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Abstract

:

In recent years, a great interest has arisen around the integration of naturally occurring clays into a plethora of advanced technological applications, quite far from the typical fabrication of traditional ceramics. This “second (technological) life” of clays into fields of emerging interest is mainly due to clays’ peculiar properties, in particular their ability to exchange (capture) ions, their layered structure, surface area and reactivity, and their biocompatibility. Since the maximization of clay performances/exploitations passes through the comprehension of the mechanisms involved, this review aims at providing a useful text that analyzes the main goals reached by clays in different fields coupled with the analysis of the structure-property correlations. After providing an introduction mainly focused on the economic analysis of clays global trading, clays are classified basing on their structural/chemical composition. The main relevant physicochemical properties are discussed (particular attention has been dedicated to the influence of interlayer composition on clay properties). Lastly, a deep analysis of the main relevant nonconventional applications of clays is presented. Several case studies describing the use of clays in biomedicine, environmental remediation, membrane technology, additive manufacturing, and sol-gel processes are presented, and results critically discussed.
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1. Introduction


Clays are naturally occurring 2D layered fine particles (less than 2 μm) extracted from earth and composed of phyllosilicates (clay minerals), showing plastic properties at appropriate water content and brittleness upon drying or firing (i.e., hardening processes) [1,2]. These very peculiar properties are strictly related to clays’ chemical structure, and in particular to specific chemical reactions occurring at the surface/interface of these layered materials [3,4]. Such interfacial phenomena are the basis of the recent grown interest around clays (i.e., one of oldest class of materials handled and modeled by humans) as alternative (nanoscopic) materials. Scientific and engineering field of emerging interest where clays can be exploited such as biomedicine [5,6,7,8,9], environmental clean-up processes [10,11,12,13,14,15,16,17,18], membrane technologies [19,20,21,22], energetic and electronic applications [23,24,25,26], composite materials [27,28,29,30,31,32,33], sol-gel technology [34,35], 3D printing [36,37], and in developing traditional ceramics (i.e., earthenware, stoneware, porcelain, pottery, and so on) [38,39,40] are numerous.



The recent attention around the exploitation of 2D layered materials (e.g., graphene [41], and its derived graphene oxide (GO), carbon nitride (g-C3N4), molybdenum disulfide (MoS2) [42], tungsten diselenide (WSe2), tin sulfide (SnS2), tin diselenide (SnSe2), boron nitride (BN), and black phosphorous (P allotrope)) has also raised the interest concerning the exploitation of clays as naturally occurring layered materials. Furthermore, as pointed out in the literature [2,43,44], clays are largely diffused (almost worldwide in nature) in consistent amounts. The exploitation of clays guarantees a twofold advantage in terms of economic sustainability (i.e., low cost of raw materials) and environmental safety, coupled with their availability also in developing countries [45,46]. Therefore, the valorization of clays follows the principles at the basis of the circular economy [47,48,49], and analogously as in the cases of biomasses [50,51,52,53,54], biochars [55,56,57,58,59], and biofuels [60,61], clays can play a major role in the green chemistry-driven technological revolution.



From the economic viewpoint, actually clays represent raw materials of remarkable interest for the global market (i.e., clays accounted for 0.012% of total world trade in 2019). Countries leading in the extraction/exportation of clays are the US (USD 389 million, covering almost 18.2% of the global market), China (USD 260 million, 12.1%), Ukraine (USD 197 million, 9.2%), Germany (USD 166 million, 7.8%), India (USD 105 million, 4.9%), Turkey (USD 101 million, 4.7%), Spain (USD 93 million, 4.4%), and France (USD 84 million, 3.9%) [62]. Italy is the 7th largest European exporter with approximately USD 48 million (corresponding to approximately 2.2% of the global market). Interestingly, Italy is the largest global importer with a value of approximately 8.9% of the global market (ca. USD 191 million), followed by Germany (USD 180 million, 8.4%), the Netherlands (USD 142 million, 6.6%), Poland (USD 104 million, 4.9%), Japan (USD 95 million, 4.4%), and Canada (USD 93 million, 4.4%) [63]. Moreover, the growth of the previously cited nonconventional advanced applications is going to significantly increase the global trading of clays within the next few years.



The aim of this document is to provide a critical analysis of the potential nonconventional uses of clays into technological fields of emerging interest. Particular emphasis has been devoted to the chemical composition and structure of clays. In fact, it is with a correct understanding of the structure-mediated properties that it is possible to maximize the valorization of this class of naturally occurring materials and find novel, alternative (and advanced) applications.




2. Chemical Composition and Structure-Property Relationship of Clays


As stated in the previous paragraph, clays are fine-grained 2D earthen minerals. In general, the chemical composition of earthen crust is mainly silica (ca. 60%) and alumina (ca. 15%) with other mineral oxides constituting the residual fraction (approximately 25%) [2]. Hence, the chemical composition of clays reflects the Earth’s crust, since clays are hydrous alumino-silicates (eventually containing some minor impurities, i.e., Na, K, Mg, Ca, Fe) [1,2]. Clays are made up of layered sheets organized as follows:




	(i)

	
2D 1-1 layered clay minerals, formed by alternating layers made by one tetrahedral (Si-based) sheet and one octahedral (Al-based) sheet held together by hydrogen bonding [2,64].




	(ii)

	
2D 2-1 layered clay minerals (organized into six subgroups), formed by alternating layers made by two tetrahedral (Si-based) sheets sandwiching one octahedral (Al-based) sheet in the middle. These sandwich structures are held together by an interlayer made by either water molecules or exchangeable cations (to maintain the electroneutrality of the system), or even both [2,64].









An extended classification of clays based on their chemical composition, structural stacking, and interlayer organization is summarized in Figure 1 [2]. In detail:




	(i)

	
Kaolinite-serpentine subgroup: 1-1 layered structures: This subgroup is characterized by electroneutral layered structures and the absence of cations at the interlayer (with very low CEC, 3–15 cmol/kg). In particular, surface charges of kaolinite derived from the presence of defects (such as isomorphic substitution and broken edges Al-O-Al and Si-O-Si). Tetrahedral and octahedral sheets are held together by either secondary forces (e.g., hydrogen bonding) or water molecules. The kaolinite-serpentine subgroup is characterized by the general chemical formulas Al2Si2O5(OH)4 (for the kaolinite subgroup) and Mg3Si2O5(OH)4 (for the serpentine subgroup) [65]. Examples of clays belonging to this subgroup are kaolinite, halloysite, dickite, nacrite, crysotile, antigorite, lizardite (the latter three belonging to the serpentine subgroup).














	(i)

	
Pyrophyllite-talc subgroup: 2-1 layered structures: This subgroup is characterized by electroneutral layered structures and the absence of cations at the interlayer (with very low CEC, below 1 cmol/kg). Weak secondary forces (e.g., van der Waals and/or dipolar interactions) that favor a loss of cohesion between the layers hold tetrahedral sheets together. The pyrophyllite-talc subgroup is characterized by the general chemical formulas Al2Si4O10(OH)2 (for the pyrophyllite subgroup) and Mg3Si4O10(OH)2 (for the talc subgroup) [66].




	(ii)

	
Smectite subgroup: 2-1 layered structures: This subgroup is characterized by having octahedral sheets partially substituted, thus generating weak negatively charged layers. In order to balance such negative charge and maintain the electroneutrality of the system, the smectites interlayer region contains miscellaneous cations, together with water molecules. The presence of such an interlayer (made by water molecules and cations) enhances the water affinity of smectites, thus favoring the hydraulic delamination and expansion. Furthermore, smectites show a high ion exchange capacity (i.e., CEC approximately 70–100 cmol/kg). The smectite subgroup is characterized by the chemical formula (Na,Ca)0.33(Al,Mg,Fe,Zn)2Si4O10(OH)2·nH2O [67]. Examples of clays belonging to this subgroup are: montomorillonite, beidellite, laponite, saponite, and hectorite.




	(iii)

	
Vermiculite subgroup: 2-1 layered structures. This subgroup is characterized by having both tetrahedral and octahedral sheets partially substituted, thus generating a net negative charge in both layers. In order to balance such net negative charge and maintain the electroneutrality of the system, the vermiculites interlayer region contains two oriented water layers and magnesium cations, thus providing a limited expansion capacity and high ion exchange capacity (i.e., CEC approximately 100–150 cmol/kg). The vermiculite subgroup is characterized by the chemical formula (Mg,Ca)0.3(Mg,Fe)3(Si,Al)4O10(OH)2·4H2O) [68].




	(iv)

	
Mica subgroup: 2-1 layered structures: This subgroup is characterized by having the Si-based tetrahedral sheets partially substituted by aluminum atoms, thus generating a charge deficiency in the tetrahedral layers. In order to balance such strong negative charge and maintain the electroneutrality of the system, the micas interlayer region contains potassium cations occupying fixed positions at the tetrahedral sites surface. Such locked structure significantly limits the entry of water and micas ion exchange capacity (i.e., CEC approximately 10–40 cmol/kg). The mica subgroup is characterized by the chemical formula (K,H)Al2(Si,Al)4O10(OH)2·nH2O [69]. Examples of clays belonging to this subgroup are: muskovite, sericite, illite, biotite, and glauconite.




	(v)

	
Chlorites subgroup: 2-1 layered structures: This subgroup is characterized by having both tetrahedral and octahedral sheets partially substituted. In order to balance such negative charge and maintain the electroneutrality of the system, the chlorites interlayer region is made by hydroxide sheets, mainly constituted by brucite Mg(OH)2, eventually partially substituted by iron atoms. The presence of hydroxyl functionalities at the interface between tetrahedral sheets and hydroxide-based interlayers induces the formation of hydrogen bonding that hold together the layered structures, generating a locked system characterized by having a poor ion exchange capacity (analogously as in the case of mica subgroup, namely: CEC approximately 10–40 cmol/kg). The chlorite subgroup is characterized by the chemical formula (Mg,Fe)3(Si,Al)4O10(OH)2·((Mg,Fe)3(OH)6) [70].




	(vi)

	
Inverted ribbons (palygorskite-sepiolite) subgroup: 2-1 layered structures: This subgroup is characterized by ribbons of 2-1 layered silicates presenting a periodic inversion of the apical oxygen atom in tetrahedral layers extending parallel to the layer directions, forming fibrous clays. These complex structures are characterized by the presence of nanometric channels (parallel-oriented respect to the direction of the layers) containing water molecules weakly bound to the magnesium ions forming the octahedral layers. The presence of these nanochannels guarantees high surface area (SSA higher than approximately 140–320 m2/g) that allows their use as porous systems for advanced applications (e.g, controlled transport and/or release of chemicals, drug-delivery, separation science) [71]. The chemical formulas of palygorskite-sepiolite subgroup are the following, namely: (Mg,Al)2Si4O10OH·4H2O (for the palygorskite subgroup), and Mg4Si6O15(OH)2·6H2O, (for the sepiolite subgroup) [72,73].









Furthermore, mixed-layer clays are also available in nature, but for the sake of simplicity, they are not discussed in this document (for details concerning mixed-layer clays, please refers to the following references [74,75]).



Clays belong to the ceramic materials class, characterized by having a crystalline organization with strong bonds (i.e., covalent bonds, and ionic bonds) between atoms forming the layers and secondary bonding (i.e., van der Waals forces, H-bonds) between the layers [2]. This particular architecture indicates a certain level of anisotropy in clays that exhibit cleavage subjected to forces applied parallel respect to the layer direction (thus, acting against the secondary bonding). Furthermore, as previously discussed, clays are characterized by having different chemical species at the interlayer that can somehow exert a different attraction between layers. In fact, depending on the chemical species at the interlayer, clays have different CEC, interlayer thickness (and consequently surface area), and hydration/gel-forming capacity. In detail:




	(i)

	
Cation exchange capacity (CEC): The CEC corresponds to the amount of cations (expressed in cmol/kg) that can be exchanged with other cations at the surface of clays. The CEC is influenced by the nature and amount of cations at the clays interlayer.




	(ii)

	
Interlayer thickness: Depending on the chemical species forming the interlayer, these generate different electrostatic forces (and consequently different degree of attraction) between the different sheets forming the layer structures of clays. These electrostatic forces influence the interlayer thickness.




	(iii)

	
Hydration/gel-forming (or swelling) capacity: Mechanisms at the basis of hydration are mostly two: (a) electrical properties of both clay’s inorganic surface and aqueous medium affecting the water molecules orientation at the clay’s surface, and (b) osmosis. Furthermore, both hydration and swelling properties are strongly affected by the nature and the quantity of exchangeable cations present at the interlayer, and these values can be predicted considering the hydration energy of the different ions. In fact, the swelling capability follows the order: Mg > Ca > Li > Na > K [2].









Typical values of CEC, interlayer thickness, specific surface area, and swelling capacity of the different clay subgroups are summarized in Table 1 [2,76].




3. Advanced Applications: The Second (Technological) Life of Clays


As previously introduced, the peculiar properties of clays are the basis of the evolution (or better, the revolution) around this class of materials, going from being the simplest and oldest material handled and modeled by humans toward being still an important protagonist in the more attractive brand new technologies of the new millennium. In order to provide a detailed discussion on the advanced uses of clays in new technologies, the following paragraphs discuss the most catching eye technologies and case studies involving clays.



3.1. Biomedical Applications


Mousa and coworkers [7] point out that clay surface reactivity (due to CEC, ionic species at the interlayers, surface area and sorption capacity) is of paramount relevance for the biomedical interaction toward living tissues and fluids and synthetic prosthetic devices. In particular, clays are typically included in polymeric matrices to form both soft functional biocompatible scaffolds, hydrogels, and physical gels with improved mechanical responses [77], and hard porous scaffolds and sponges mimicking the bone tissue structural organization [78]. In this context, Giannelli et al. [5] produced a hard composite scaffold made by a keratin 3D sponge matrix, with magnetic Mg/Fe-hydrotalcite nanoparticles dispersed as fillers. These magnetic nanoparticles are able to stimulate the cell adhesion and proliferation by applying an external magnetic field. Results showed that the application of an external magnetic stimulus facilitates the cell proliferation, thus confirming the fundamental role of the magnetic clay component in the biomedical device. Furthermore, these systems show enhanced biocompatibility with osteoblasts and fibroblasts cells. Another interesting study is the one by Cui and coworkers [6], where a microporous 3D hydrogel made by modified chitosan and montmorillonite to promote tissue regeneration was developed. In this composite system, clays play a fundamental role in both increasing the mechanical properties of the hydrogel and improving the final interconnected microstructure. Results indicate the clay-induced microporous structure promotes the native cell infiltration, proliferation, and spontaneous differentiation without including growth factor and drugs in the formulation.



Murugesan et al. [8] critically analyzed the most recent literature describing the development of clay-based nanocomposites for biomedical applications. In particular, clay-containing nanocomposites under the shape of thin films are mostly used as drug-delivery patches, biodegradable/biocompatible packaging films, and microfluidic systems. These thin films are mostly produced following the fabrication techniques used in the field of nanocomposites such as solution blending, melt mixing, electrospinning, in situ polymerization [8]. In this process, both clays and polymers are dissolved in a common solvent (eventually, the two dispersions/solutions are separately prepared and added together), and transferred in the desired mold (i.e., solution blending) or deposited (i.e., cast films). Vice versa, the melt intercalation passes through the dispersion of the clays within the molten polymer. Alternatively, the in situ intercalative polymerization requires the dispersion of clays in a monomer solution and subsequently let the monomers polymerize by applying an external stimulus. The advantages of producing thin films are mostly in terms of chemical and mechanical resistance (compared to different morphologies).



Another interesting technology applied to clays is their integration into polymeric matrices to produce fibers, drug-delivery patches, or fiber-based membranes/scaffolds fabricated via electrospinning. In this case, clays are firstly dispersed in the polymer/solution, letting the clay-containing mixture pass through a needle spinneret and finally deposited onto the substrate pushed by the charge difference between the needle and the collector. The fiber morphology is driven by several parameters such as voltage intensity, the working distance between the needle and the collector, and the geometry of the needle [8,79]. In these fiber-based systems, the role of clays is to enhance the mechanical performance and the thermal stability of the composite, also improving the processability. In the study by Hong and coworkers [80], an organically modified montmorillonite prepared by a solution intercalation method in the presence of polyurethane was successfully deposited via electrospinning, producing a nanocomposite with 200%-enhanced mechanical response (both in terms of Young modulus and tensile strength) with respect to the base polymer.



The production of suitable bioinks for 3D printing and biofabrication passes through several printing methods (e.g., inkjet, extrusion, laser-assisted printing) [81,82]. The details concerning 3D printing technologies are provided in the dedicated following paragraph. However, for the sake of completeness, the biomedical applications involving bioprinting of clay-based systems are discussed here. Bioprinting consists of producing scaffolds or tissues via additive manufacturing (i.e., typically extrusion-based printing). These tissues/scaffolds are made by cells included in a host matrix (mostly biopolymers or hydrogels). One of the main concerns related to these very complex formulations (borderline between living organism and unanimated matter) is the rheology of the system that should be perfect (i.e., not too much as it can cause mechanical stresses to the cells, not too low as the final formulation should be printable and maintain the desired shape). In this context, nanoscopic clays (nanoclays) can be a very efficient and effective additive for such type of bioinks since they enhance the mechanical strength and viscosity of the system, maintaining the final shape, showing high processability and enhancing the biological activity [8]. Furthermore, the formulations containing nanoclays can be stimuli-responsive toward electrical, temperature, and pH variation, making these systems very appealing for muscular tissue regeneration [83,84,85]. A clear example of these stimuli-responsive systems is the study by Guo et al. [86] where an agarose/polyacrylamide-based thermo-responsive hydrogel containing laponite (which is a synthetic clay belonging to the smectite subgroup) has been successfully prepared and tested. In this particular formulation, clays increase the processability, the post-printing stability, and the final mechanical properties with respect to the bare agarose/polyacrylamide hydrogels.



As previously introduced, clays are characterized by a particular particle size, porosity and surface area, and reactivity coupled with their biocompatibility that allow their use in drug-delivery systems, in pharmaceutical applications, and in cancer research, diagnosis and relative therapy [9,87]. In particular, nanoclays are exploitable as nanoscopic carriers for the delivery of anticancer drugs directly to the tumor site. Furthermore, several in vitro and in vivo tests highighted that nanoclays show bioactivity against different cancers ([9,88] and references therein). This is, for instance, the case of bentonite that inhibits the growth of central nervous system (glioblastoma) cells, while enhancing the growth of lung adenocarcinoma cells [88]. Interestingly, a montomorillonite/palygorskite clay mixture significantly reduces melanoma cell proliferation and viability by in vitro tests, and melanoma growth in an in vivo animal model by inducing a reduction of the tumor size and weight, decreasing tumor cell mitosis, and inducing tumor necrosis [89]. Nanoclays are used (in combination with polymeric and/or magnetic nanoparticles) to transport specific anticancer drugs directly to the tumor site. This is, for instance, the case of the study by Lin and coworkers [90] where a Na-montmorillonite was loaded with 5-fluorouracil (a drug used in the colorectal cancer therapy) but reaching the maximum loading capacity of only 2 wt.%. To increase the loading capacity of montmorillonite, montmorillonite was amino-modified and grafted with β-cyclodextrin, reaching a higher 5-fluorouracil loading of approximately 28 wt.% [91]. However, Peixoto et al. [9] classified the use of clays in oncologic therapy against different types of cancer depending on the target organ/apparatus, namely lung, colorectal, gastric, breast, pancreatic, brain, skin, thyroid, and bone cancer. For all these cases, clays are used as carriers of bioactive chemicals, either directly as they are or after a surface functionalization (as depicted in Figure 2) [92].



In general, most of the cases investigated used mostly halloysite nanotubes (HNTs), but also montmorillonite, bentonite, laponite, palygorskite, and kaolinite. Figure 3 reports the mechanism involving the pH- and time-responsive release of an anticancer drug loaded by HNTs, delivered through oral administration. As reported by the authors, the role of HNTs (i.e., clays) within this technological approach is very appealing as it minimizes the undesired (early) drug release in the stomach, whereas it maximizes the drug release directly in the intestines, the site affected by the colorectal cancer [9].



Furthermore, these systems are exploitable in diagnostics by simply loading/grafting specific biomarkers or magnetic nanoparticles that can detect the presence of cancer cells in the organism [93,94]. For a detailed study of the diagnostics and imaging of pathological alterations in living systems, please refer to [95].




3.2. Environmental Applications


The continuous depletion of freshwater resources is one of the main concerns affecting the social and economic progress of several underdeveloped areas of Third and Fourth World countries [2]. To overcome this issue, probably the best technological solution is to significantly increase the recyclability of polluted (waste)water into newly clean drinkable water [96,97]. In this context, the scientific literature proposes several alternative approaches for the abatement of anthropogenic (in)organic pollutants from contaminated (waste)water [98,99,100,101,102,103,104,105,106,107,108]. Historically, the use of soil-matter, sand, gravel, and stone as water filtering materials dates back to the Egyptian and ancient Greeks periods [109]. The scientific awareness of the contemporary society pointed out that fundamental parameters influencing the sorption capacity of materials are the surface area and charge, pore volume, and the presence of specific reactive species available at both surface and interface [2,110]. Due to their particular morphological characteristic and related properties, clays represent a very promising class of nanomaterials exploitable in contaminated freshwater and wastewater clean-up processes.



Based on the literature analysis proposed by Uddin [11], clays are effective adsorbents for the removal of heavy metal ions (i.e., As, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb, Zn) from aqueous solutions, mostly due to their specific surface area and capability of ion exchange (i.e., CEC). In particular, the majority of clays are negative charged with positive cations present at the interface/surface, and available for interacting with metal cations present in a solution following different mechanisms (i.e., mostly ion exchange, but also direct bonding between adsorbent surface and adsorbate species, complexation, and many others). Furthermore, clays can be modified in order to enhance their sorption capacity (e.g., by varying the hydrophilicity/hydrophobicity degree of the surface and by introducing some novel chemical functionalities). In particular, some scientific studies show the importance of both solution pH and thermal treatment (performed on clays) over the adsorption mechanism [11,111,112,113,114,115]. In fact, experimental evidences highlight that the sorption of As(V) over a mixture of different natural clays is maximized at acid conditions [111]. However, in the case of Cr(VI), Cu(II), and Zn(II), an optimum sorption pH at approximately circumneutral conditions [112,113] has been registered. The explanation of this phenomenon is not trivial and depends on both the nature of the clays and heavy metal cations. The literature proposes that pH variations strongly affect the availability of ionic species and the competition for adsorption sites, also influencing the chemical precipitation of metal ions as hydroxyl species [11,114]. Concerning the effect of the thermal pretreatment over clays sorption capacity, even here the trend is still unclear. There is evidence that the sorption capacity is maximized along with the thermal treatment (this is, for instance, the case of Cr(VI) sorption over a 200 °C fired clay) [115]. On the contrary, there is also some evidence that the clay sorption capacity is reduced after firing at higher temperature (and this is the case of the same cation Cr(VI) over a 400 °C fired clay, for details please refer to [11] and references therein). Es-Sahbany and coworkers [15] reported the use of a clay mixture extracted from a Morocco region made by kaolinite, illite, quartz, and traces of vermiculite, showing an overall CEC value of approximately 27 meq/100 g and a pH of 8.8. This mixture was tested for the sorption of heavy metals, namely Co(II), Cu(II), Ni(II), and Pb(II). Experimental results showed the maximum abatement (elimination yield ca. 85%) for all these cations was reached at alkali pH (approximately 8.0–8.5) with a contact time of approximately 90 min [15].



In many cases, modification treatments are proposed as technical solutions to significantly enhance clay sorption performances. Peralta et al. [10] reported the preparation of magnetic clays by introducing magnetic nanoparticles by different mechanisms, namely at the interlayer, within the porous channels, by direct interaction with the siloxane functional groups at the surface/edge of the mineral clay, thus forming magnetic nanocomposites [10,116]. Furthermore, the introduction of a magnet-sensitive fraction is very appealing as it can substantially favor the recovery of the nanocomposites by simply applying an external magnetic stimulus [117,118,119]. In particular, Peralta and coworkers [10] reported that the typical routes to prepare such magnetic nanocomposites are: coprecipitation, intercalation, and pillaring. Figure 4 reports the main relevant mechanisms [10]. These methods are:




	(i)

	
Pillaring: This method consists of introducing a pillar within the structure of the clay by permanently stacking the interlayers, generating a higher porosity [120]. Pillaring is mostly a cationic exchange method in which inorganic species are introduced within the interlayer of clays forming robust oxides strongly bound to the layers of the minerals [17]. In this specific context, the mechanisms proposed are two: either the incorporation of magnetic nanoparticles within the pores of the pillared clays (Figure 4, route A1) or using the magnetic nanoparticles as pillars to expand the interlayer distance of the clays (Figure 4, route A2) [10].




	(ii)

	
Coprecipitation: This method consists of the in situ formation of magnetic nanoparticles [121] by performing the synthesis directly in an aqueous dispersion of clays (Figure 4, route B).




	(iii)

	
Intercalation: This method consists in the physical insertion of target chemical species within the interlayers/pores of the clays [122]. In this specific context, the mechanisms proposed are two: either the inclusion of magnetic nanoparticles within a previously surfactants-intercalated clay to facilitate the entrance of the magnetic nanoparticles (Figure 4, route C1) or the direct intercalation of surfactant-stabilized magnetic nanoparticles (Figure 4, route C2) [10].









In this context, Magdy et al. [123] prepared a kaolinite magnetic nanocomposite via coprecipitation and successfully tested it for the abatement of an anionic dye (Direct Red 23) at neutral pH, reaching the maximum adsorbent capacity of approximately 23 mg/g.



Mukhopadhyay et al. [12], instead, investigated the inorganic modification of two different types of clays, namely smectite and kaolinite, for the adsorption of As(V). In particular, three modified clays were prepared, namely Fe-exchanged smectite, Ti-pillared smectite, and phosphate-bond kaolinite, and results were compared with the bare unmodified clays. Results indicated that these modifications influenced the clays’ pH, specific surface area, and CEC. Concerning smectite, both Fe-exchange and Ti-pillaring cause a reduction of the pH (from ca. 8.0 to ca. 4.0–6.0) mainly due to the saturation of the clay sites, a consequent decrement of the CEC since these reactions blocked the availability of sorption sites and increment of the specific surface area (from ca. 200 m2/g up to 440–480 m2/g). Concerning kaolinite, instead, phosphate-bonding causes a negligible pH variation, a double increment of the CEC due to ligand adsorption, and a remarkable increment of the specific surface area (from ca. 18 m2/g up to ca. 90 m2/g). Results indicate that all these modification significantly better the sorption performances with respect to the bare reference clays [12].



Interestingly, clays might be helpful in advanced oxidation processes (AOPs), which are a very promising category of methods for the removal of organic pollutants present in water by radical-mediated oxidation reactions in most cases light-mediated (i.e., photocatalysis) [124,125,126,127,128]. Heterogeneous AOPs required the use of a semiconductor capable of generating radical species once activated by UV/visible light radiation (i.e., photocatalyst). The most studied semiconductors for this application are TiO2 (mostly anatase phase) [129], ZnO [130] and iron oxides (for photo-Fenton and Fenton processes) [117,131,132]. In particular, clays might be used as either a simple substrate for the delivery of the semiconductors or chemical functionalized to produce a new heterostructure working directly as a photocatalyst. In this context, Akkari et al. [14] developed different ZnO-sepiolite heterostructures and successfully tested them as photocatalysts for the degradation of an aqueous solution contaminated by several anthropogenic pharmaceuticals, taken as model emerging pollutants. Baloyi et al. [17], instead, analyzed the most recent scientific literature describing the use of pillared clays in heterogeneous AOPs for water purification.



Furthermore, concerning the more traditional possibility of using clays as sorbing materials, Azzam et al. [133] reported the treatment of olive mills wastewater (rich in phenols and other organic compounds) by using a mixture containing muscovite and albite, registering a reduction of the chemical oxygen demand (COD below 40%) and phenols concentration (below 80%). Li et al. [16] reported the performances of montmorillonite, kaolinite, and palygorskite in the abatement of a cationic dye (i.e., Rhodamine 6G). Results showed that nonswelling clays (i.e., kaolinite and palygorskite) show a relatively low dye uptake (below 140 mmol/kg) if compared to swelling clay (i.e., montomorillonite, 785 mmol/kg). The rationalization of this behavior is due to the important role of the interlayers (which is available in the case of the swelling clay) in the sorption mechanism.



Sometimes, it is necessary to induce a higher affinity between the inorganic clays and hydrophobic organic species present in the aqueous medium. To do this, researchers investigated the possibility of surface functionalize clays by substituting the interlayer cations with either organocations or covalently-bonded organic moieties, thus generating organoclays [134]. Among clays, smectites, (primarily montmorillonite) have been extensively used to prepare organoclays because of their high CEC, swelling behavior, sorption properties, and large surface area [134]. Other organoclays rely on micas, hectorites, and sepiolites. Organoclays are mostly prepared in solutions by means of either cation exchange reaction or by solid-state reaction. These methods are:




	(i)

	
Cation exchange reaction: This method consists of exchanging the interlayers cations with quaternary alkylammonium cations in aqueous solution.




	(ii)

	
Solid-state reaction: This method consists of intercalating organic molecules in dried clays (i.e., in absence of solvents).









Depending on the hydrophobic chain length, it is registered an increment of the structural ordering along with the increment of the chain length (as depicted in Figure 5) [135].



As reported by Beall et al. [13], organoclays interact against organic contaminants by partitioning them within their hydrophobic layer, which acts as a real organic phase. The efficiency of these systems is driven by the solubility of the target organic pollutant in the water medium and its affinity toward the organic phase in the organoclays channels. One of the main industrial applications of these organoclays is in the recovery of acid emulsified oil well fluids from petroleum offshore platforms [13].



Lastly, further steps forward have been realized in the structural use of clays for the development of advanced ceramic membranes for water purification [19,20,21,22]. In this context, it should be noted that the use of a well-consolidated technology such as membrane separation surely guarantees industrial feasibility and speeds up its integration in a productive process. As reported by Abdullayev et al. [19], membranes can be divided into polymeric membranes (cheap, but poor stable) and ceramic ones (expensive, but highly stable). To reduce the costs of ceramic membranes, over the past few years there has been increasing interest in the use of low-cost clays as precursors for the fabrication of cheap (but effective) ceramic membranes. Among these, kaolinite is the most preferred clay used to fabricate ceramic membranes for the relatively low thermal processing and sintering conditions required. Other clays exploited for the fabrication of ceramic membranes are bentonite, sepiolite, and attapulgite [19]. Rashad and coworkers [20] investigated the fabrication of a mullite membrane for microfiltration of oil-in-water emulsion. Results indicated that this system showed an excellent pH stability (from acid to alkaline), high oil rejection, and high regularity in terms of pore size distribution and surface roughness. Elgamouz et al. [21], instead, evaluated the possibility of producing a porous ceramic membrane from a mixture of clays recovered from a particular region of Morocco. Subsequently, the authors modified the clays’ porous substrate by further hydrothermal deposition of a templated silicalite coating obtained via sol-gel. Permeability tests against three different gases (namely, N2, C3H8 and SF6) showed that these membranes have high selectivity with respect to SF6 relative to N2, whereas they are hardly selective for C3H8. Abubakar et al. [22], instead, exploited a mixture of clays (rich in kaolinite and illite) from a Nigerian mine to fabricate a porous membrane (average pore diameter ca. 5–6 nm). In particular, after sintering at 1300 °C for 2 h, mullite (3Al2O3·2SiO2, obtained by calcination of kaolinite) and cristobalite (a polymorph of quartz) were formed. The resulting membranes were successfully tested in the separation of U from an aqueous medium, thus simulating the remediation of U-containing wastewaters deriving from fracking, oil exploration, and phosphate mining industries. Foorginezhad et al. [136] produced microfiltration membranes from nanoscopic clays via dry pressing in the presence of natural zeolites and tested these ceramic membranes against cationic and anionic dyes from contaminated water. Due to the negative charge of the clay-membrane, high removal efficiencies are reached for the positively charged species rather than for the negatively ones.




3.3. Other Advanced Applications: Additive Manufacturing and Sol-Gel Processes


Additive manufacturing (AM, also known as either rapid prototyping, or more commonly 3D-printing) is a class of processes extremely useful for obtaining three-dimensional objects starting from a 3D model (by means of a Computer Aided Design, or CAD model) and forming them by depositing layer upon layer [137,138,139,140]. Most diffused AM processes are fused deposition modelling (FDM), direct metal laser sintering (DMLS), selective laser melting (SLM), and electron beam melting (EBM) [141,142,143,144]. According to the literature, AM processes are exploitable for producing metals [145], polymers [146], ceramics [147], composites and concretes [148,149], carbonaceous materials [137], hydrogels [150], biomaterials [151], engineered tissue and organs [152,153], and food [154]. In this context, clays may also be used in AM to properly manufacture valuable objects.



Chen and coworkers [155] investigated the cement 3D printability by introducing into the formulation ca. 60 wt.% low-grade calcined clay (mainly made by metakaolin), ca. 30 wt.% limestone, and ca. 2 wt.% admixtures (such as plasticizers and/or viscosity modifiers). By increasing the content in clays, it registered a significant reduction of slump, flowability and initial material flow rate. Moreover, results pointed out a buildability improvement (caused by reduced water film thickness), an acceleration of the initial setting and stiffness, together with an increment of the specific surface area. For the sake of comparison, a reduction of the compressive strength due to the dilution effect exerted by the cementitious fraction replacement was also noted. Another interesting study focused on the introduction of calcined clays in cementitious formulation for 3D printing is the one written by Long et al. [156]. The authors registered a significant improvement of several mechanical parameters (i.e., dynamic yield stress, static yield stress), structural recovery, and shape retention during printing of the final mortar containing a 33.33 wt.% in calcined clays. Faksawat and coworkers [157] investigated the possibility of producing composite paste (for future bone-replacement orthopedic implants) made by raw clays and hydroxyapatite (at different ratios from 95:5 to 75:25) by FDM 3D printing. Chikkangoudar et al. [158], instead, evaluated the effects of adding nanoclays in polypropylene filaments for 3D printing, registering an enhancement of the filament dimensional flexibility and a reduction of the deformation of the 3D printed models (counterbalanced by an increment in fragility affecting both filaments and 3D printed models by increasing the nanoclays content). For completeness, case studies discussing the introduction of clays into formulation for 3D printing of biomedical devices are already discussed in the previous paragraph dedicated to the biomedical applications.



Sol-gel process represents a bottom-up procedure to produce ceramic metal oxides under the shape of particles, films, fibers, gels (i.e., xerogels, cryogels, aerogels), and monoliths [159,160,161,162,163,164,165,166]. This technique consists of a series of (acid/alkaline catalyzed) in situ polycondensation reactions involving monomers (i.e., metal oxides precursors), and converting them from a colloidal solution (sol) into an integrated network (gel) [161]. In the previous paragraph, we reported that the surface sites of clays are important sites for further functionalization and grafting. It is also possible to disperse clays in a proper medium in the presence of the selected oxide precursor and directly fabricate a nanocomposite through a sol-gel polymerization mechanism. Meera et al. [35] reported the preparation of silica-(organo-modified) montmorillonite nanocomposites in aqueous medium via a direct sol-gel process. Results showed that the presence of the clay fraction influenced the final morphology of the nanocomposite, and increased the surface hydrophobicity, conferring anti-wetting properties. Furthermore, clays also increased the thermal stability of the nanocomposite (with a shift of ca. 40 °C). In Qian et al. [34], the authors produced a silica-montmorilllonite composite registering the formation of mesoporous silica nanostructures covering the clay surface. Results indicate that acid-catalyzed systems show large continuous mesoporous silica covering the clay surfaces, with a substantial increment of the surface area (from ca. 30 m2/g to ca. 560 m2/g). In noncatalyzed systems, the morphology is a bit different as silica nanoparticles result being attached on 2D clay platelets, and the increment in the surface area is contained (from ca. 30 m2/g to ca. 165 m2/g). The comparison between the two different mechanisms is sketched in Figure 6 [34].



Coming back to the environmental applications, Pronina et al. [167] reported the deposition of different porous titania coatings (sol-gel mediated) onto expanded clays, and their integration into fluidized-bed photocatalytic reactors. These nanocomposites were successfully tested in the photocatalytic abatement of tetracycline antibiotics from aqueous solutions. Results showed a synergy between clay and titania as the degradation mechanism were a combination between adsorption and photocatalytic abatement.





4. Conclusions and Future Perspectives


Clays are 2D layered hydrous alumino-silicates extracted from earth. This extremely varied class of materials has been exploited since ancient times for preparing traditional ceramics, such as earthenware, stoneware, porcelains, potteries. It is with the increased scientific awareness of the modern era that some interesting structure-property relationships of clays emerged as a very peculiar characteristic of this class of materials. In particular, what is quite surprising is the continuous interest that even nowadays surrounds clays that result still being appealing for a plethora of novel advanced technological applications, very far from the production of traditional ceramics.



However, the large multitude of different applications in most cases does not facilitate understanding the chemistry behind clays. This is mainly due to the fact that the majority of the review documents found in the scientific literature are primarily focused on the applications, not on the materials. Therefore, with this document, this author hopes to have finally filled this gap. In particular, after providing an economic analysis of the global trading of clays, the text has been organized into two main sections. Part I is dedicated to the classification of clays based on their structural and chemical composition, together with a schematic summary of the main relevant structure-induced properties, which are strongly correlated to the nature and quantity of chemical species at the interlayer, CEC, interlayer thickness, surface area, and hydration/gel-forming capacity among the others. Part II, in contrast, is dedicated to the analysis of the nonconventional applications of clays in technological fields of emerging interest. In particular, several case studies describing the use of clays in biomedicine, environmental remediation, membrane technology, additive manufacturing, and sol-gel processes are presented, and experimental results are critically discussed and correlated with the clay structure-property relationship. In fact, a more correct comprehension of the mechanisms involved is the only way to maximize the valorization of this class of inorganic materials.



Therefore, at the end of this study, we clearly understand that the future of clays is still fluid and very promising. In particular, this author believes that the applications where clays can make the difference are the ones where their biocompatibility can play a pivotal role. For this reason, particular attention has been paid to the application fields such as biomedicine and environmental remediation of contaminated media. However, it should be highlighted that biocompatibility is a major property even considering the end-of-life fate of a given object. This last assumption confirms and encourages once again the growing attention that clays have attracted in the recent years.
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Figure 1. Schematic representation of 1:1 (inset) and 2:1 clay structures with a classification of the different subgroups of clays based on their stacking sequences. The difference in term of interlayers distance between the different subgroups of clays is comparable with the real one and depends on the species involved at the interface between the layered units. Reprinted with permission from [2]. Copyright 2018 IOP Publishing. 






Figure 1. Schematic representation of 1:1 (inset) and 2:1 clay structures with a classification of the different subgroups of clays based on their stacking sequences. The difference in term of interlayers distance between the different subgroups of clays is comparable with the real one and depends on the species involved at the interface between the layered units. Reprinted with permission from [2]. Copyright 2018 IOP Publishing.



[image: Inorganics 10 00040 g001]







[image: Inorganics 10 00040 g002 550] 





Figure 2. Schematic illustration of strategies used to expand the functions of nanoclays. The modified-nanoclays target the tumor microenvironment (TME), increasing the efficacy of cancer therapy. TME has been shown to have different characteristics from normal tissues, which can be vascular defects, higher expression of given enzymes, elevated glutathione (GSH), hydrogen ion, and reactive oxygen species (ROS) concentrations. Reprinted with permission from [9]. Copyright 2021 Elsevier B.V. 
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Figure 3. Schematic illustration of a pH-responsive nanoclay system for anticancer drug delivery to the intestines, avoiding early release in the stomach. Reprinted with permission from [9]. Copyright 2021 Elsevier B.V. 
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Figure 4. Schematic illustration of typical synthesis routes to obtain magnetic nanoparticles/clay minerals 2:1 type nanocomposites: (A1) pillaring with nonmagnetic pillar; (A2) pillaring with magnetic pillar; (B) coprecipitation route; (C1) intercalation of magnetic nanoparticles into a surfactant intercalated clay; (C2) intercalation of a surfactant-modified magnetic nanoparticles into a clay. Reprinted with permission from [10]. Copyright 2020 MDPI. 
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Figure 5. Schematic illustration of chains aggregation models in alkyl-modified organoclays: (a) short chains length, lateral monolayer; (b) medium chains length, in-plane disorder and interdigitation to form quasi bilayers; (c) long chains length: interlayer order increases leading to a liquid–crystalline polymer environment. Reprinted with permission from [135]. Copyright 1994 American Chemical Society. 
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Figure 6. Schematic representation of the proposed structural models for the sol-gel-modified clays in the case of acid-catalyzed procedures: (a) a cross-linked structure at high TEOS/clay ratio; (b) mesoporous silica attached on clay surface at low TEOS/clay ratio, and in the case of non-catalyzed procedures: (c) silica nanoparticles attached on clay surfaces. Reprinted with permission from [34]. Copyright 2008 Elsevier B.V. 
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Table 1. Properties of the different subgroups of clays [2,7,76].






Table 1. Properties of the different subgroups of clays [2,7,76].





	Clays Subgroups
	CEC (cmol/kg)
	Interlayer Thickness (Å)
	Specific Surface Area (m2/g)
	Swelling Capacity





	Kaolinite-Serpentine
	3–15
	7
	5–40
	None



	Pyrophyllite-Talc
	<1
	9
	5–40
	None



	Smectite
	70–100
	10–11
	40–800
	High



	Vermiculite
	100–150
	12–15
	500–700
	High



	Mica
	10–40
	10–11
	50–200
	Low



	Chlorites
	10–40
	12–15
	10–60
	None
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