation reaction was performed at pH = 11, that is, pH of the polymer
solutions, it can be assumed that polyamines interact with the clay in their neutral form and no
quaternary ammonium ions should be present in the organo-clays.

Modified-clays were fully characterized to get information on the polymer-clay interaction.
X-Ray diffractograms of the samples are reported in Figure 3a, where pristine clay (STx) is also

reported for comparison.

Figure 3. (a) X-ray diffraction (XRD) analysis of pristine and modified clays prepared at different initial
amine concentrations and (b) Basal spacing (d001) as a function of the amines content of modified clays,
(for sake of comparison, d001 of fully hydrated and dehydrated STx are reported).

A displacement of the basal reflection from the original STx towards higher angles is evident,
which corresponds to a contraction of the interlayer spacing d001 from 15.4 to 13.5–14 Å for all the
organo-clays, regardless the amines structure and content.

To better clarify this point, in Figure 3b d001 are plotted as a function of the corresponding amine
content. For sake of comparison, also pristine STx and pristine STx fully dehydrated are also reported.
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It is evident that all the d001 of the modified-clays are very close and their values are intermediate
between pristine-fully hydrated and pristine-fully dehydrated clays.

The observed interlayer shrinkage, calculated from XRD, is an indication of the presence of the
polyamine interacting with clay interlayer [31]; indeed, no other effect than polymer-clay interaction
should be present in this case. However, usually, the accommodation of large organic molecules, such as
polyethylenglycols PEG [23,32], inside the clay has been reported to cause interlayer enlargement [33–35].
A contraction of the interlayer spacing has been reported in the literature for the intercalation, via
ion exchange mechanism, of a polycationic quaternary amine polymer [31]. Nevertheless, in the
considered samples, no cation exchange is expected: intercalation reaction was performed at the
amine original pH of 11, that is, basic enough to prevent any protonation of the amino-groups or any
protonation of the clay interlayers. To verify this point, ICP analyses were performed on the solution
after the polyamine-clay contacting reaction: in case of cations exchange the presence of interlayer
ions, for example, Ca2+, has to be found. As expected, no Ca2+ ions were found after intercalation,
thus confirming that no ions exchange has occurred, and amines are intercalated in their neutral form.

A possible explanation for the observed interlayer shrinkage could be found by considering
interlayer water molecules. As reported elsewhere for PEG-based systems, the interaction between the
intercalated polymers and the clay involves the formation of weak bonds between the polymer chain
and the interlayer water molecules that are in turn coordinated to the interlayer cations [23,31,32].
Similar effects can be claimed also in this case. The interlayer contraction, indeed, could imply a
water-amine interaction that, in view of the higher affinity of the amino groups for the interlayer cations
could result in water displacement. Moreover, interlayer spacing calculated for the organo-clays,
are intermediate between fully hydrated- and fully dehydrated-pristine clay, thus supporting this
explanation. Thus, the polyamine chain, which possesses a stronger coordination capability towards
the interlayer cations, could displace some interlayer water molecules. The replacement of part of the
interlayer water molecules with these new “stronger and shorter” coordination bonds could result
in the observed contraction. However, a minimum interlayer water content cannot be overcome
to prevent either repulsion phenomena between two faced silico-aluminate layers or the structure
collapse. This phenomenon can account for the observed (d001) constancy in all the modified-clays.

On the contrary, in the case of PEG intercalation [23,32], in view of the polyoxyethylene chains
of the polymer, a weaker H-bond interaction between the etheric oxygen of the polymer chain and
the interlayer water molecules occurred. Indeed, water displacement was hardly detected and the
hindrance effect of the PEG chain prevailed, resulting in an interlayer enlargement.

To confirm this picture, TG analyses of the solids were performed in air: both polyamine
decomposition and the water evolution are detectable by this technique.

DTG curves are shown in Figure 4a. Once more, very similar behaviours were observed for all the
different samples.

Three different ranges of temperature can be identified: (1) 100–120 ◦C corresponding to water
evolution; (2) 150–250 ◦C corresponding to amine decomposition; (3) 300–450 ◦C corresponding to
decomposition of combustion residue and clay collapse.

The above thermal phenomena are discussed below in details. The thermal phenomenon up
to 100–120 ◦C is present in both pristine and all the modified clays. It accounts for water evolution.
However, broader decomposition patterns, accompanied in some case by shoulders, are found in
organo-clays with respect to the pristine one. In case of modified-clays, water evolution corresponds
to sample water content, mainly interlayer water molecules. Indeed, organo-clays after intercalation
were dried at room temperature for one day, conditions that are too mild to modify the interlayer
water content that is, therefore, preserved. However, as discussed above, “different” interlayer water
molecules are present in the materials, some of them interacting with the clay interlayer cations
and some others interacting with the polyamine chain. These last water molecules, in view of their
stronger interactions, evolve at temperatures that are slightly different from the others. Therefore, this
heterogeneity of bond strength can explain broadness and complexity of the first thermal decomposition.
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Water losses were quantified and plotted as a function of the total intercalated polyamine content
(Figure 4b). Very similar water losses were found for all the samples, irrespective of the polyamine
content or structure and definitely lower if compared to the unmodified clay.

Figure 4. (a) DTG curves of pristine and modified-clays prepared at different polyamine content; and
(b) Water loss (calculated from thermal decomposition) as a function of the amine content for pristine
and modified clays.

This behaviour is in line with d001 reduction (compared to the unmodified STx) and constancy
(for all the modified clays) and confirms that XRD findings were related to interaction of interlayer
water and intercalated polyamine. Moreover, it also strongly supports the presence of the threshold
amount of water that has to be retained to preserve the clay structure.

Thermal phenomenon at 150–250 ◦C, not detected in the pristine clay, is attributed to the intercalated
polyamines decomposition, which in pure amines are observed at about 300 ◦C. With respect to the free
amines, in the organo-clays the decomposition is anticipated of about 100 ◦C. In addition, a progressive
decrease of the decomposition temperature was observed on increasing amine content in the solid.
In line with literature indication, anticipation of polymer decomposition is attributed to the effect of
the polymer-clay interaction [23].

Moreover, the last thermal phenomenon, detected between 300 and 450 ◦C, also in this case is
possibly related to decomposition of pitch-like residues of combustion of the polyamine [23]. Such
residues trapped inside the clay thus require higher temperature to be decomposed. [23,32].

IR spectra of the L6-70 material as pure powder were also recorded at increasing temperatures
from room temperature to 400 ◦C in air (Supplementary Material, Figure S1). Pure powder spectra show
very strong and noisy bands due to the high concentration of the organic loading. Nevertheless, two
broad and ill-defined absorptions are detected, characterizing the amine molecules and corresponding
to CH stretching modes (3000–2800 cm−1) and NH stretching modes (3300–3200 cm−1) as detailed in
the following. Their intensity strongly decreases upon heating up to 200 ◦C and above, as further
confirmation that organic moieties are mainly responsible of the weight loss detected in this temperature
range by TG studies.

Therefore, from XRD and DTG combined information, it is possible to state that all the polyamines
show quite similar interactions with the clay, partially due to intercalation by means of weak bonds and
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partially due to water interactions, suggesting the presence of a multilayer and heterogeneous situation.
Despite a good accordance among XRD and TG experimental data, the presence of some polyamine
adsorbed at the surface clay platelets cannot be excluded. Therefore, confirmation of the supposed
mechanisms was also assessed by skeletal IR spectra. For this purpose, organo-clay containing L6 was
selected. Indeed, the L6 structure is simpler than the other polyamines and, as a consequence, data
interpretation is expected to be simpler too. Moreover, it is a commercial product, therefore much more
suitable for the production of the organo-clays for industrial application. Organo-clays containing
increasing amount of L6 polyamine were hence analysed and resulting spectra are reported in Figure 5.
Spectrum of the pristine STx material (dashed line) is reported for sake of comparison.

Figure 5. FT-IR skeletal spectra of the organo-clays prepared at different initial L6 amine content
(common scale). Broken line: FT IR spectrum of the reference STx material.

Skeletal bands of the pristine montmorillonite material are not affected by the modification with
amine and the corresponding spectral region (below 1300 cm−1) has not been reported in Figure 5.

The high frequency region of all the spectra shows bands assigned to OH stretching modes at
3626 cm−1 (structural OH groups of montmorillonite, mainly coordinating central Al atoms) and
3415 cm−1 (water molecules), overlapping the broad band due to water vapour adsorbed on the KBr
matrix [32,36]. The introduction of amines leads to changes in shape and relative intensity of these
features. In particular, in this region a decrease in intensity of the band due to water molecule can be
detected, especially for the L6-70 sample. The ratio water molecules/structural OH is always slightly
lower in the organo-clays than in the pristine STx spectrum and suggests the preferential interaction
of amine with water, either adsorbed water either interlayer water, which is partially substituted by
the organic molecules. This effect could be considered indirect evidence of some amine intercalation.
A weak absorption centred at 3300 cm−1, more evident in the L6-70 spectrum, is assigned to the NH
stretching mode of a secondary amino group. Two absorptions, quite complex, at 2965 and 2865 cm−1

correspond to the CH asymmetric and symmetric stretching modes of the CH2 of the alkyl chain. The
complexity of these bands, which are evidently split in the spectrum of the L6-135 sample, is due to the
existence of CH groups having different environment, that is, in the –(CH2)2– unit or linked to –NH–
groups. Broadening and splitting of these bands is indeed related to the interaction of the chain with
the clay [37]. At lower frequencies, the main bands corresponding to the amine chain are detected
at 1570 cm−1, NH deformation mode and at 1480, 1430 and 1390 cm−1, CH deformation modes. The
relative intensity of the amine band at 1570 cm−1 increases with the increasing amine content in the
starting solution, confirming the efficiency of the preparation procedure. Moreover, the detection of
this band highlights that amino groups in the organic framework are still “free” after interaction with
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the clay and are therefore available for the uptake of metal ions. As expected, considering the highly
basic contacting pH, no amine protonation was detected.

In sum, the immobilization of the organic chain in solid matrix should not hinder the accessibility
of the NH/NH2 groups, which are directly involved in the coordination of metals in environmental
remediation applications [24,38].

FT-IR spectra of organo-clays prepared at similar initial amine concentration but with different
polyamines are shown in Figure 6 and exploited in the regions of interest.

Figure 6. FT-IR skeletal spectra of all the organo-clays samples prepared at similar initial amines
molarity. Dashed line: STx reference spectrum.

As discussed in the previous paragraph, in the high frequency region of the spectra, the band
centred at 3300 cm−1 ca. is assigned to NH stretching of the secondary amino groups. The –NH2

vibrational stretching modes fall in the same region, while the corresponding asymmetric stretching
absorptions could be masked by the band of H-bound water centred at 3350 cm−1.

Bands at 2955 and 2860 cm−1, are characteristic of the vibrations of CH bonds in CH2 groups.
Correspondingly, the asymmetric CH deformation mode is detected at about 1480 cm−1 ca quite broad
and complex. In this spectral region, also other contributions can actually be identified, although
strongly overlapped. The absorptions in the range 1635–1620 cm−1, shifted in wavenumber in
comparison to the pristine material, are assigned to deformation modes of water. Another broad
absorption growing at 1575 cm−1 is due to NH deformation mode, slightly stronger in L10 and
B14 sample.

The comparison of Figures 5 and 6 showed similar spectral features for the different organo-clays:
NH stretching and deformation modes of exposed amino groups, reduced water content of these
materials in comparison to the pristine clay, complex CH stretching and deformation modes slightly
perturbed by the interaction with the matrix. As already reported for XRD and TG the presence of only
very few and small differences, suggest that similar immobilization mechanisms occurs, in spite of
different structure or molecular weight of the considered polyamines.

Diffuse Reflectance-NIR spectra of pristine montmorillonite and of sample L6-135 are reported in
Figure 7.

In the pristine clay spectrum, the complex band at 7085 cm−1, with a shoulder at 6865 cm−1,
corresponds to the overlapping of the first overtone of vibrational modes of structural OH stretching
and water molecules and to the first overtone of vibrational modes of water molecules strongly bonded
through H-bonds. The sharp band centred at 5245 cm−1 and tailing towards lower frequencies has been
previously assigned to a (ν+δ) combination mode of water strongly interacting with interlayer cations
and with the clay surface [39]. The NIR spectrum of the organo-clay shows a significant decrease in the
relative intensity of this band which is also shifted at higher frequencies (5252 cm−1). The modification
of this feature suggests that in the studied organoclays the immobilization process affects interlayer
water, as also reported by some of us for PEG intercalation in a previous paper [40].
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Figure 7. Diffuse Reflectance NIR spectra of STx and organo-clay L6-135.

On the other side, the shift in wavenumbers suggests that the strength of the H-bonds between
residual water molecules is also changed, possibly increased [37,41]. The band at 4535 cm−1 is
assigned to overtones of structural OH groups which seem to be only marginally involved in the
amine immobilization. Finally, new features appear at 6500 and 5780 cm−1, corresponding to overtones
and combination vibrational modes of –NH– and –CH2– groups, respectively, thus characterizing the
organic chain.

To model the polyamine-clay interaction and trying to support the hypothesis of a complex
and heterogeneous situation, the experimental results concerning the polyamines adsorption were
interpreted according to Langmuir and Freundlich models [42,43]. It is well known that Langmuir
model describes a more homogeneous situation where equal active sites can be occupied only once. On
the contrary, Freundlich model is able to describe complex and heterogeneous (multilayer) surfaces.

Langmuir model parameters were calculated according to Equation (4):

ce

qe
=

ce

qmax
+

1
qmaxKL

(4)

where qe (mg/g) is the adsorbed amount at equilibrium, Ce (mg/L) is the equilibrium concentration,
qmax is the maximum monolayer adsorption capacity of the adsorbent and KL is the Langmuir constant
related to the free energy of adsorption.

Freundlich model parameters were obtained according to Equation (5):

log10 qe = log10 KF +
1
n
· log10 Ce (5)

where qe and Ce have the same meaning of Equation (4), while KF ((mmol/(g·(mmol/L)1/n)) and 1/n are
Freundlich constants related to the adsorption capacity and the adsorption intensity, respectively.

Calculated values of Langmuir and Freundlich constants are compared in Table 3.

Table 3. Langmuir and Freundlich constants calculated from amines adsorption data on STx.

Model qmax(mmol/g) KL(L/mmol) R2

Langmuir 0.47 0.08 0.71

n KF (mmol/(g·(mmol/L)1/n) R2

Freundlich 3.03 0.10 0.81
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Plots of the linearized isotherms evaluated using both models are reported in Figure 8.

Figure 8. Adsorption isotherms for L6-STx: (a) Langmuir and (b) Freundlich model.

Only small differences were found (Figure 8a,b), however, despite data are only slightly better
fitted, Freundlich model is selected as the most proper one to account for the adsorption. This is not
surprising, considering that Freundlich empirical model can be applied to multilayer adsorption, with
non-uniform distribution of adsorption heat and affinities over sites of different nature, as is the case of
the clay here discussed [44]. Freundlich slope, ranging between 0 and 1, is a measure of adsorption
intensity or surface heterogeneity: a larger heterogeneity of surface sites is present as the slope value
is near to zero. Values of n > 1 indicate either penetration of a sorbate into a sorbent structure or
lateral sorbate-sorbate interactions. In the case here reported, for all the considered polyamines, n > 1
indicates most probably lateral interactions between polyamine molecules in an adsorbed state [45].

3.2. Metal Uptake and Release

Finally, the effect of the nature and the concentration of polyamine on metal capture reaction was
performed. A parallel study was performed on the 3 systems, that is, L6, L10 and B14. Uptake reaction
at initial La concentration 19 mM (90 min contact time and pH about 6) was performed using different
organo-clays prepared at different polyamine initial concentration (10–90 mM) Results are reported in
Figure 9a.

Figure 9. - La uptake as a function of (a) the polyamine content for the different organo-clays and (b)
number of amino-groups (STx-L6 and STx-L10). Dashed lines are drawn as guide for the eyes.

All the capture data can be accounted for a linear La uptake up to polyamine content of
0.45 mmol/gclay. At that value, 100% of La ions’ uptake, that is, total metal ions removal from the
solution, was achieved. In particular, the organo-clay functionalized with the smallest amine chain L6
shows good adsorption capacity, that is, 65 mg/g sorbent, fitting indeed within the adsorption results
reported in the open literature for Lanthanum uptake, as very recently reviewed by Iftekhar et al. [46].
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On average, the uptake reaction is apparently insensitive to the polyamine structure that is, linear
or branched and high or low molecular weight, showing a similar linear La uptake. In case of B14-based
organo-clay, the lower uptake at increasing amine content is probably due either to lower polyamine
content inside the clay or lower availability of the metal coordination sites. Indeed, in view of the
highly branched structure of B14, lower polyamine content can be allocated inside the clay and/or the
branched chains could interact each other, preventing some coordinating sites. Therefore, this suggests
that the capture mechanism could be driven by the number of coordination centres, that is, the number
of amino groups in the functionalized clays.

This effect becomes evident when uptake data obtained for L6- and L10-based materials are
plotted as a function of the overall number of amino groups, (calculated as the product of the moles
of polyamine present in the organo-clay and the number of amino groups per moles of polymer)
(Figure 9b). Behaviour of L6- and L10-based materials is so overlapped that the organo-clays becomes
indistinguishable, despite of the marked differences between the polyamine structures.

This suggests that the same total amount of amino groups, although included in molecules having
different chain length, either linear or branched, has the same metal uptake behaviour. Therefore,
shorter and simpler polyamines, easier to handle—for instance, more soluble—can be used without
lacking effectiveness in the uptake reaction.

Also release experiments were performed. Knowledge on release mechanism will be useful in
case of recovery of the captured metals with their revalorization and re-use as final target. In addition,
desorption data could provide additional information to better understand capture mechanism and its
relationship with polyamine loading, structure and composition.

The La-enriched organo-clays were thus contacted with solutions at pH 1, value that was
proved [47] to be the best to perform the desorption reaction.

Data obtained from release tests are reported in Figure 10, where La release is plotted as a
function of La uptake. Also, in the case of release, very close behaviours were found for the different
organo-clays. Once more, regardless of polyamine nature, release results can be fitted by a linear plot,
where the different systems are indistinguishable.

Figure 10. Lanthanum release as a function of lanthanum uptake (Dashed-dotted line: linear fitting).

This behaviour confirms that metal ions uptake is amino-groups dependent only. Indeed,
considering release conditions, that is, pH = 1, La ions are recovered by replacing them with protons
via acidification of the amino groups of the polyamines, whatever their structure. Amino-groups
mainly interact with the ions (and not with the clay), therefore are free and easily protonable. The
complete conversion of amine to ammonium results in an almost quantitative metal release (90–95%)
that accounts for the linear plot (fitting line near to bisect) observed in Figure 10.
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COD analysis of the solution after both uptake and release tests, evidenced the presence of very
limited amount of polyamine, lower than 1% of the total content. Therefore, data reported on capture
and release fit well with the hypothesis of significant polyamine immobilization in the interlayer.

Indeed, a conclusive picture of the clay-polymer interaction cannot be drawn on these bases and
possibly a deeper and dedicated investigation by means of other techniques such as TEM and XPS is
still required. Evidences from different characterization techniques, such as: a) a slight modification
of the d001 observed by XRD; b) the anticipation of the polymer decomposition temperature, due to
polymer-clay interaction as already observed by TG for similar systems; c) a decrease of water content
due to interlayer water displacement detected both by TG and spectroscopic techniques; e) a negligible
amount of polymer dissolved in harsh conditions (i.e., soaking and stirring at pH 6 and 1 for uptake
and release test, respectively), accounted for polyamines molecules strongly interacting with the clay
matrix. However, it cannot definitely discriminate between intercalated polyamine and/or polyamine
strongly bonded to the platelets surface and edges.

4. Conclusions

The preparation of organo-clays using polyamines as modifying agents was carried out and the
main following conclusions can be drawn:

1. amine content in the solid phase can be increased, increasing the initial amine concentration in
solution up to a threshold value;

2. Freundlich isotherm model was found to be the one best fitting the data, meaning the presence
of surface sites of different nature. This fact is not surprising because Freundlich isotherm is widely
applied in heterogeneous systems especially for organic compounds [45].

3. Common mechanisms occur, in spite of different structures or molecular weights: at pH 11
polyamines are likely intercalated in the clay interlayer, although surface adsorption cannot be ruled
out. Both interactions involve preferential interaction of amines with water, either interlayer water
either adsorbed water (the first being at least partially substituted by the organic chains).

4. At lower amine content the accessibility of the amino groups of the polyamines is not prevented.
Increased amine content leads to a significant interaction between the chains, somehow hindering the
availability of the NH groups, namely for the branched chain. On the other side, amine linear structure
does not seem to affect uptake activity. So, shorter and linear polyamines, more easily handled, can be
used preferentially

5. In our conditions (19 mM initial La concentration, 90 min contact time and pH about 6), total
La3+ removal was achieved already using the L6 hybrid material at quite low amine loading, that is,
0.45 mmol/gclay. An almost quantitative ions release was obtained by lowering pH of the aqueous
medium. Thus, uptake and release results suggest that polyamine-based organo-clays are promising
materials for the proposed application.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/5/897/s1,
Figure S1. FT IR spectra of organo-clay L6-70 pure powder at increasing temperatures. Broken line: pure STx
reference spectrum recorded at 100 ◦C. Arrows: bands assigned to L6 amine.
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6. Matusik, J.; Wścisło, A. Enhanced heavy metal adsorption on functionalized nanotubular halloysite interlayer
grafted with aminoalcohols. Appl. Clay Sci. 2014, 100, 50–59. [CrossRef]

7. Amin, M.T.; Alazba, A.A.; Manzoor, U. A review of removal of pollutants from water/wastewater using
different types of nanomaterials. Adv. Mater. Sci. Eng. 2014, 2014, 1–24. [CrossRef]

8. Song, J.; Kong, H.; Jang, J. Adsorption of heavy metal ions from aqueous solution by polyrhodanine-
encapsulated magnetic nanoparticles. J. Colloid Interface Sci. 2011, 359, 505–511. [CrossRef] [PubMed]

9. Barakat, M.A. New trends in removing heavy metals from industrial wastewater. Arab. J. Chem. 2011, 4,
361–377. [CrossRef]
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Abstract: Layered silicates are suitable for use as fillers in nanocomposites based on their particular
features, such as large aspect ratio, easy availability, and chemical resistance. Among them, sericite is
distinguished for its higher aspect ratio, higher resilience, and ultraviolet shielding and absorption.
Previously, sericite was structure-modified and intercalated by CTAB to expand its interlayer space.
The intercalated sericite seems promising for use in the fabrication of polymer/sericite composites or
pillared sericite. However, special attention should be paid to the stability of the intercalated sericite
because the CTAB inside the layer may be de-intercalated, which would affect the interlayer spacing
and its surface properties. In this article, the stability of the sericite intercalated by CTAB was tested
by changing different variables, such as different washing solvents, different temperatures, ultrasonic
cleaning, and different solution conditions. Finally, sericite/polymer nanocomposites were produced
with the stable intercalated sericite, and showed excellent properties compared with pure epoxy resin.

Keywords: layered silicate; sericite; CTAB; intercalation stability; nanocomposites

1. Introduction

Recently, nanocomposites have attracted great attention due to their extraordinary properties.
A wide variety of fillers, either natural ones or synthetic ones, can be used to intercalate into the
polymer [1,2]. The conventional fillers for polymers are inorganic materials of mainly three categories:
particles (e.g., calcium carbonate particles), fibers (e.g., glass fibers and carbon fibers), and plate-shaped
particles (e.g., montmorillonite and vermiculite) [3–8]. Among them, layered silicates attract the most
attention because of their easy availability, large aspect ratios, and chemical resistance [9–12]. However,
in most cases, these layered silicates, which are hydrophilic by nature, need to be organically modified
to produce polymer-compatible clay, to increase the compatibility between the layered silicate and the
polymer matrix, and to lower the surface energy of the layered silicate. Until now, many methods have
been developed to modify layered silicate. For example, the replacement of the inorganic exchange
cations with alkylammonium surfactants can make clay compatible to the polymer matrix [13–15].

Many layered silicates can be organically modified for the fabrication of polymer/layered silicate
nanocomposites. Some commonly used substrates for intercalation are swelling clays, such as
kaolinite [16–18], vermiculite [19–22], and montmorillonite [23–25]. A few articles use sericite as a
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raw material for the fabrication of polymer/layered silicate nanocomposites. Sericite is a kind of 2:1
phyllosilicate similar to muscovite with a series of unique properties. It has a higher aspect ratio
(more than 1000) [26–28], and higher resilience than other fillers, and can shield and absorb ultraviolet
radiation [29]. Unlike other 2:1 phyllosilicates such as montmorillonite and vermiculite, sericite cannot
swell in water, and is non-expandable due to the substitution of Al3+ for Si4+ in tetrahedral sheets, which
results in a net negative surface charge balanced by K+, filling in the interlayer tightly. Therefore, sericite
needs to be modified first in order to allow water and other molecules to enter the interlayer, and for
cation exchanges. Previously, our team has successfully modified sericite by thermal modification,
acid activation, and sodium modification [30]. The cation exchange capacity of the modified sericite
reached 56.37 mmol/100 g, making it a suitable material for organic modification. The modified sericite
was then intercalated by CTAB to expand its interlayer space from 1.00 nm to 5.07 nm. Therefore,
sericite seems promising for use in the next step—for the fabrication of polymer/sericite composites or
pillared sericite (e.g., Al-pillared sericite) in order to obtain better performances.

As for the intercalation of layered silicate, a lot of attention is given to methods that can modify
layered silicate from hydrophilic to hydrophobic, but not much attention has been given to the stability
of the modified layered silicate (or intercalated layered silicate). However, it should be noted that the
stability of the intercalated layered silicate is very important, since the intercalated silicate needs to be
used in the next step—for the fabrication of clay–polymer nanocomposites, or for the fabrication of
pillared silicates (such as TiO2 pillared montmorillonite). If the intercalated layered silicate is not very
stable, the interlayer spacing of the layered silicate will be changed, and its surface properties will be
affected. Gu et al. [31] found that part of the intercalated CTAB in montmorillonite was de-intercalated
when the colloidal particles produced by the hydrolysis of tetrabutyl titanate were in the suspension.
The content of CTA+ in the interlayer decreased, and the distribution and inclination angle of CTA+

in the interlayer changed accordingly. Therefore, there is a great necessity to study the stability of
intercalated layered silicate.

In this article, the stability of intercalated sericite was researched. Raw sericite (S0) was first
modified to gain cation exchange capacity by thermal modification, acid activation, and sodium
modification. Then, the modified sericite was intercalated by CTAB to increase d-space and change
its surface wettability. Different conditions (e.g., washing solvents with different temperatures) were
used to test the stability of the intercalated sericite. Finally, the stable intercalated sericite was added
into epoxy resin to produce sericite/polymer nanocomposites, and these showed excellent properties.
This article aims to provide some guidance to those who use intercalated layered silicate for the
fabrication of polymer/layered silicate nanocomposites or pillared silicate.

2. Materials and Methods

2.1. Materials

Following gravity purification, drying, and grinding, raw sericite materials (S0) were obtained
from the natural sericite produced in Anhui, China. S1 was produced by heating raw sericite materials
at 800 ◦C for 1 h, and cooling them down to room temperature. S2 was produced by mixing 6 g of
the thermally treated sericite with 200 g 5 M nitric acid at 95 ◦C for 4 h in a water bath. Stirring at
a speed of 150 rpm and drying at ambient temperature was required for the next modification step.
S3 was obtained by mixing 6 g of S2 with 200 g of saturated NaCl solution, and by stirring at the same
rotational speed as before at 95 ◦C for 3 h. Then, S3 was washed with DI H2O and dried at room
temperature. The cation exchange capacity (CEC) value of S3 reached 56 mmol/100 g, which is a great
improvement compared to raw sericite (7.5 mmol/100 g). The XRD patterns and SEM images of S0 and
S3 are shown in Figures 1 and 2, respectively. All chemicals were of analytical grade, and were used
without further purification.

202



Polymers 2019, 11, 900

Figure 1. XRD patterns of S0 and S3.

  
(a) (b) 

Figure 2. SEM images of (a) S0 and (b) S3.

2.2. The Intercalation Process and the Stability Tests

In order to test the stability of the intercalated product under different washing conditions
(different solvents and temperatures), S3 was intercalated with CTAB (the amount of CTAB was
15 times the CEC of S3) at 80 ◦C for 24 h in a water bath. Then the product was washed with hot DI H2O
(50 ◦C), cold DI H2O (25 ◦C), and ethanol (25 ◦C) separately, then centrifuged and dried. Ultrasonic
cleaning was used in the procedure of washing to see if it had a negative effect on the stability of the
intercalated product. The stability of intercalated product in the solution was also tested by putting the
intercalated product in DMSO, and in a solution of CTAB (DMSO was used as solvent, and the amount
of CTAB was 15 times theCEC of S3) at 80 ◦C for 24 h in a water bath, separately. Finally, different
substrates were used in the intercalation process to see which one was better for future use.

2.3. The Preparation Process of Sericite/Polymer Nanocomposites

The epoxy-based matrix consists of a two functional diglycidylether of bisphenol A (DGEBA,
Hubei Jusheng Technology, Wuhan, China) which is cured stoichiometrically with 4,4-diaminodiphenyl
methane (DDM, Changsha Jiazhen biological Company, Changsha, China). As an accelerator, 3 wt.%
tris(dimethylaminomethyl)phenol (DMP-30, Changzhou Shanfeng Chemical, Changzhou, China) was
added to the reactive mixture. All nanocomposites were then cured at 80 ◦C for 2 h, and then at 150 ◦C
for 2 h to achieve a fully cured polymer matrix. The chemical structures of the reactive components are
presented in Figure 3.
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Figure 3. The chemical structure of diglycidylether of bisphenol A (DGEBA) resin (left),
4,4-diaminodiphenyl methane (DDM) hardener (middle), and tris(dimethylaminomethyl)phenol
(DMP-30) accelerator (right).

2.4. Characterization

The changes in the d001 value of the sericite were determined by X-ray diffraction (XRD) analyses.
The percentage of the intercalated layers to the total layers, defined as the intercalation rate, was used
to judge the degree of intercalation. The XRD analyses were conducted with a Rigaku D/max-rA
(12 kW) X-ray powder diffractometer (Rigaku, Tokyo, Japan), operated with Cu Kα radiation at 40 kV
and 100 mA, and with a scanning speed of 0.5◦ (2θ)/min. The microstructure and morphologies were
investigated by a Hitachi S-3500 SEM (Hitachi, Tokyo, Japan). The morphologies of the sericite/epoxy
nanocomposites were characterized using a Tecnai F-20 transmission electron microscope (FEI,
Hillsboro, OR, USA), applying a 200 kV accelerating voltage. The mechanical properties of the
sericite/epoxy nanocomposites were tested by an electronic universal testing machine (WDW-300,
Shimadzu, Kyoto, Japan).

3. Results and Discussion

3.1. The Effect of Different Washing Solvents and Temperatures on the Stability of the Intercalated Product

Figure 4 shows the XRD patterns of the intercalated products washed with different solvents at
different temperatures. Obviously, cold DI H2O had the best effect of keeping the intercalation result.
After being washed with cold DI H2O, the d-value of the newly emerged diffraction peak was 4.96 nm,
which was more than five times the d-value of the modified sericite (S3). The peak pattern was sharp
as well as symmetric, which means CTAB had ordered arrays in the interlayer of sericite. While the
effects of hot DI H2O and cold ethanol were much worse than cold DI–H2O, no obvious diffraction
peaks could be seen in the two XRD patterns. This means that washing with hot DI H2O and ethanol
can make the CTAB in the interlayer de-intercalate and arrange in a disorderly manner. In spite of the
de-intercalated effect, the final product still had some intercalated effect compared to S3.

CTAB has a much higher solubility in hot water and in ethanol than in cold water, which caused
the de-intercalation of CTAB in the interlayer of sericite. Therefore, cold DI H2O should be used during
the washing procedure in order to guarantee the modification effect.
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Figure 4. XRD patterns of the intercalated products washed with different solvents at different
temperatures. a. S3; b. the intercalated product washed with cold DI H2O (25 ◦C); c. the intercalated
product washed with hot DI H2O (50 ◦C); d. the intercalated product washed with cold ethanol (25 ◦C).

3.2. The Effect of Ultrasonic Cleaning on the Stability of the Intercalated Product

Figure 5 shows the XRD patterns of the intercalated products after being treated with and without
ultrasonic waves during the washing procedure. The solvent used in the washing procedure was cold
DI H2O. It can be seen that ultrasonic cleaning had no obvious effect on the intercalation result.

Figure 5. XRD patterns of the intercalated products: a. washed with ultrasonic cleaning; b. washed
without ultrasonic cleaning.

3.3. The Stability of the Intercalated Product in the Solution

Intercalation is not the final procedure in the fabrication of polymer/clay nanocomposites or
pillared composites. The intercalated products need to be used as raw material for the next step.
Therefore, it is necessary to keep the intercalated product stable in the solution. In this part, the stability
of intercalated product in the solution was tested by putting the intercalated product in DMSO solvent,
and in a solution of CTAB (DMSO was used as the solvent and the amount of CTAB was 15 times
the CEC of S3) at 80 ◦C for 24 h in a water bath, separately. Figure 6 shows the XRD patterns of the
final products. The d-space of the intercalated sericite in the mixed solution of CTAB and DMSO
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was 5.79 nm, and the peak patterns were sharp, which means good crystallinity of the final product.
The d-space of the intercalated sericite in the DMSO only reached 3.03 nm, and the diffraction peaks
were much flatter. Therefore, it is clear that the stability of the intercalated product in the mixed
solution of CTAB and DMSO was much better than in DMSO.

Figure 6. Stability test of the intercalated products in the solution: a. the intercalated sericite was used
as raw material and DMSO was used as a solvent, at 80 ◦C for 24 h; b. the intercalated sericite was
used as raw material, CTAB (the amount of CTAB was 15 times the cation exchange capacity (CEC) of
S3) and DMSO were used in the solution at 80 ◦C for 24 h.

A hot solvent such as DMSO can dissolve CTAB and move CTAB out from the interlayer, causing
the disorder of CTAB in the interlayer. However, the mixed solution of CTAB and DMSO can ensure a
saturated solution of CTAB (the amount of CTAB was 15 times the CEC of S3, much higher than the
solubility of CTAB in this temperature), and maintain the stability of CTAB in the interlayer with the
help of osmotic pressure. Therefore, if the intercalated sericite needs to be used in a subsequent step,
sufficient CTAB should be put into the solution in order to keep the intercalated CTAB stable inside
the interlayer.

3.4. The Choice of Raw Material for the Intercalation Based on Stability, Intercalation Rate, and Other
Experimental Conditions

Figure 7 shows the XRD patterns of different raw materials used in the intercalation. When S3
was used as a raw material, CTAB was used as an intercalation agent in DMSO solvent at 80 ◦C for
24 h. When the intercalated sericite was used as a raw material, CTAB was used as an intercalation
agent in the DMSO at 80 ◦C for 3 h. It can be seen that it did not matter what the raw material was,
the intercalation result was almost the same. The d-space was maintained between 4.88 and 4.99 nm,
and both peak patterns were sharp and symmetrical.
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Figure 7. XRD patterns of different raw materials used for the intercalation: a. raw material was S3,
CTAB was used as intercalation agent in DMSO solvent; b. raw material was intercalated S3, CTAB was
used as intercalation agent in DMSO solvent.

The intercalation rates were calculated, and are shown in Table 1. From Table 1, it can be seen that
both the intercalation rates were relatively high, ranging from 94.83% to 98.20%.

Table 1. The intercalation rate using different raw materials.

S3 Intercalated S3

Intercalation rate (%) 98.20 94.83

The usage of reagents and the experiment time are listed in Table 2. Obviously, the intercalated S3
consumed more reagent and had a longer experiment time. Based on these factors, S3 should be chosen
for the intercalation. The intercalation did not improve by repeating it. The intercalated product made
from S3 was stable, consumed less reagent, took less time, and had a higher intercalation rate.

Table 2. The usage of reagents and experiment time with different raw materials for the intercalation.

S3 Intercalated S3

The amount of CTAB 15 times the CEC of S3 30 times the CEC of S3
Experiment time 24 h 24 h + drying time + 3 h

3.5. Properties of the Sericite/Polymer Nanocomposites

Different amounts of stable intercalated sericite, using the optical conditions mentioned above
(0.1 wt%, 0.5 wt%, 1 wt%, 1.5 wt%, and 2 wt%), were added into epoxy resin to produce sericite/epoxy
nanocomposites. In Figure 8, it can be seen that when the amount of sericite was less than 1 wt%,
mainly exfoliated nanocomposites were formed. The interlayer spacing could be expanded to more
than 8.8 nm, with the sheets of sericite distributed uniformly in the matrix. As the amount of sericite
increased to 1.5 wt%, diffraction peaks emerged at 2θ < 2◦, which means that part of the sericite
was not exfoliated in the epoxy resin matrix, while the interlayer spacing still increased substantially.
The increased amount of sericite increased the background of the previous d002 value of sericite, which
means the exfoliation is not that completed, with part of sericite lamellar still in order degree.
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θ / °  
Figure 8. XRD patterns of the sericite/epoxy resin with different amounts of intercalated sericite added.

The tensile strength, flexural strength, and impact strength of the sericite/epoxy nanocomposites
with different amounts of sericite added were also tested and compared with pure epoxy resin with no
sericite added. In Figure 9, it can be seen that the mechanical strength of the nanocomposites increased
substantially compared with pure epoxy resin. The mechanical strength was best when the amount of
sericite was 1%. The tensile strength (105 MPa) increased by 110% compared with pure epoxy resin
(50 MPa), the flexural strength (110 MPa) increased by 41% compared with pure epoxy resin (78 MPa),
and the impact strength (35 kJ/m2) increased by 94% compared with pure epoxy resin (18 kJ/m2).

Figure 9. The effect of the added amount of intercalated sericite on the mechanical properties of
the composites.

Figure 10 shows TEM images of the sericite/epoxy nanocomposites (the amount of sericite was
1 wt%). The dark textures are sericite layers, while the light parts are epoxy resin. The sericite
interlayers were still parallel while most of them were exfoliated to a relatively large extent with
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the distance at 20 nm or more. Together with the XRD patterns, this result proves the formation of
exfoliated sericite/epoxy nanocomposites.

Figure 10. TEM images of the sericite/epoxy nanocomposites (the amount of sericite was 1 wt %).
(a) scale bar 20 nm; (b) scale bar 100 nm.

When compared with virgin epoxy resin, the sericite/epoxy resin nanocomposites had better
mechanical properties. The results above also suggest that there is an optimum clay concentration
for the nanocomposite, which was 1% in our case. Compared with epoxy resin, sericite is more
naturally resistant to straining due to its high modulus. Moreover, when the added amount of sericite
was less than (or equal to) 1%, mainly exfoliated sericite/epoxy nanocomposites could be formed,
with most of the sericite lamella distributed uniformly in the epoxy resin. Therefore, the mechanical
properties of sericite/epoxy nanocomposites improved dramatically when compared with pure epoxy
resin. As the amount of sericite increased, the relative amount of intercalation/exfoliation of the
sericite gradually increased with an increase in the sericite content, which means that the dispersion
of sericite in epoxy resin was not as good as before, leading to decreased mechanical properties.
The modifier of sericite—CTAB in our case—helped change the surfaces of sericite from hydrophilic to
hydrophobic, leading to good adhesion between sericite and epoxy resin, which was the precondition
to the improvement of the nanocomposite mechanical properties.

4. Conclusions

In summary, the intercalated sericite by cetyl trimethylammonium ion was stable during the
washing procedure with cold (room-temperature) DI H2O. Hot DI H2O and ethanol could de-intercalate
CTAB in the interlayer. Ultrasonic cleaning had no effect on the stability of the intercalated product.
If the intercalated product needs to be used in a subsequent reaction step, a sufficient amount
(larger than the solubility of CTAB) of CTAB should be put into the solution in order to prevent the
de-intercalation of CTAB from the interlayer. The intercalated product made from S3 was stable,
consumed less reagents, and had a higher intercalation rate compared with twice-intercalated products.
The sericite/epoxy nanocomposites produced with stable intercalated sericite had better mechanical
properties than pure epoxy resin. Mainly exfoliated sericite/epoxy nanocomposites with the layers of
sericite dispersed very well in the epoxy resin were formed when the amount of sericite was 1 wt%
or less based on the XRD and TEM results. Stable intercalated sericite is the precondition of a good
adhesion between sericite and epoxy resin, which leads to good nanocomposite mechanical properties.
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Abstract: CO2 has been regarded as one of the most promising blowing agents for polystyrene (PS)
foam due to its non-flammability, low price, nontoxicity, and eco-friendliness. However, the low
solubility and fast diffusivity of CO2 in PS hinder its potential applications. In this study, an attapulgite
(ATP)/polypyrrole (PPy) nanocomposite was developed using the in situ polymerization method
to generate the hierarchical cell texture for the PS foam based on the supercritical CO2 foaming.
The results demonstrated that the nanocomposite could act as an efficient CO2 capturer enabling
the random release of it during the foaming process. In contrast to the pure PS foam, the ATP/PPy
nanocomposite reinforced PS foam is endowed with high cell density (up to 1.9 × 106) and similar
thermal conductivity as the neat PS foam, as well as high compression modulus. Therefore, the in
situ polymerized ATP/PPy nanocomposite makes supercritical CO2 foaming desired candidate to
replace the widely used fluorocarbons and chlorofluorocarbons as PS blowing agents.

Keywords: supercritical CO2; polystyrene foam; blowing agent; in situ polymerization; attapulgite/
polypyrrole nanocomposite

1. Introduction

Polystyrene (PS) foam is one of the most popular and low-cost polymeric foams that is widely used
in many applications such as household materials, food containers, lightweight composites, toy models,
and packaging [1–6]. As is well known, the blowing agent applied during the foaming process is the
key factor for achieving PS foam of good quality. Recently, with the rising environmental concerns
from currently used blowing agents such as fluorocarbons (FCs) and chlorofluorocarbons (CFCs),
carbon dioxide (CO2) has attracted tremendous interests from the scientific and industrial communities.
Compared with FCs and CFCs, CO2 at its supercritical state (T = 31 ◦C and P = 73.8 bar/1074 psi)
can be competitive because it is inexpensive, non-flammable, nontoxic, environmentally friendly,
and chemically inert [7–10]. However, CO2 also has some drawbacks, in that it is usually processed at
higher pressures and easily escapes from the polymer matrix, which induces processing instability and
shaping contraction. These will result in an uncontrollable foam density and cell morphology of PS
foam, thus leading to poor thermal and mechanical properties [11–13]. In this case, it is requisite to
develop an efficient strategy to manage CO2 for PS foaming.

Polymers 2019, 11, 985; doi:10.3390/polym11060985 www.mdpi.com/journal/polymers212
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In a traditional process based on supercritical CO2 foaming, a large quantity of CO2 is dissolved
in PS that can modify the rheological properties of PS in the barrel of the extruder, then resulting in
extensive expansion during the relaxation at the die. Consequently, the reduction of viscosity decreases
the mechanical constraints and the operating temperature within the extruder [14–16]. It was found
that CO2 can decrease the viscosity of PS without otherwise changing their pseudoplastic behavior.
The viscosity data for the PS based on supercritical CO2 foaming follow the ideal viscoelastic scaling,
whereby the set of viscosity curve can be scaled to a master curve of reduced viscosity vs. reduced
shear rate identical to the viscosity curve for the pure PS [17]. It was also reported that CO2 could
blow the PS-based composites. Pang et al. studied the effect of CO2 as the processing medium to
improve the in situ compatibilization of polypropylene/PS blends via reactive extrusion. CO2 had
been proved to enable an improved phase dispersion and thus the mechanical properties of the
polypropylene/PS through two functions: CO2-assisted phase dispersion and CO2-promoted in situ
compatibilization [18,19]. In addition, the PS/carbon-based nanoparticle composites with different
shapes or dimensions were prepared using supercritical CO2 as the foaming agent, of which the
nucleation mechanism was well analyzed by the classical nucleation theory [20].

In this study, attapulgite (ATP) and polypyrrole (PPy) have been in situ polymerized to give a
nanocomposite to assist CO2 for PS foaming, where the ATP/PPy nanocomposite is expected to act as a
“CO2 capturer” to control the CO2 releasing during foaming [21]. The ATP-PS foams possessed cells
of the similar three-petal shape as the neat PS foam, while the ATP/PPy nanocomposites reinforced
PS foams displayed significantly different cellular structure. As demonstrated in the SEM images,
it was found that the ATP/PPy nanocomposites reinforced PS foams were composed of multi-petal
(≥3) and hierarchical petal-in-petal textures. The foam density and cell size features of the ATP/PPy
nanocomposites reinforced PS foams were significantly different from the pure PS foam. This could be
understood from the fact that the uniquely fibrous ATP with PPy could form the separated pathways
for CO2 during the foaming process, interfering with its spontaneous release. As a result, the ATP/PPy
nanocomposites reinforced PS foams were endowed with similar thermal conductivity, as well as up to
8.06 ◦C higher thermal decomposition temperature (TDT) and 181% higher compression modulus,
compared to 415.78 ◦C and 1.09 MPa of the neat PS foam. The ATP/PPy-PS foam with these excellent
performances opens enormous opportunities for them to be used in the lightweight composite,
microwave absorption, energy, and catalytic applications.

2. Materials and Methods

2.1. Materials

Pyrrole, Ammonium persulfate (APS), Sodium hexametaphosphate (SHMP), (3-Aminopropyl)
triethoxysilane (KH-550), and other chemicals were purchased from Aladdin Chemistry Co., Ltd.
(Shanghai, China). All chemicals were of analytical reagent grade used without further purification.
PS (Nova 1600) was provided by NOVA Chemical, Inc. (Painesville, OH, USA). Deionized (DI) water
was used throughout this study.

ATP was purified from the crude mineral ores (Gansu, China) as follows: First, the crude mineral
ores were put into the planetary ball mill (QM3SP4L, Shanghai Xinnuo Instrument Equipment Co.,
LTD, Shanghai, China) and ball milled at 400 rpm for 8 h. The resulting solid was further ground in an
agate mortar for 10 min, followed by sifting fine ATP (400 mesh) from the ores. After that, the fine
ATP was dispersed in DI water then ultra-sonicated for 30 min to obtain the uniform dispersion.
Subsequently, the ATP dispersion was centrifuged at 5000 rpm for 30 min. Finally, further air-drying
was conducted at 105 ◦C overnight to complete the purification (Figure 1).
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Figure 1. Digital camera images of (a) the crude mineral ore of attapulgite (ATP), (b) purified ATP and
(c) the ATP/polypyrrole (PPy) nanocomposite. Scale bar: 1 cm.

2.2. Foam Extrusion of ATP/PPy Nanocomposite Reinforced PS

At first, the ATP/PPy nanocomposites were prepared according to the chemical oxidation for the
preparation of PPy. Specifically, 0.9 g of purified ATP was dispersed in 500 mL of DI water under
magnetic stirring overnight at ambient temperature. Pyrrole monomers of desired amount and 500 mL
of HCl (2 M) were subsequently introduced into the previous solution, under vigorous magnetic
stirring for another 24 h at 5 ◦C. Then a mixture of APS (13.02 g) and 100 mL of DI water was added
in to initiate the polymerization for about 16 h, during which the temperature of which was kept at
5 ◦C. The obtained suspension was washed with deionized water three times and centrifuged to obtain
the sediment. Finally, the sediment was collected and freeze-dried to give the powdery ATP/PPy
nanocomposite (Figure 1c).

The ATP/PPy nanocomposite reinforced PS foams were prepared by a modified method as
originally presented by Castro and co-workers [10]. Foaming was done using a twin screw extruder
equipped with a pelletizer die as shown in Figure 2 (Leistritz ZSE-27; D = 27 mm; L/D = 40).
The temperature zones of the extruder barrel were kept at 160 ◦C in the feed zone and 180 ◦C at the die
tip. The extruder was typically run at 100 rpm. The 2.0, 2.8, and 3.3 wt% of ATP/PPy nanocomposite
were selected to reinforce the PS foams, thus being labeled as ATP/PPy-PS 1, 2, and 3, respectively.
For a comparison purpose, pristine PS and PS reinforced by the purified ATP alone were also prepared,
denoting as PS foam and ATP-PS 1, 2, 3 (with respectively 2.0, 2.8, and 3.3 wt% of purified ATP
included). The visual observations of neat PS, ATP-PS 3, and ATP/PPy-PS are presented in Figure 3
(optical camera images).

 

Figure 2. The continuous foaming extrusion process for the fabrication of the polystyrene (PS) foam in
this study.
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Figure 3. Optical camera images (upper: top view, lower: cross section view) of (a) neat PS foam,
(b) ATP-PS 3, (c) ATP/PPy-PS 3. Scale bar: 1 cm.

The cell size and cell density of all PS foams (Figure 4, scanning electron microscopy, SEM images)
were determined by using both the inverted microscope (equipped with a 4× objective lens, ECLIPSE
Ti2-U, Nikon Corporation, Tokyo, Japan) and SEM (S3400N, Hitachi Co., Ltd., Tokyo, Japan). At least
70 cells were taken into account to determine the average cell size and cell density. The obtained
morphological properties and densities of the neat PS foam, ATP-PS foams, and ATP/PPy-PS foams are
summarized in Table 1. Specifically, the foam density of each sample was calculated according to the
following equation from the ASTM D792 standard [22]:

FoamDensity =
Mair × ρwater

Mair −Mwater
(1)

where Mair is the apparent mass of the sample in air, Mwater is the apparent mass of the sample in
water, and ρwater is the density of water.

Figure 4. Cont.
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Figure 4. The optical microscopy images showing the cell size and cell density of (a) neat PS foam,
(b) ATP-PS 3 and (c) ATP/PPy-PS 3, scale bar: 500 μm. Top view scanning electron microscopy (SEM)
micrographs of (d) neat PS foam, (e) ATP-PS 3 and (f) ATP/PPy-PS 3, scale bar: 2 μm. (g) Cell density
test of ATP-PS foam and ATP/PPy-PS foams.

Table 1. Density and morphological properties of neat PS foam, ATP-PS foam, and ATP/PPy-PS foam.

Sample Foam Density (g/cm3) Cell Size (mm) Cell Density (cells/cm3)

neat PS 0.070 ± 0.004 0.52 ± 0.06 (3.5 ± 0.2) × 103

ATP-PS 1 0.188 ± 0.015 0.40 ± 0.03 (8.3 ± 0.2) × 104

ATP-PS 2 0.132 ± 0.008 0.53 ± 0.02 (4.2 ± 0.2) × 104

ATP-PS 3 0.159 ± 0.016 0.56 ± 0.04 (1.3 ± 0.1) × 104

ATP/PPy-PS 1 0.052 ± 0.004 0.19 ± 0.01 (1.9 ± 0.1) × 106

ATP/PPy-PS 2 0.058 ± 0.007 0.27 ± 0.02 (3.7 ± 0.2) × 105

ATP/PPy-PS 3 0.055 ± 0.003 0.22 ± 0.01 (3.5 ± 0.1) × 105

2.3. Thermal and Mechanical Properties

Thermogravimetric analysis (TGA) was carried out using a Simultaneous TGA/differential
scanning calorimetry (DSC) analyzer (TGA/DSC 3+, Mettler Toledo, Greifensee, Switzerland) with
temperature scanning from ambient to 800 ◦C at a heating ramp of 10 ◦C/min. Besides this, TDT for
all samples was defined as the temperature where 50% of weight loss was viewed. Also, the thermal
stability of samples was evaluated by differential scanning calorimetry (DSC, TGA/DSC 3+, Mettler
Toledo, Switzerland) while flowing N2 over a range of 25–800 ◦C and with a heating rate of 10 ◦C/min.
In addition, the thermal conductivity was evaluated by using Thermal Constants Analyzer (TPS-500s,
Hot Disk AB Co., Gothenburg, Sweden) at room temperature under 20 mW within 10 s.

The compressive properties measurements were carried out using an electronic universal testing
machine (Inspekt table blue 5 kN, Hegewald & Peschke, Nossen, Germany) at a testing speed of
1 mm/min for all samples according to the ASTM D1621-16 standard. The sample size is 40 mm ×
20 mm × 16 mm.

All the above tests were performed on at least five samples from each set of measurements.

3. Results and Discussion

3.1. Foam Morphology

The morphology of the foam samples was examined to investigate the effect of the ATP/PPy
nanocomposites on CO2 for foaming PS. The optical images compare the cell size and cell density of PS
foam with others, which illustrate the ATP-PS foam is made up of many three-petal flowers, which is
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similar to that viewed for neat PS foam, whereas the ATP/PPy-PS foam exhibits significantly different
multi-petal and hierarchical-petal flower textures (Figure 4a–c). The unique texture of ATP/PPy-PS
foam was further determined by SEM (Figure 4d–f). With the addition of ATP/PPy nanocomposite,
the obtained foams displaying increased cell density than both the PS foam and the ATP-PS foam as
graphed in Figure 4g. In contrast to 3.5 × 103 of the PS foam, the cell density of the ATP/PPy-PS foams
increased 500-fold to within 3.5 × 105–1.9 × 106. Meanwhile, as listed in Table 1, both the foam density
and average cell size for the ATP/PPy-PS foams were decreased to 0.052–0.058 g/cm3 and 0.19–0.27 mm,
respectively, from 0.132–0.188 g/cm3 and 0.40–0.56 mm for the ATP-PS foam. To our knowledge, this
may be attributed to that the positive effect brought by overdosage of ATP or ATP/PPy can cause many
drawbacks such as low diffusion and long contact time on the supercritical CO2 foaming [23].

On the basis of these results, we propose that the reinforcement of ATP/PPy nanocomposites
may be attributed to the physical confinement of them. On one hand, after the inclusion of the
nanocomposites, the initial geometry of PS during foaming was changed as the nanocomposites would
occasionally stand in the way where the PS cells growing. As a result, it is possible for CO2 to get split
or disorder, correspondingly generating the cells of multi-petal and hierarchical-petal flower textures.
This constraint effect of the nanocomposites can be understood by regarding them as the CO2 capturer
to manage its releasing other than the usual manner [24–26]. On the other hand, both the rod-like
ATP and fibrous PPy may mislead CO2 to flow on more directions. Herein, ATP functions as a good
substrate for other polymers, such as PPy in this study or polyaniline in our previous papers, to get
improved performances [27,28].

3.2. Thermal and Mechanical Properties

The thermal properties are crucial for PS-based materials. As addressed above, the incorporation
of ATP or ATP/PPy nanocomposites in PS can facilitate the random releasing of CO2, however,
the increased thermal conductivity was simultaneously observed (Figure 5a). The highest thermal
conductivity was of 0.054 W/(mK) for ATP-PS 1, 38% higher than 0.039 W/(mK) of the neat PS
foam, which hinders the potential application of ATP-PS, though further increasing the content of
ATP in the ATP-PS foams exhibits a decreased trend. This may be due to that, although ATP is a
thermally conductive clay (~0.68 W/(mK)), it is also easy to get agglomerated to embody decreased
heat transfer. In other words, the obtained ATP-PS foams with higher ATP content sacrificed their
thermal conductivity to gain increased applicable potential. Note that the thermal conductivity curve
of the ATP/PPy-PS foams is much different from that of the ATP-PS foams, which linearly grows
along with the content of the ATP/PPy nanocomposite. On one hand, the inclusion of comparably
thermally non-conductive PPy in the foam can compromise ATP. On the other hand, the growth of
fibrous PPy on ATP in the nanocomposites avoids ATP to agglomerate [29,30]. Besides this, TGA is
applied to estimate the thermal stability of these foams according to their thermogravimetric behavior
(Figure 5b). As shown in Figure 5c, it can be clearly observed that all foams shared similar TGA curve
patterns, while ATP/PPy-PS 1 exhibited the highest TDT, which is ~8 ◦C higher than that of the PS
foam. Encouragingly, all ATP/PPy-PS foams outperformed the ATP-PS foams with respect to TDT.
This manifests that ATP has a limited effect on PS here, unless nanocomposited with PPy to form the
thermostable interactions between Fe2O3 (7.53 wt%) in ATP and PPy chains [31]. Increasing the dosage
of ATP shows a similar trend as seen in Figure 5a, suggesting that the inclusion of highly thermally
conductive ATP in the foams facilitates their decomposition under heating. Note that the TDT curve
of the ATP/PPy-PS foams is similar to that of ATP-PS foams, though significantly different from its
thermal conductivity data. These effects most likely due to the relatively thermal stable dopant anion
of PPy, which can increase the TDT of the ATP/PPy-PS foams [32]. In addition, the thermal behavior
of all foams was also evaluated by DSC. As elucidated in Figure 5d, the DSC profiles of the PS foam,
the ATP-PS foams, and the ATP/PPy-PS foams are alike, indicating that they were based on the same
degradation mechanism as the decompositions of neat PS [33].
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Figure 5. (a) Thermal conductivity, (b) thermogravimetric analysis (TGA, the partial curves within the
temperature range of 370–450 ◦C were zoomed in as shown in the inset), (c) thermal decomposition
temperature (TDT) and (d) differential scanning calorimetry (DSC) analyses of neat PS foam, ATP-PS
foams, and ATP/PPy-PS foams, respectively.

As a foam material, mechanical properties are also highly desired. Figure 6a shows the compression
modulus of all foams; the ATP-PS foams and the ATP/PPy-PS foams present up to 4.18 (383%) and
3.06 MPa (281%), respectively, much higher than 1.09 MPa (100%) of the neat PS foam. The compression
modulus data of the ATP-PS foams and the ATP/PPy-PS foams are inconsistent with the cell density
value of them as listed in Table 1. This may be due to that the calculated cell density calculation
concerns all cells in three dimensions, whereas the compression modulus is only directly related
to the vertical dimension. Furthermore, the open-cell percentage of the ATP/PPy-PS foams varies
a lot from the others, 63.71–78.96% vs. 33.95% and 31.00–40.07% (Figure 6b). This difference can
be clearly told in the respective top view SEM images as demonstrated in Figure 6c–i. As reported
earlier, materials with open cellular structures are known to exhibit low modulus [34]. Therefore,
we believe that when the close-cell statue is maintained, the compression modulus of the ATP-PS
foams can be significantly increased from that of the neat PS foam, in agreement with the changing
trend of their cell density. The introduction of aromatic tertiary amine groups on the surface of ATP
leads to the parallel alignment of aromatic rings in the PS chains that conduces to the effective load
transfer between the ATP surface and PS matrix [35]. On the other hand, once it is reversed into the
open-cell statue, as happened on the ATP/PPy-PS foams, the contribution of the significantly changed
cell density to the compression modulus may be compromised to some extent. Nonetheless, the highly
open-cell ATP/PPy-PS foams still outperform their nonporous or poorly porous counterparts in regard
to the application of microwave absorption as well as the accessibility of the active surface of the
materials [36–40].

218



Polymers 2019, 11, 985

Figure 6. (a) The compression modulus measurements of neat PS foam, ATP-PS foams, and ATP/PPy-PS
foams, according to the ASTM D1621-16 standard. (b) Corresponding open-cell percentage of all foams,
with respective top view SEM images of (c) neat PS foam, (d–f) ATP-PS 1, 2, 3 and (g–i) ATP/PPy-PS 1,
2, 3, scale bar: 2 μm.

4. Conclusions

In summary, the in situ polymerized attapulgite/polypyrrole nanocomposite has been successfully
introduced into the supercritical CO2-based PS foam. The optical graphs and SEM images of all
foams demonstrated that even though the typical foam structure of PS was formed throughout the
others, of which the foam density and cell size features were significantly different. By combining
the nanocomposites, the thus-obtained foams exhibited the cells of significantly different multi-petal
and hierarchical-petal flower textures, along with more than 500 times higher (1.9 × 106) cell density
than the pure PS foam. This may be attributed to that the nanocomposite could act as an efficient CO2

capturer so enables the random release of it during the foaming process. Also, the thermal behavior
and mechanical properties of the ATP/PPy-PS foams were investigated, which were endowed with up
to 8.06 ◦C higher TDT and 281% higher compression modulus than those of the neat PS foam. Overall,
the ATP/PPy nanocomposite reinforced PS foams fabricated in this study will open up numerous
opportunities for a range of applications based on the supercritical CO2 foaming.
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Abstract: Studies on composition optimisation showed that the mixing of nanoclays to whey
protein-isolate (WPI)-based coating formulations offers an effective strategy to reduce the oxygen
permeability of coated polymer films. The scaling up of the various processing stages of these
formulations was undertaken to prove their industrial feasibility. The aim was to investigate the effect
of various preparation methods at different production scales (pilot- and semi-industrial scale) on the
barrier performance and morphological properties of the applied nanocomposites. A nano-enhanced
composition was converted into a so-called “ready-to-use” formulation by means of a solid-state
pre-dispersion process using ball-milling. The process yielded a nearly dust-free, free-flowing powder
containing agglomerated particles, which can easily be mixed with water. The preparation of a coating
formulation using the ready-to-use granules and its upscaling for roll-to-roll converting at pilot- and
semi-industrial scale was also successfully implemented. The effects of both the production at various
scales and ultrasound treatment on the morphology and barrier performance of the nanocomposites
were characterized by transmission electron microscopy, scanning electron microscopy, as well as
oxygen permeability measurements. Results have shown that the addition of nanoclays to WPI-based
coating formulations ultimately led to significantly reduced oxygen permeabilities to 0.59 cm3,
100 μm·m−2·d−1·bar−1 (barrier improvement factor, BIF of 5.4) and 0.62 cm3, 100 μm·m−2·d−1·bar−1

(BIF of 5.1) in cases of pilot- and semi-industrial-processed coatings, respectively, compared to a
reference without nanoclay. In both cases, a similar degree of nanoparticle orientation was achieved.
It was concluded that the solid state pre-dispersion of the nanoplatelets during the production of the
ready-to-use formulation is the predominant process determining the ultimate degree of nanoparticle
orientation and dispersion state.

Keywords: dispersion; coatings; whey protein isolate; nanocomposites; nanoclay, barrier; morphology

1. Introduction

The ability of protein-based films and coatings to act as a superior barrier against the permeation
of oxygen in packaging materials has attracted a great deal of attention in recent years, as extensive
research has demonstrated [1–11]. Research has shown that the application of coating formulations
based on native whey proteins followed by in-line denaturation, in contrast to the application of
preliminary denatured whey proteins formulations, allows the processing of formulations with much
higher solid contents while still providing an optimum barrier against oxygen [12,13].
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While currently being currently routed to commercialisation, whey protein-based coatings offer
several advantages compared to conventional petrochemically-sourced oxygen barrier materials, such
as poly (ethylene–co–vinyl alcohol) (EVOH), as they are extracted from renewable resources and, despite
usually being biodegradable, also offer the opportunity to be recycled [14]. Indeed, upon the enzymatic
removal of whey protein-based coating layers from multilayer films and laminate, these coatings can
contribute to end-of-life product management as a sub sequential film, and laminate delamination
allows for the separate recycling of the materials [15]. Moreover, when applied on biodegradable
polymeric substrates, e.g., poly (lactic acid) (PLA), the design and production of compostable packaging
concepts is possible [16]. These aspects enable converters in the plastics packaging sector to cope with
the EU action plan for a circular economy, which was adopted by the European commission in 2015
and supports the goal that all plastic packaging is recyclable by 2030 [17].

However, protein-based films still have drawbacks that need to be addressed in order to allow
them to be competitive with conventional established materials in the market place. This particularly
includes the excellent but still higher oxygen permeability of neat whey protein isolate (WPI) in
comparison to petroleum-based high barrier materials, such as poly (ethylene–co–vinyl alcohol)
(EVOH) or copolymers of poly (vinylidene chloride) [18].

One effective strategy to address this drawback is the application of nanocomposites [19–22].
Among other biopolymers, nanocomposites based on whey proteins have become a promising field
of research [23–28]. Amongst other researchers, we have studied nanocomposite coatings for their
ability to improve the barrier performance of these coatings by extending the pathway and time and
reducing the effective volume fraction for diffusing molecules, which is generally referred to as the
tortuous-path effect [29]. In order to fully take advantage of these effects, the uniform and nanoscale
dispersion of the nanoparticles is required [30]. In the case of layered silicates, the formation of a
nanocomposite depends on several factors, such as the nature and type of the matrix, their compatibility,
as well as the dispersion process [31]. True nanocomposites with enhanced properties comprise an
intercalated or exfoliated structure, in contrast to phase-separated micro composites, which do not
achieve enhanced barrier properties [31,32]. Previously published studies have compared different
coating formulations and been dedicated to selecting a suitable plasticiser and nanoparticle type and
concentration necessary to obtain optimized oxygen barrier performance with an emphasis on the
processability of the nano-enhanced formulations [33,34].

The present study goes one step further than the prior art in the upscaling of nano-enhanced
whey protein-based coating formulations and focuses on the influence of the dispersion process
of a ready-to-use coating formulation on the final oxygen barrier performance and morphology of
nanocomposite coatings processed at different scales.

2. Materials and Methods

2.1. Materials

WPI was obtained from Agropur Ingredients (Saint-Hubert, Laval, QC, Canada; previously
Davisco Food International Inc.). Aqueous nanoclay dispersions were provided by ITENE, Valencia,
Spain, as described in our previously published results [34]. The plasticising agent, as selected in a
prior published study that focused on formulation optimization [34], was purchased from Panreac S.A.,
Barcelona, Spain to be used as a plasticiser for the WPI-based film-forming formulations. As a substrate
for the coatings, chemically pre-treated poly (ethylene terephthalate) (PET) with thicknesses of 23
and 100 μm, respectively (PLASTIKA-ANDREJ MESOJEDEC S.P., Polje, Slovenia), were respectively
used for the application of coating formulations using a pilot-scale and a semi-industrial-scale
processing environment.
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2.1.1. Preparation of WPI-Based Ready-to-Use Formulations by High-Energy Ball-Milling

WPI was mixed, using a high-energy ball-milling approach, with plasticizer and nanoclay
according to a coating formulation that was selected based on previously published results [33,34].
Dry ball-milling of the formulation constituents in form of a fine powder (WPI, plasticizer and
nanoclay) was performed by a proprietary process of MBN, specifically adapted for the manufacturing
of ready-to-use formulations for biopolymer nanocomposites. The homogeneous dispersion of
formulation constituents as well as an exfoliation effect of the utilized nanoclay was achieved in
dry conditions, without the addition of any solvent. The fine and light-weighted powder obtained
was then agglomerated in form of granules by using a minimum amount of water, which highly
reduced the dustiness of the mixture. The ready-to-use formulation, which is in form of granules, just
needs to be mixed with water, as described below, for obtaining the feedstock dispersion for coating
processes. In order to be able to interpret the results achieved with the nano-enhanced WPI-based
coating formulation, a pristine ready-to-use formulation was also milled and agglomerated without
the addition of nanoclay.

2.1.2. Coating Preparation, Application, and Drying

Coating formulations for pilot- and semi-industrial-scale processing with and without
nanoparticles were obtained by mixing agglomerated ready-to-use formulations with deionized
water. In contrast to pilot- and semi-industrial-scale, coating formulations based on pre-dispersed
ready-to-use granules were not prepared for lab-scale coatings. Instead, the formulation constituents
were mixed and the aqueous nanodispersions were dispersed altogether. The solid content was kept at
about 18.2% (w/w, referred to the total weight of the aqueous formulation) for all coating formulations.
The nanoparticle concentration was at about 15% (w/w, relative to the WPI content of the ready-to-use
formulation [34]). This corresponds to a final nanoparticle concentration of approximately 9% (w/w,
relative to the dry coating weight of the WPI/plasticiser solids).

Lab-Scale

For lab-scale processing, aqueous protein-plasticizers formulations with (in that case using the
above mentioned clay dispersions from ITENE) and without nanoparticles were mixed at 23 ◦C and
130 rpm in a magnetic stirrer for 24 h.

In order to understand the effect of an ultrasonication treatment on the intercalation/exfoliation
state of the used nanoclay, some of the coating formulations were treated with an ultrasound horn
for up to 240 min at 20 μm of amplitude. Treatment by ultrasound was realized by recirculation of
the prepared sample. While the treatment with ultrasound was taking place, the sample was agitated
with a magnetic stirrer at 100 rpm. The ultrasonic system was from ISM-Industrial Sonomechanics
(Miami, FL, USA) and included a 1200 W ultrasonic generator, piezoelectric transducer, a full-wave
Barbell Horn, and an 80 mL reactor chamber with cooling jacket. Subsequently, about 5 mL of these
still native coating formulations were then applied on a 100 μm chemically pre-treated PET film using
a wired-rod (Lumaquin, Barcelona, Spain, 100 μm wet-film thickness).

In order to understand the effect of an ultrasonication treatment on the intercalation/exfoliation
state of the used nanoclay, samples coated with and without ultrasound-treated formulations have
been compared in terms of their dispersion quality and gas barrier performance. For this purpose, a
nanodispersion provided by ITENE (Valencia, Spain) was mixed with a WPI-based aqueous formulation
and treated with an ultrasound horn for variable times of up to 240 min at 20 μm of amplitude. Samples
were taken at different time-intervals. Treatment by ultrasound was realized by recirculation of the
prepared sample. While the treatment with ultrasound was taking place, the sample was agitated with
a magnetic stirrer at 100 rpm.

The coatings were dried in a stove at (50 ± 2) ◦C for 5 min and then kept at ambient conditions
(57% RH and 20.7 ◦C) for at least 15 h. Each coating was carried out in four replicas. Although the
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drying procedure is far from the optimal that induces in-process denaturation to maximise oxygen
barrier properties, it allows one to obtain comparative results to show the effect of nanoparticles.

Pilot-Scale

For pilot-line processing, the aqueous coating formulations obtained using the ready-to-use
granules were mixed at 23 ◦C and 200 rpm in an electrically heatable stirrer (Thermomix 31-1, Vorwerk
Deutschland Stiftung & Co. KG, Berlin, Germany) for 30 min, and then at 90 ◦C and 400 rpm for another
30 min. The heat-treatment induces the denaturation of the native whey proteins. Subsequently, both
formulations, with and without nanoparticles, were transferred into a 2.5 L glass bottle and cooled
down to room temperature using a water bath and an electrical stirrer at 200 rpm. Both formulations
were degassed in an ultrasonic bath (DT 514 H, Ultrasonic peak output: 860 W, bandelin electronic
GmbH & Co. KG, Berlin, Germany) at 25 ◦C and 37 kHz for 30 min to allow incorporated air to escape.

Pre-denatured WPI-based coating formulations were applied on a 23 μm chemically pre-treated
PET film using a reverse-gravure coating system by a pilot-scale lacquering and lamination line
(available at Fraunhofer IVV, Freising, Germany) at width of 360 mm. The ceramic-coated anilox roller
had a helically-engraved (Hachure) surface with 14 lines per centimeter and an angle of 45◦ diagonally
to the main axis, resulting in a theoretical wet-film coating volume of approximately 90 mL·m−2.
The web-speed during the coating application was 5 m·min−1, whereas the rotational speed of the
gravure-roll was 6 m·min−1.

The coatings were dried convectively using hot air at a temperature of 120 ◦C in an in-line
drying-tunnel with a dwell-time of approximately 90 s. For both coating formulations, with and
without nanoparticles, single-, double-, and triple-layer coatings were performed at dry layer thicknesses
of approximately 10, 17, and 30 μm, respectively. This leads to a multiple drying of the first and the
second-layer coatings.

Semi-Industrial-Scale

For the semi-industrial processing-line, the aqueous coating formulations obtained using the
ready-to-use granules were mixed at 23 ◦C and 2 rpm for 30 min with a three-bladed propeller stirrer
(diameter 10 cm). The still native WPI-based coating dispersions were then put to rest over night to
allow incorporated air to escape. Prior to coating application, a quantity of the aqueous nano-enhanced
formulation was exposed to an ultrasonication-treatment (1200 W, 20 μm amplitude) similar to the
lab-scale trials with the aim to investigate a possible effect on the barrier performance and layer
morphology of the resulting coatings. However, in order to avoid possible re-agglomeration of the
particles that were already exfoliated during solid-state pre-dispersion of the ready-to-use formulation,
its exposure was limited to a 1 min time-interval.

Native WPI-based coating formulations were applied on a 100 μm chemically pre-treated PET film
using an engraved application roller on a semi-industrial coating machine (available at the company
Lajovic Tuba d.o.o., home built with support from IRIS Technology Solutions, Barcelona, Spain).

The coatings were dried using a specifically built convective and infrared drying section, which
provides a finely adjustable temperature profile, following previously published research results [12]
and patented conditions [13]. These conditions ensure an optimal in-process denaturation of the native
whey protein fraction of the coating formulation. Further visual understanding of the in-line drying
process is available in the supplementary materials section.

2.2. Methods

2.2.1. Transmission Electron Microscopy

To ascertain the need for a sonication of the liquid coating formulations, transmission electron
microscopy (TEM) was performed on selected samples coated in lab scale at the UCD Conway Institute
of Biomolecular and Biomedical Research (University College Dublin, Dublin, Ireland), using protocols
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developed previously for delicate biological samples to avoid degrading the biopolymer coatings,
whereby fixation is performed in two steps, first by glutaraldehyde fumes, then by Osmium fumes.
The sample is then plunged into acetone, followed by a multi-step substitution by an epoxy resin, and
then a final polymerization step is carried out.

2.2.2. Scanning Electron Microscopy

To determine the layer thicknesses of the coated samples and the intercalation/exfoliation state
of the nanoparticles within the WPI-based matrix, specimens taken from pilot and semi-industrial
scale produced coatings were prepared for scanning electron microscopy (SEM) investigations.
Specimens were cut into small pieces and adhered between two silicon-wafers using a conductive
two-component-adhesive and were then cured in a vise to maintain a minimal pressure for at least
30 min at ambient conditions. The cross-sectional interfaces were prepared by an Ar+-ion beam, using
a cross-section polisher IB-19530CP (JOEL Ltd., Akishima, Japan). Samples were coated with a thin
gold layer to reduce electrical charging of the non-conducting polymeric layers. SEM images were
taken using a SEM JSM-7200F (JOEL Ltd., Akishima, Japan) at various accelerating voltages and
magnifications. Layer thicknesses of the investigated samples could be determined using a software
package (JOEL Ltd., Akishima, Japan).

2.2.3. Oxygen permeability

The coulometric oxygen permeability (OP) measurements were performed at 23 ◦C and 50% RH
using an Ox-Tran® 2/20 measurement device from Mocon, Brooklyn Park, MN, USA according to
DIN 53380-3. A two-fold determination was performed in all cases. The oxygen permeability values,
Qcoating, for the applied coatings were calculated according to

1
Qcoating

=
1

Qtotal
− 1

QPET
(1)

where Qtotal is the oxygen permeability measured for the coated PET substrate. QPET is the oxygen
permeability of the PET, and it is measured as 48.7 and 12.5 m3·m−2·d−1·bar−1 at 23 ◦C and 50% RH for
the PET layer thicknesses of 23 and 100 μm, respectively. In order to allow direct comparisons between
the different coatings independent of the coating layer thicknesses, the oxygen permeability, Qcoating,
was calculated for a layer thickness of 100 μm (Q100) by

Q100 = Q× d
100

(2)

where d is the dry coating layer thickness.

3. Results

3.1. Effect of Ultrasound-Treatment on Lab-Scale Coating Quality Prepared from Liquid
Nanoparticles Suspensions

At lab scale, nanocomposite coatings of an initially native nano-enhanced formulation were
produced with the aim to determine the effect of an additional ultrasound-treatment on the dispersion
quality of the aqueous WPI-based coating formulation. As a reference, a formulation produced with
the exact same coating process parameters, but without nanoparticles, was prepared as previously
described (Lab-Scale).

Transmission electron microscopy (TEM) was used to analyse the layer morphology of untreated
coatings and coatings, which were treated with ultrasonication for 240 min (Figure 1). For coatings that
were treated by ultrasonication, it seems that fewer nanoparticle agglomerates were present in the dry
coatings, and more individual nanoplatelets, instead of nanoplatelet-stacks, achieved an intercalated
or exfoliated state (Figure 1b).
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(a) (b) 

Figure 1. Transmission electron microscopy (TEM) image of coated samples produced at lab scale (6000×
magnification) (a) without ultrasonication-treatment and (b) after 240 min of ultrasonication-treatment
at 20 μm amplitude.

Nevertheless, as TEM micrographs cannot lead to a quantitative conclusion, the study was
complemented by X-ray diffraction and oxygen permeability measurements. X-ray diffraction
measurements on cast-film samples obtained from the same coating formulations did not reveal any
relevant diffraction peak, confirming the absence of short distance organisation also observed by the
TEM micrographs. There is no difference in the oxygen permeability values measured for the coated
specimens produced with and without using ultrasonication treatment, despite a more homogeneous
distribution of the nanoparticles (Figure 1b).

3.2. Oxygen Barrier Performance of Coatings Based on Ready-to-Use Formulations

Oxygen barrier performance measurements were performed for WPI-based nanocomposite
coatings processed at pilot- and semi-industrial-scale at Fraunhofer-IVV and TUBA, respectively.
Figure 2 shows the oxygen permeability (Q100) of the coating layer at 23 ◦C and 50% RH. The
permeability values were calculated for a coating layer thickness of 100 μm according to Equations (1)
and (2) in order to be able to compare the barrier performance of the various coatings with each other.

Barrier performance measurements for the samples produced at semi-industrial scale have shown
that for these coatings, an average oxygen barrier performance improvement of a factor of about
5.1 ((0.62 ± 0.03) cm3·m−2·d−1·bar−1 at 23 ◦C and 50% RH) could be achieved due to the addition of
nanoclay, in comparison to pristine coatings. On the other hand, no significant difference in the oxygen
barrier performance was observed for the coatings pre-treated by ultrasonication. The absence of
a significant effect on the barrier performance due to ultrasound treatment might be explained by
the efficiency of the solid-state pre-dispersion process. During the high-energy ball-milling process,
resulting high shear-rates likely lead to the intercalation of polymeric protein chains between exfoliated
nanoplatelets. Good compatibility between the surface of the studied nanoplatelets, owing to their
partially polar surface, and the highly polar WPI-based matrix [33], as well as the ability to form
interfacial interactions between nanofiller and WPI via hydrogen bonding [35], favor the dispersion
of the particles and probably contribute to maintaining their dispersed state. It seems likely that
upon reconstitution of the ready-to-use mix with water, the pre-dispersed nanoplatelets remain
homogeneously dispersed within the WPI matrix, as they are stabilised by intermolecular interactions
with protein side chains.
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Figure 2. Oxygen permeability (Q100 at 23 ◦C and 50% RH of WPI-based coatings calculated for a
coating layer thickness of 100 μm. Effects of nanoparticle (NP) addition, number of coating/drying
steps (1×, 2×, and 3× coating), ultrasound treatment (US, with and without (w/o)), and manufacturing
environment (pilot-, semi-industrial-scale) on the WPI-based coating formulations prepared using
novel ready-to-use agglomerates are shown. The data shown represent mean values of a two-fold
measurement ±minimum/maximum deviation (range of variation).

At pilot-scale, coating trials were performed using the same nano-enhanced/pristine ready-to-use
formulations, except that they were heat-treated prior to their coating on PET, as described in Section 3.2.
The aim was to determine the effect of the number of coating/drying runs (single, double, or triple
coating) on the oxygen permeability of the produced coatings. As expected, these coatings ultimately
showed a very similar Q100 value of about 0.59 cm3·m−2·d−1·bar−1 at 23 ◦C and 50% RH, compared
to the coatings produced at semi-industrial scale. However, it has to be noted here that the extent of
barrier improvement in the case of pilot-scale processed coatings highly depended on the number of
coating/drying runs.

After application of a single coating layer of the nano-enhanced formulation, the oxygen
permeability was reduced by a factor of about 2.8, in comparison to pristine WPI coatings, which
had a Q100 value of about 3.2 cm3·m−2·d−1·bar−1 (Figure 2). By the application of the second coating
layer, the Q100 value was reduced down to 0.7 cm3·m−2·d−1·bar−1, resulting in a barrier improvement
factor of about 4.5. After the application of a third coating layer, the Q100 value was reduced to a value
of about 0.59 cm3·m−2·d−1·bar−1, which corresponds to a barrier improvement factor of about 5.4 in
comparison to the permeability (Q100) of pristine WPI (Figure 2).
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The improvement of the barrier performance against oxygen permeation, which, in case of
pilot-scale coatings, was only achieved after a second and third coating/drying step, can likely be
attributed to a lower residual moisture content of the coatings due to longer corresponding drying
times. High moisture contents lead to a swollen biopolymer matrix, as residual water molecules cluster
between highly polar side chains of the hydrophilic WPI and plasticiser molecules, consequently
increasing the free volume within the WPI matrix [34,36]. The significance of the residual water content
with regard to the possible barrier improvement against oxygen permeation is also underlined by the
fact that coatings produced at semi-industrial-scale, in contrast to pilot-scale, already result in low
oxygen permeabilities after the first coating and drying step, which might be explained by a better
drying performance of the combination or infra-red and convective air dryers at semi-industrial-scale,
resulting in optimal in-line process denaturation conditions for the whey proteins [12,13].

Two other aspects need to be discussed regarding the oxygen barrier performance of the studied
nanocomposite coating formulations. Firstly, the reduction of the effective volume available for the
diffusing gas molecules due to the volume fraction that is occupied by the nanofiller and, secondly, an
increase in the effective path length that the diffusing gas molecules, have to be covered due to the
incorporated filler material [29].

The effectiveness of the nanoparticles to significantly increase the diffusion path, the so-called
tortuosity-effect, largely depends on the shape of the particles, where in an optimum case for barrier
improvement platelet-shaped particles are oriented parallel to the plane of the film, and on their
uniform distribution within the polymeric matrix. To prove the hypothesis of a lowered volume that
is available for diffusion processes and a prolonged diffusion path due to nano-filler addition, the
microstructure of the studied coatings has been examined by scanning electron microscopy (Figure 3).
In Figure 3, Images 1a and 1b as well as 2a and 2b show specimen of coatings produced by double
or triple coating at pilot-scale (IVV), respectively, whereas the images 3a and 3b show specimen of
coatings produced at semi-industrial-scale (TUBA). Inorganic materials are perceived as lighter shades,
whereas the organic polymer matrix as well as cavities are depicted in darker shades.

Although few nanoparticle agglomerates are visible in all studied specimen, SEM images generally
show a homogenous distribution of the added nano-filler within the WPI-based matrix. Based on these
images, it can be concluded that in fact volume fraction available for the diffusing gas molecules was
effectively reduced due to the volume fraction that is occupied by the nanofiller, and that the effective
diffusion path for permeating gas molecules was significantly increased, which led to a reduction in
oxygen permeability compared to pristine coatings without any nanofiller. However, despite their
homogenous dispersion, no apparent differences regarding the orientation or intercalation/exfoliation
state of the nanoparticles could be identified for specimens produced at semi-industrial and pilot-scale,
either at a magnification of 20,000× (Images 1a, 2a, and 3a.) or at a higher magnification (50,000×)
(Images 1b, 2b, and 3b).

This indicates that despite the differences in the preparation method of the aqueous coating
formulations at the different production scales, for the most part viscosity differences due to the
sequence of the processing steps (since the viscosity of the WPI-based dispersions increases after
heat-treatment due to denaturation-associated unfolding of proteins) as well as differences regarding
the applied shear-rates (the ultimate degree of particle orientation and the intercalation/exfoliation
state of the particles) are mainly affected by the solid state pre-dispersion of the nanoplatelets by means
of high-energy ball-milling during the production of the ready-to-use formulation.
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Figure 3. Scanning electron microscopy (SEM) images, at different magnifications, (a) at a magnification
of 20,000 and (b) at a magnification of 50,000, of whey protein-isolate (WPI)-based nanocomposite
coatings produced at both (1,2) pilot- and (3) semi-industrial-scale.

4. Discussion

The present study highlights the potential of the studied ready-to-use coating formulations to
be utilized at an industrial scale. Homogeneous and nano-scale dispersion of nanoparticles within
the continuous (bio)polymer matrix is an essential feature in the formation of (bio-)nanocomposite
coatings [30]. More precisely, in the case of layered silicates, to really take advantage of the addition of
layered-silicate nano-fillers into a biopolymer matrix, an intercalated or exfoliated structure, which
refers to an intermingling of the two phases, has to arise in order to significantly improve the properties
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of the resulting nanocomposites compared to traditional microcomposites, in which the two phases
remain separated [20,31,32].

The successful implementation of the nano-enhanced, ready-to-use formulations prepared within
this work demonstrates their applicability at different scales and processing conditions. However, it
should be noted here that the application of a single coating in contrast to the necessity of multiple coating
and drying steps to achieve the desired barrier performance and the in-process partial denaturation
of the WPI, compared to time-consuming and costly pre-denaturation processes, is industrially far
more feasible.

A significantly reduced oxygen permeability of about 0.6 cm3, 100 μm·m−2·d−1·bar−1 in case of
pilot- and semi-industrial-processed coatings represents an improvement factor against the permeation
of oxygen of about 5.4 and 5.1, respectively, in comparison to the corresponding pristine reference
coatings. The barrier performance against oxygen permeation of nano-enhanced coatings produced at
pilot- or semi-industrial-scale seems to be independent of the shear-rates applied during the coating
application with different coating units.

A previous publication that studied the addition of layered-silicates into a WPI-based matrix
reported a higher oxygen barrier improvement factor of up to 7.1 [34]—for coatings using the same
nanofiller concentration as well as plasticiser type and concentration as in the present study, with
an absolute oxygen permeability (Q100 coating monolayer) of about 0.6 cm3, 100 μm·m−2·d−1·bar−1.
Whereas the absolute permeability value that was achieved by the addition of the nanofiller was the
same as previously reported, the relative improvement factor was lower in the present study (factors
5.4 to 5.1), as the pristine reference coating (without any nanofiller-addition) already had a lower
oxygen permeability due to the processing method (lab-scale [34] vs. pilot-scale (this study)) and
drying procedure, as previously described (Lab-Scale and Pilot-Scale).

Moreover, it should be mentioned here that the used nano-filler material had an aspect ratio of
about 70, as previously published by another study [37]. In the case of rectangular, platelet-shaped
particles, the aspect ratio was between their diameter and thickness. Further optimization potential
lies in the usage of nanoclays with higher aspect ratios, which will likely result in even more
pronounced tortuosity effects at even lower nanofiller-loadings than already achieved within this work,
as demonstrated in another study [33] with a different layered-silicate.

In terms of their oxygen barrier performance, WPI-based nanocomposite coatings could therefore
have the potential to eventually substitute commercially available petroleum-based oxygen barrier
materials, such as certain grades of poly (ethylene–co–vinyl alcohol) with high ethylene contents (EVOH
44%) or certain halogen-containing poly (vinylidene chloride) copolymers, in multi-layer packaging
applications. These high-performance materials exhibit oxygen permeabilities in the magnitude of
about 0.24 to 0.11 cm3, 100 μm·m−2·d−1·bar−1, respectively.

The process yielded a nearly dust-free, free-flowing powder containing agglomerated particles that
was easily reconstituted with water. The preparation of a coating formulation using the ready-to-use
granules and its upscaling for roll-to-roll converting at pilot- and semi-industrial scale was successfully
implemented. The effects of production at various scales and of ultrasound treatment on morphology
and barrier performance of the WPI-based nanocomposites were characterized by transmission electron
microscopy, scanning electron microscopy, as well as oxygen permeability measurements. In both
cases, a similar degree of nanoparticle orientation could be achieved. It was concluded that the
solid state pre-dispersion of the nanoplatelets during production of the ready-to-use formulation
is the predominant factor affecting the ultimate degree of nanoparticle orientation and dispersion
state. Thereby, the most challenging process step for the upscaling of nanoclay/whey protein isolate
coatings is the fabrication of the pre-dispersed “ready-to-use” granules. This process step facilitated a
homogeneous distribution of nanoparticles within the final dry WPI matrix without the need of applying
high shear-rates after mixing the “ready-to-use” granules with water prior to its coating. Several
other factors, such as type of the coating application system, coating speed, or drying conditions for
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maintaining protein denaturation, as well as the rheology of the nano-enhanced formulations, still need
to be considered during the different upscaling stages, as shown in previous publications [12,18,34].

However, one has to bear in mind that images obtained by SEM offer only very limited information
due to the small quantity of material investigated and possible heterogeneities of the material.
Additionally, it has to be noted that residual moisture within highly hygroscopic biopolymer matrices,
at relevant pressures during the imaging process, evaporates, and can influence the microstructure of
the material that is investigated.

5. Conclusions

This study showed that the utilization of ready-to-use coating formulations in form of pre-dispersed
agglomerates offers several advantages for flexible film converters in regard to the processability of
nano-enhanced WPI-based coating formulations.

Barrier performance measurements revealed that due to the presence of nanoclay within the
biopolymer matrix, the oxygen permeability (Q100) of WPI-based nanocomposite coatings could be
decreased significantly, in the case of coating formulations processed at both pilot- and semi-industrial
scales. However, for coatings produced at pilot scale without a specifically adjusted drying process,
the ultimate oxygen barrier performance highly depended on effective drying times, as shown by an
increasing barrier performance after the second and third drying step.

The utilization of prolonged ultrasound treatment of the aqueous nano-enhanced coating
formulations produced at lab scale demonstrated that it had an effect on the homogenous dispersion of
larger nanoparticle agglomerates; however, no significant differences regarding the oxygen barrier
performance were observed. This approach was shown to be less efficient than the use of a solid-state
pre-dispersion, as this process is more feasible at an industrial scale and also does not require a further
in-line ultrasonication process.

Images obtained by SEM indicated that the nanoparticle orientation and its state of
intercalation/exfoliation in the case of both coatings produced at pilot- or semi-industrial-scale
were quite similar. The obtained cross-sectional images of the nanocomposite coatings suggest that the
effective diffusion path for permeating gas molecules was significantly increased and the available
volume for diffusion processes was significantly reduced by the addition of the nano-filler into the
polymeric matrix.

This leads to the conclusion that the ultimate degree of nanoparticle orientation and its
intercalation/exfoliation state is mainly affected by the effectiveness of the solid state pre-dispersion
of the nanoplatelets by means of ball-milling during the production of the ready-to-use formulation.
The coating application and drying methods are additional factors, with a less important contribution
allowing the achievement of similar oxygen permeabilities (Q100) after a single native protein coating
in semi-industrial-scale vs. a triple pre-denatured coating at pilot scale.

In addition to the easy handling during processing of the studied ready-to-use formulations,
their usage offers various additional advantages for converters, i.e., the possibility to use native, low
viscosity WPI-based dispersions, which enable the handling of high solid content formulations (up to
~25% (w/w) ready-to-use formulation); their effective drying using patented process conditions; as well
as a reduced dustiness of the ready-to-use formulations, leading to a greater nano-safety for operators
by allowing the handling of agglomerated nanocomposite powder instead of free nanoparticles [38].
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