

  minerals-13-00026




minerals-13-00026







Minerals 2023, 13(1), 26; doi:10.3390/min13010026




Review



Advances in Carbon Nanomaterial–Clay Nanocomposites for Diverse Applications



Jayanta S. Boruah and Devasish Chowdhury *[image: Orcid]





Material Nanochemistry Laboratory, Physical Sciences Division, Institute of Advanced Study in Science and Technology, Guwahati 781035, India









*



Correspondence: devasish@iasst.gov.in







Academic Editor: Luciana Sciascia



Received: 6 November 2022 / Revised: 15 December 2022 / Accepted: 19 December 2022 / Published: 23 December 2022



Abstract

:

Clay materials are widely used in sheet-type platforms with peculiar characteristics and diverse applications. However, due to some disadvantages—such as weak mechanical strength and low reactivity—they are often subjected to modifications. Such tuning leads to better output than pure clay materials. This review describes some of the clay hybrids in the form of nanocomposites with carbon nanomaterials. Generally, graphene oxide or its derivatives—such as reduced graphene oxide, carbon nanotubes, carbon dots, carbon nanoclusters, and polymeric components—have been utilized so far to make efficient clay composites that have applications such as catalysis, wastewater treatment for toxin removal, cargo delivery, stimulus-responsive advanced tools, optoelectronics, mechanically stable films for filtration, etc. It is interesting to note that nearly all of these applications tend to show the efficacy of modified clay nanocomposites as being significantly greater than that of pure clay, especially in terms of mechanical strength, loading capacity, increased surface area, and tunable functionality. According to the literature, the evidence proves the beneficial effects of these clay nanocomposites with carbon nanomaterials.
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1. Introduction


Clay is a class of fine-grained natural soil material consisting mainly of aluminosilicates, sometimes with variable amounts of iron, magnesium, alkali metals, and alkaline earth metals, as well as other cations in different crystalline planes. Guggenheim and Martin (1995), as per the AIPEA guidelines, defined clay as a plastic material with a particular water content that tends to be hard once dried [1]. Along with natural clay, manmade clay is used, also known as synthetic clay. The components show the characteristic of plasticity with appropriate water concentration, which leads to permanent hardness once water is removed. On the other hand, clay minerals are those phyllosilicates or minerals that impart plasticity into the clay [2]. The planar hydrous phyllosilicate minerals are arranged in seven groups (serpentine–kaolin, talc–pyrophyllite, smectite, vermiculite, true mica, brittle mica, and chlorite) according to the type of silicate layer (1:1 or 2:1), the net layer charge, and the interlayer material that compensates for the layer charge. The non-planar hydrous phyllosilicates are classified according to the modulated components of the minerals [2]. Kaolinite, halloysite, nacrite, and dickite have a 1:1 layer composed of one octahedral and one tetrahedral sheet; these mineral belong to the serpentine–kaolin group [2,3]. The primary difference among the members is the position of the vacant site from layer to layer [2]. The remaining five groups belong to the clay minerals; their 2:1 layer is composed of two tetrahedral sheets and one octahedral sheet between them. All of the groups are varied in terms of the interlayer materials and octahedral characteristics present. Smectite clays include montmorillonite, bentonite, saponite, and hectorite as the main representatives, which are primarily 2:1 layer clays generated from the breakdown of soils, rocks, or volcanic ash. This type of layered clay consists of an octahedral sheet placed between two opposing tetrahedral sheets. The interlayer materials—such as cations, hydrated cations, organic molecules, and hydroxide octahedral sheets—separate the layers. Kaolinite has a lamellar structure with the chemical formula Al2Si2O5(OH)4, constructed in the order 1:1, where each separate layer represents a layer from Si2O52− tetrahedrons and alumina [Al2(OH)4]2+ octahedrons, connected through mutual oxygen atoms bearing hydrogen bonds [4,5,6]. The main reactivity of kaolinite is governed by the location of hydroxyl groups (OH) in its structure [7,8]. Vermiculites are secondary minerals of the micas (biotites). Vermiculites’ 2:1 layer charge is high and balanced by hydrated exchangeable cations in the interlayer [9], which possesses high cation-exchange capacity of weakly hydrated cations, viz., K+, NH4+, and Cs+ [2,10].



Illite is the most common 2:1 layer silicate found in the deep sea. The chemical formula for illites is KyAl4(Si8−y,Aly)O20(OH)4, with 1 < y < 1.5. Occasionally, charge imbalance directs the use of Ca and Mg in place of K. The interlayer cations (i.e., K, Ca, or Mg) prevent the entry of H2O into the structure, making the clay non-expansive [2,11]. Illite group clays are also known as clay micas, and the most frequently used members of this group are illite, glauconite, and muscovite. They are generally produced as a result of alkaline weathering of rocks that are rich in potassium and aluminum (e.g., muscovite and feldspar).



Moreover, chlorites are hydrous 2:1 layered aluminosilicates that act as basic minerals in soils to generate vermiculite and smectite [2,12]. Chlorites are known to be non-expansive in nature because of their negligible water adsorption through the interlayer space. The octahedral sheet (in the 2:1 layer) and the interlayer hydroxide sheet mostly allow cations such as Mg, Al, and Fe. Small numbers of Cr, Ni, Mn, V, Cu, and Li cations are also present there. A substantial replacement of Si by Al cations is depicted in the tetrahedral sheet.



Apart from the phyllosilicates mentioned above, the soil clay may also include trace amounts of oxides, hydroxides, and hydroxy-oxides of elements such as Si, Al, and Fe, along with some weakly crystalline aluminosilicates [13]. Quartz and opal are two common Si oxides found in clay. Similarly, gibbsite (Al(OH)3) and goethite (FeOOH) are the most prevalent Al hydroxide and Fe mineral representatives in soil clay fractions, respectively. Volcanic soils contain allophane and imogolite, which are two weakly crystalline aluminosilicates.



As the structure and composition of clay materials are unique, their applications in various fields are attracting attention. Scholars have been using these materials in pure and composite states for a long time to explore their capabilities. Among others, bentonite is a very commonly used rock developed from colloidal and malleable clays—primarily montmorillonite, with lesser amounts of feldspar, cristobalite, and crystalline quartz [13]. Bentonites (3%–5%) act as bonding agent to bind sands into tunable forms for the casting of metals [14]. Due to its swelling capacity and very small size, bentonite functions as an efficient soil sealant. It causes a very low permeability barrier in the soil by filling the gaps, thereby swelling the interstices of the soil. Kaolin, also known as China clay, is a mineral combination of kaolinite, quartz, mica, feldspar, illite, and montmorillonite. Kaolinite is constructed of triclinic crystal sheets in the shape of a pseudohexagon. Interestingly, kaolin-coated papers have been employed in the production of cigarettes [15]. In fact, in the biomedical field, kaolinite is a well-known material for its good capacity to adsorb lipids, proteins, viruses, and bacteria [15,16]. It also contributes to platelet aggregation by activating factor XII, leading to plasma coagulation [17].



In water purification, clay filters demonstrate effectiveness for decontaminating water by removing microbes [18], chemicals [3], and heavy metals. These filters perform very efficient water filtration through adsorption/absorption, ion-exchange mechanisms, and molecular sieving [19].



In most of its applications, clay has been used in composite or nanocomposite forms rather than in a pure state due to its many advantageous properties when modified. Most of the earlier studies on composite preparation started with the utilization of clay frames as effective templates for making novel carbon structures [20,21,22,23]. Initially, intercalation of different monomers (e.g., furfuryl alcohol, acrylonitrile, and vinyl acetate) into the clay layers was attempted, followed by polymerization, which could result in graphite-like carbon structures with interesting properties [24,25,26]. A possible structure of a representative clay carbon composite is shown in Figure 1 below.



The intercalation and ion-exchange characteristics of smectites offer simple routes for the inclusion of various precursors—mainly of carbon origin—between the layers. Thermal treatment results in clay–carbon hybrids where graphene sheets are assembled in dynamic ways, forming micropores, mesopores, and macropores [27]. These composites are applicable to many important applications, such as catalysis, gas separation, waste absorption, and in lithium batteries as anode materials [22,24,28]. Furthermore, the increased thermal stability of developed clay–carbon composites was investigated by a group of researchers, owing to the shielding effect of graphene present within the interlayer space surface covering the clay platelets [27].



As described above, many such composites of clay give rise to interesting functions in relevant areas, such as catalysis, sensing, biomedical implications, etc. Moreover, the use of carbon-based molecules to make such composites with clay provides multiple advantages in terms of reduced toxicity, increased biocompatibility, and green chemistry. Furthermore, the addition of nanotechnology to this area imparts manifold enhancement of the efficiency of the clay composites. Therefore, this review summarizes all types of carbon nanocomposites of clay, along with their routes of synthesis, properties, and applications to date.




2. Synthesis, Properties, and Applications of Different Carbon Nanocomposites of Clay


Due to the unique structures of clays and their derivatives as nanocomposites, they display exceptional reactivity, significant optical properties, and strong mechanical characteristics. Based on their properties and areas of application, they can be divided into four main classes, as discussed below to provide an insight into the hybrids. Figure 2 shows a schematic view of the uses and properties of clay–carbon nanomaterial composites.



2.1. Graphene-Based Clay Nanocomposites


Among various carbon-based materials, graphene and graphene oxide have been a hot topic for scholars working in the field of clay chemistry. The easy route of preparation and smooth electronic movement in the graphene oxide (GO) structure are the leading factors driving their use in such types of nanocomposite. There are a number of earlier reports showing the formation of such nanocomposites from clay and GO, which are useful for dynamic applications. As a contribution, our group has developed one such composite, made up of bentonite clay and GO via three different methods [29]. After successful formation, it was applied as a photocatalyst for the degradation of a cationic dye (methylene blue). The selectivity of the catalyst was confirmed using two anionic dyes (methyl orange and eosin yellow), for which it could not show such activity. The photocatalytic activity was compared with that of pure clay or graphene oxide and found to be better for the nanocomposite.



Another composite hydrogel was reported consisting of graphene oxide, hectorite clay, and poly(N,N.dimethylacrylamide) (PDMAA), which possessed enhanced mechanical properties along with fast self-healing capability in the presence of near-infrared (NIR) radiation [30]. The higher mechanical strength of the hydrogel was attributed to the crosslinking between clay sheets and chains of PDMAA. Here, GO acts as a crosslinking agent and NIR absorber to effectively transform the NIR energy to thermal energy in the hydrogel, resulting in fast self-healing.



Clay nanocomposites are also used in sensing applications with GO. A gas sensor was developed with kaolin–graphene oxide nanocomposites [31]. The main driving force to fabricate the nanocomposite was 3-aminopropyltriethoxysilane (APTES), which binds GO flakes to kaolin. The sheet resistance measurements suggest the conductive nature of the nanocomposite after thermal annealing. Based on the variation in the conductance of the nanocomposite films, electrical gas sensors for the detection of NH3 and HNO3 were devised. These devices were superior in terms of sensitivity as compared to multilayer GO films that were thermally annealed. The thermally reduced GO played a tremendous role in the sensitivity of the gas sensors.



Such composites have been utilized in many other applications. Among them, catalyst formation for organic synthesis is becoming an interesting area to explore. For that, a clay–graphene oxide nanocomposite was successfully prepared for application in a multicomponent one-pot organic synthesis, called the Biginelli reaction [32]. The synthesis of 3,4-dihydropyrimidinones through this catalyst could produce higher yields. In fact, the partial GO reduction upon the incorporation of clay under heat treatment was confirmed by the XRD pattern of the nanocomposite.



Similar to GO, reduced graphene oxide has also been employed in the formation of nanocomposites with clay. For example, a reduced graphene oxide–montmorillonite (GCM) nanocomposite was fabricated for the adsorption of Cr(VI) from water [33]. The reductant used for the graphene oxide was ascorbic acid. It was noted that the adsorption was highly pH-dependent, and the maximum adsorptive capacity was recorded at pH 2. Pseudo-second-order kinetics was followed for the rate of the Cr(VI) adsorption. An adsorptive capacity of 12.86 mg g−1 (20 °C) was found for Cr(VI), determined from the Langmuir isotherm model.



However, scholars are also trying to incorporate these nanocomposites in the green energy sector, particularly for hydrogen storage purposes. For instance, GO/reduced GO are well known for their hydrogen adsorption capacity of 0.68 wt % at 77 K and 1 bar, as reported by Srinivas et al.; thus, their composites must have improved capabilities for this type of energy storage [34]. With this motivation, clay–graphene nanomaterials were developed using precursors such as sucrose (caramel) and natural clays (montmorillonite and sepiolite) to evaluate their potential use in hydrogen storage from a green perspective [35]. The actual process involves the impregnation of the clay with aqueous caramel and thermal treatment without oxygen, producing graphene-like materials that are strongly bound to the silicate layer. The best performance of these nanocomposites for hydrogen storage was achieved at 298 K and 20 MPa, where 0.1 wt % excess hydrogen adsorption took place with respect to the total mass of the system, and a maximum of 0.4 wt % hydrogen was adsorbed with respect to the carbon mass.



It was noted that graphene oxides show aggregation during storage or application, reducing their performance. Hence, work has been carried out to modify GO with other moieties. One such example included the preparation of montmorillonite-modified pillared GO for improved adsorption of lead ions (Pb2+) and methylene blue (MB) [36]. The adsorption behavior of the nanocomposite was verified in both single and binary systems. Interestingly, the system possessed a larger BET specific surface area than that of pure GO. The maximum adsorption capacities in the single system for MB and Pb2+ were 350 and 285 mg/g, respectively. In fact, the surface area and the maximum adsorption capacity of the system remained approximately constant, while the values for the GO dramatically decreased. For binary systems, the MB provided additional binding sites for Pb2+ in water, thereby promoting its adsorption.



There are other reports also depicting varieties of such applications based on composites of graphene or its derivatives with clay. A few important examples are mentioned above, along with their characteristics and advantages.




2.2. Carbon Nanotube–Clay Nanocomposites


Along with GO, the other most frequently used carbon nanomaterial to make composites with clay is carbon nanotubes (CNTs). The sheet-type architecture of CNTs, arranged in cylindrical manner, makes them compatible with clay materials, imparting the composite with many suitable properties, such as increased surface area, reactivity adjustment, and nano-assisted optical properties. To begin with, scholars have used clay as a template for the growth of carbon nanotubes for a long time. One such example reported the successful development of multiwalled carbon nanotubes (MWCNTs) on clay (montmorillonite) surfaces, attained via chemical vapor deposition of acetylene [37]. Based on the metal salt catalysts used (i.e., FeCl3·6H2O, Fe(NO3)3·9H2O, Ni(NO3)2·6H2O, and Co(NO3)26H2O), clay–carbon nanotube composites of varying contents and quality were produced. Immobilized metal nanoparticles on the clay surfaces or at the edges served as the active sites for CNTs’ development. The advantage of using of Ni(NO3)2 is in attaining high quality or a low number of defects in the composite. Moreover, there is a simplified process to make unique 3D nanostructured fillers, in which intercalation of Fe2O3 particles takes place to exfoliate the 2D clay platelets, and then 1D nanotubes are grown on the exfoliated surface [38]. The nanocomposite’s formation reduces the step of purification during CNT synthesis. Furthermore, the enhancement of the activity of the nanostructured filler was demonstrated by including the CNT–clay hybrid in nylon 6. It was observed that through the incorporation of only 1 wt % nanocomposite filler, the modulus and tensile strength of the hybrid were significantly improved compared to neat nylon 6, by 290% and 150%, respectively. Researchers have also worked on the formation of clay–CNT hybrids, including the synthesis of homogenous multiwalled carbon nanotube–montmorillonite nanocomposites [39]. Their composition is such that the MWCNTs behave as a single nanotube, absorbed on the surface and edges of the montmorillonite sheets. The clay layers, having a highly negative charge, exhibit strong interactions with the aqueous dispersion of nanotubes, restricting the CNTs from aggregating. Thus, the resultant stability of CNTs offered by clay is able to separate the individual nanotubes from one another.



In fact, clay-assisted enhanced dispersion of CNTs was achieved in water, toluene, dimethylformamide, and ethanol through the formation of hybrids with anionic synthetic fluorinated mica, anionic sodium montmorillonite, and cationic layered double hydroxide [40]. Moreover, the aggregation behavior was controlled with such modification of CNTs.



The process has been improved further with CNT-based composites. In 2011, a mechanically robust and magnetic nylon-6 nanocomposite, supported by 1D CNTs and 2D clay nanoplatelets, was reported [41]. The MWCNTs utilized iron-oxide-immobilized clay nanoplatelets as substrates. The thermodynamically stable R-phase crystals of nylon 6 were successfully formed with the support of the nanohybrids, which had higher stiffness and hardness than the γ-form of nylon 6. It was also noted that the nanohybrid could prevent the transformation of the R-form to the γ-form. The residual iron oxide nanoparticles in the composite imparted the nylon-6 system with novel magnetic properties.



In the case of membrane research, this type of composite has been found to be useful. For instance, a hybrid material of carbon nanotubes (CNTs) immobilized on smectite clays was fabricated and employed on a membrane of perfluorosulfonic acid. A highly homogeneous nanocomposite membrane with outstanding mechanical properties was produced through a solution–precipitation method [42]. It possessed high efficacy in proton diffusion, ensured by a framework made up of long nanotubes distributed through the clay nanoplatelets activated by acid groups. The addition of this hybrid to polymers produced membranes with higher solidity and extended thermal stability at higher temperatures.



Even the dielectric properties of materials can be improved by forming such nanocomposites. Particularly, a composite of MWCNTs, polyvinylidene fluoride (PVDF), and clay was prepared via the melt-mixing method by a group of researchers [43]. They reported that the incorporation of 1.0 wt % clay into a MWCNT/PVDF nanocomposite with 0.5 wt % MWCNTs led to an increase of 670% in the dielectric permittivity and a reduction of 68% in the dissipation factor at 100 Hz.



Similarly, the elastic and electrical properties of such nanocomposites have been explored by different groups of scientists, using both computational [44] and experimental [45] methods. For improving electrical properties, a multiphase composite was manufactured based on thermosetting epoxy, multiwalled carbon nanotubes, and hydrotalcite clay. The DC conductivity measurement showed an electrical conductivity value of 2 s/m, achieved at the highest considered concentration of CNTs.



Scholars are also exploring the elastomeric nature of different clay–CNT composites. The hybridization of poly(diallyldimethylammonium chloride)-functionalized MWCNTs and hydroxyl-functionalized MMT showed an elastomeric nature [46]. Furthermore, the composite incorporated styrene–butadiene rubber (SBR) system and was successful in improving the dispersion with SBR latex.



Recently, a clay-based hybrid film fabricated with functionalized carbon nanotubes, sandwiched between smectite clay nanoplatelets through layer-by-layer deposition, has been reported [47]. Single-walled carbon nanotubes (SWCNTs) were covalently functionalized with phenol groups via 1,3-dipolar cycloaddition, which allows stable dispersion in polar media. A bottom-up approach and self-assembly helped in the production of hybrid thin films, where the Langmuir−Schaefer deposition technique was used.



However, the properties of thermoplastics—including physicochemical, mechanical, and thermal properties—have been influenced strongly by montmorillonite and carbon nanotubes acting as reinforcing particles for a long time. The improvement of their characteristics through the formation of nanocomposites has also been revealed by various researchers [48].




2.3. Polymer–Clay Nanocomposites


Apart from GO and CNTs, polymers are also widely utilized materials to make nanocomposites with clay. Very recently, polymer–clay nanocomposites have been developed to mitigate the water sensitivity of pure epoxy resin [49]. The inclusion of montmorillonite nanoclay in the epoxy results in reduced moisture absorption. Nanocomposites with 0.5, 1, and 1.5 wt % nanoclay were compared with pure epoxy in terms of their moisture absorption behavior. When the amount was 0.5 wt %, the nanocomposites performed better in distilled water, as it decreased the diffusion coefficient.



The improved mechanical properties of epoxy resin were also evaluated when nanoclay (NC), nano-graphene oxide (NGO), and carbon nanotubes with different weight percentages were immobilized in the epoxy [50]. The results showed that the NGO/epoxy nanocomposite had the lowest tensile strength, strain, and toughness, with more brittle behavior than the pure epoxy. The CNT/epoxy composite showed the highest ultimate strength but the lowest tensile strength.



It is important to use biodegradable materials. Hence, biodegradable plasticized cellulose acetate–clay hybrid nanocomposites represent such systems that can be classified as green materials [51]. They have been successfully synthesized from cellulose acetate, with triethyl citrate as a plasticizer and organically modified clay. The plasticizer concentration (15–40 wt %) was evaluated to check the nanocomposites’ behavior.



The removal of Cr(VI) and Coomassie brilliant blue (CBB) from water has been explored with biopolymer–clay composites [52]. This involved the fabrication of hybrid adsorbents based on ceria, rice flour (the source of the biopolymer), and montmorillonite. The multilayer adsorption of CBB and Cr(VI) onto the composite surface was best illustrated by the Freundlich model. The sorption capacity for CBB and Cr(VI) is 713.513 and 182.037 mg g−1, respectively. The regeneration ability of three consecutive cycles made the hybrid effective.



To remove toxic ions such as Cr(VI) and Pb(II), a new attapulgite clay–carbon nanocomposite was synthesized by a one-pot hydrothermal process using attapulgite clay and glucose. This new nanocomposite exhibited maximum adsorption capacities of 177.74 and 263.83 mg 3 g−1 for Cr(VI) and Pb(II) ions, respectively [53].



Among others, chitosan−clay nanocomposites have the capability to remove water pollutants through effective adsorption processes. These nanocomposites have been found to adsorb ∼99% of micropollutants from water, including dyes, metals, and harmful negative ions [54]. Moreover, ∼94% of the targeted herbicides were successfully removed from the media of interest by this particular nanocomposite. There are a number of such chitosan-based clay nanocomposites that are applicable to wastewater treatment.



To make potential biomedical nanocomposites, the issue of cytotoxicity is always there to be addressed. One earlier work subjected copolymer/organoclay nanocomposites developed from co- and terpolymers such as poly(3,4-dihydro-2H-pyran-alt-maleic anhydride), poly(DHP-alt-MA), poly(3,4-dihydro-2H-pyran-co-maleic anhydride-co-vinyl acetate), and poly(DHP-co-MA-co-VA), along with bentonite clay, to cytotoxicity tests on L929 cells [55]. The MTT cell viability assay revealed that the nanocomposites could decrease cell viability. Thus, such nanocomposites may also be biocompatible for further work in biomedical areas.



Furthermore, some nanocomposites are employed in tissue engineering. Particularly, hydrogels are their derivatives are most useful in this case. A photo-crosslinkable chitosan hydrogel assisted by 2D nanoclay was reported to be effective for tissue generation [56]. The reinforced hydrogels activated the proliferation and induced the division of entrapped mesenchymal stem cells in vitro. Interestingly, the chitosan–montmorillonite hydrogels could direct native cells, thereby enhancing calvarial healing without any therapeutic agents or stem cells.



Film-based nanocomposites represent a good platform for dynamic purposes. A film of cellulose nanofibrils (CNFs) and montmorillonite (MTM) supported by surface charge was prepared. The CNFs, either with quaternary ammonium cations or carboxylate anions, interacted with MTM nanoplatelets with negative charges [57]. The impact of ionic charges of CNFs and their resultant interactions with MTM nanoplatelets is significant to understand the structure and mechanical properties of the nanocomposite films, as explained in the work.



Meanwhile, clay–polymer nanocomposites are also important for molecular loading and release, due to their high surface area. For example, bentonite–alginate nanocomposites are such materials with the capacity to load imidacloprid (an insecticide) and release it efficiently [58]. The basic composition involves the exfoliation of bentonite into nanoplatelets, followed by addition to the alginate hydrogel, resulting in significant effects on the architecture and release properties. It was noted that the time for 50% release (T50) of imidacloprid from the nanocomposite initially increased and reached a maximum at 10 wt % bentonites. At this point, the T50 value for the release of imidacloprid was 2.5 times that for its release from pure alginate.



For crop production, slow-release fertilizers (SRFs) are of utmost interest, because they can control the efficiency of nutrient utilization [59]. To overcome the issue of uncontrolled release of earlier fertilizers, a lignin−clay-nanohybrid-based double-layer SRF was formulated to slowly release nitrogen fertilizer, improving the water-holding capacity. For that, first, epoxypropyltrimethylammonium chloride (ETAC) and quaternary ammonium lignin (QAL) were prepared sequentially through a known protocol that was employed to obtain the SRF beads. Simple mixing of clay with the prepared QAL produced the lignin–clay nanohybrid. The positive charge on the QAL led to the insertion of lignin into the clay matrix. The hydrophobic lignin−clay nanohybrid was crosslinked with alginate, followed by a coating of the highly water-absorbent polymer poly(acrylic acid) (3% w/v) to form double-layer SRF beads. The produced fertilizer had a slower urea release rate than that of previously reported SRFs. The process of development of SRFs is shown below in Figure 3.



Nanocomposite films composed of sodium alginate/poly(vinyl alcohol)/montmorillonite clay were used to investigate the in vitro properties of the encapsulated antibiotic ceftriaxone sodium (CTX) [60]. The clay was employed as a nanofiller to improve their thermal stability and mechanical strength. A two-step discharge mode of the antibiotic was observed, with an early burst liberation from the ex vivo permeation. In fact, the sustained pH-dependent drug release could be explained from the dissolution studies of the drug-loaded nanocomposite.



Another polymer–clay nanocomposite was developed where low-density polyethylene was shown to form a composite with Laponite clay, which acted as a Pickering stabilizer [61]. The surfactant-free formation of polyethylene from range of polar and ionic comonomers was investigated to evaluate their influence on the formation mechanism and the stability in both the presence and absence of Laponite. The stabilization efficiency offered by clay was dependent on the monomer present.



The drawback of flexible polyurethane foam (PUF)—useful for bedding, transportation, and furniture—is its flammability [62]. To prevent this issue, an environmentally friendly and flame-retardant chitosan/vermiculite clay nanocoating was proposed for deposition on polyurethane foam through layer-by-layer assembly. The thermal shielding characteristic of this polymer/clay nanocoating makes this system user-friendly and enables the use of polyurethane foam for insulation applications.



One important application of clay–polymer nanocomposites is the formation of nanowalls that can restrict the passage of oxygen. These are formed as thin films of sodium montmorillonite clay with branched polyethylenimine (PEI) [63]. Oxygen transmission rates through these films decrease when the pH of the PEI increases.




2.4. Carbon Dot–Clay Nanocomposites


Some of the other carbon-originated nanomaterials not discussed above, such as carbon dots or carbon quantum dots, are also well utilized to obtain clay-based nanocomposites with interesting properties. Carbon dots and nanoclusters are such materials, with dynamic applications. Our group has contributed in this area by developing photoresponsive carbon-dot-incorporated azobenzene nanocluster–clay (bentonite) hybrids with the ability to act as optoelectronic devices [64]. The complete scheme for the synthesis of these nanohybrids is shown in Figure 4 below. The basic scaffold of the nanocomposite was made up of azobenzene nanoclusters (AZONC) and bentonite clay (BTN), which were characterized by electrochemical impedance spectroscopy. It was noted that doping with electron-rich carbon dots synthesized from cysteine and methionine (through pyrolysis) could enhance the AC conductivity of the resultant nanocomposites. Further tunability of the conductivity could be achieved in the presence of UV light, which was directly related to the UV-light-sensitivity of the AZONC. The trans–cis isomerization of AZONC under UV-365 might be the reason for such behavior of the nanocomposite. Ma et al. demonstrated the successful use of carbon dots (C-dots) and sheet-like hectorite clay as physical crosslinkers to fabricate C-dots–clay–poly(N-isopropylacrylamide) nanocomposite hydrogels (coded as C-dots–clay–PNIPAm hydrogels) [65]. The hydrogels were also endowed with fluorescence features that were associated with C-dots in the hydrogels. The as-fabricated C-dots–clay–PNIPAm hydrogels are promising for applications in sensors, biomedical carriers, and tissue engineering. Hazarika et al. showed eco-friendly, high-performance, waterborne hyperbranched polyester nanocomposites with different doses of clay–carbon dot nanohybrids, fabricated for the first time through an in situ polymerization technique without any solvent or compatibilizing agent [66]. The nanocomposite was also used as a visible-light-active photocatalyst for the removal of organic dyes such as rhodamine B. In addition, the nanocomposite exhibited biodegradation behavior against Pseudomonas aeruginosa bacteria. Thus, this type of nanocomposite is an exceptionally promising candidate as an environmentally friendly, low-cost, and effective adsorbent for the elimination of contaminants from the atmosphere.





3. Summary and Conclusions


It has been demonstrated that clay materials have tremendous potential in all applications in combination with carbon nanomaterials. This review shows their improved properties and functions when in nanocomposite form. The main components from the carbon nano-domain are graphene and its derivatives, carbon nanotubes, polymers, carbon dots, and clusters, all of which have been used so far to make nanocomposites with clay. Particularly, the mechanical strength of the hybrid materials is greatly enhanced when clay is connected to carbon nanomaterials in the form of films or particles. In fact, molecular loading and controlled release can be better established in these nanocomposites as compared to pure clay materials. Their use in catalysis is outstanding owing to their increased surface area, providing space for reactions to take place with tunable reactivity. In the case of wastewater treatment to remove pollutants such as heavy metal ions or other toxins and dyes, these materials exhibit the desired efficacy. Responsivity to stimuli can be imparted to hybrid materials by various carbon nanomaterials with amazing optical and magnetic properties. This review constitutes a great platform to explore the latest findings on carbon-nanomaterial-based nanocomposites and will definitely help researchers to expand their knowledge further.
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Figure 1. Schematic view of the probable architecture of a clay carbon composite (reproduced from ref. [27], copyright 2004, American Chemical Society). 
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Figure 2. Schematic view of carbon nanomaterial–clay nanocomposites, along with their types, properties, and applications. 
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Figure 3. The synthesis procedure of double-layer SRFs using bio-based coating materials (reproduced from ref. [59]; copyright 2020 American Chemical Society). 
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Figure 4. Protocol adopted to develop a photoresponsive carbon-dot-incorporated azobenzene nanocluster–clay (bentonite) hybrid with tunable conductivity (reproduced from ref. [64]; copyright 2020 Royal Society of Chemistry). 
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