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This article highlights recent experimental advances in the use of inorganic substances in the encapsulation of pollutants and, in particular, discusses the potential applicability and constraints of the geopolymerization process for the treatment of wastewater containing chromium. A great percentage of waste containing chromium salts is produced by the leather industry during the tannery process. Such industrial waste is in the form of liquor containing almost 40% of the initial chromium combined with many other pollutants. The stabilization/solidification (S/S) treatment of this type of waste must be combined with chromium encapsulation in an economic, environmentally friendly and efficient process to be industrially feasible. Here we present a novel process in which the wastewater is used as a component of the formulation together with a clay by-product and with the addition of NaOH pellets with the goal of a no-water plus no-waste technology approach. The final solidified “ceramic-like” material successfully immobilized the heavy metal cations as well as anions and macromolecules of surfactants, avoiding environmental damages to soil and groundwater. The article is completed by mentioning other S/S processes where wastewater has been treated and the resulting sludge encapsulated. The future of the S/S technologies in the tannery industry should progress in the direction of significantly reducing the amount of wastewater directed to the treatment plants, with associated reductions in transport and their CO2 emissions. This article intends to be a contribution in the direction of preventing waste, aligning circular economy and waste management objectives.
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INTRODUCTION
Heavy metal cations are well-known environmental issues opposed, yet not resolved, by efficient encapsulation technologies which can be accompanied by stabilization/solidification processes. As an example, cesium can be encapsulated in a sulfoaluminate cement matrix by a physical effect (Li et al., 2021) whilst for mercury, the sulfur polymer stabilization/solidification, or the chemically bonded phosphate ceramic encapsulation, as well as the polyethylene encapsulation are the adopted strategies (Randalla and Chattopadhyay, 2004). Among the numerous encapsulation or stabilization/solidification methods: in phosphate matrices (Tang et al., 2013), in ceramic products (Wei et al., 2005; Castañeda Bocanegra et al., 2017), or in complex oxides (Kuganathan et al., 2019), those based on cement (Giergiczny and Król, 2008; Chen et al., 2009) or zeolite-like inorganic materials are recognised worldwide as being among the cheapest and simplest in terms of number of operations (Pimraksa et al., 2013).
The application of the “green economy” concept of re-use has encouraged many researchers to optimize the reuse of heavy metal-bearing wastes and residues for the reproduction or making new products. Zeolite-like materials obtained from reuse of residues (Pimraksa et al., 2013; Wang et al., 2019) have been mostly optimized for high efficiency removal of heavy metals in wastewater. Also zinc slag is used by Duan et al. (2021) to process copper smelting wastewater containing high arsenic concentration. The cementification of heavy metals suffers from certain limitations due to the co-presence of anions, chief among them being chlorides, and the possible excess of water and/or organic and oily substances (Ebert and Kirkelund, 2022). In order to minimize such adverse effects on cement fresh paste or hardened properties, several admixtures of minerals: zeolites (Bagosi and Csetenyi 1999), bagasse ash (Tantawy et al., 2012), metakaolin (Lancellotti et al., 2015), slag (Zhang et al., 2017), fly ash based geopolymer (Kupwade-Patil et al., 2014; Wang et al., 2020) or macromolecules: latexes and acrylic polymers, naphthalene- and chitosan—derivatives have been proposed (Stampino et al., 2009).
AIM OF THIS PERSPECTIVE ARTICLE
The reduction of costs in S/S technologies will assure their adoption whenever they are required as a substitution to landfilling. Thus a number of recent investigations have been carried out mainly in those countries where disposal is reduced or forbidden (Silva et al., 2007; Study IP/G/STOA/FWC/2013-001/LOT 3/C3, 2017; DIRECTIVE 2018/850, 2018; UN-The Sustainable Development Goals Report, 2018; Ferronato and Torretta 2019). The heavy metal encapsulation for re-use and even for stable disposal is required more and more to avoid dangerous leaching of toxic species (Al-Kindi, 2019). Some studies differentiate the cases of heavy metals that include nickel (Ni), lead (Pb), cadmium (Cd), chromium (Cr), copper (Cu), cobalt (Co.), zinc (Zn), manganese (Mn), aluminum (Al) and mercury (Hg), and heavy metalloids, antimony (Sb), arsenic (As), and tellurium (Te), the latest being more sensitive to basic environments with respect to the metals. It should be noted that As, Pb, Cd and Hg are included in the top 20 Hazardous Substances of the Agency for Toxic Substances and Disease Registry (ATSDR, 2012) and the United States Environmental Protection Agency (US EPA). Chromium is one of the most dangerous heavy metals, being present in two forms: the cationic one, i.e., Cr+3 ions, and the anionic form, typical of oxidative environment, the Cr+6 within the chromate molecular group, CrO42- (Pettine and Capri, 2005; Iyaka, 2009; Liang et al., 2021). In Italy, the highest Cr(VI) concentrations allowed in soil is 15 mg/kg, depending on whether it is exploited for parkland or industrial uses (Decree 471, 1999). Although Cr3+ is stable in the environment, it can be oxidized, under certain conditions, to the more dangerous Cr6+. Therefore, industrial wastes with a high concentration of chromium (III) salts, for example in tanning industry, require appropriate treatments to stabilize Cr3+ to prevent the oxidation processes (Giovannini et al., 2008; Zhang et al., 2022). A recent encapsulation process has been presented by Zhao and colleagues adopting the TiO2 precipitation route in a ZnCr2O4 spinel like crystal at 1,000°C, by adding the same amount of ZnO2 and TiO2 20wt%, (Zhao et al., 2022)., Other authors approached a less expensive and more friendly encapsulation methods as reported and discussed below (Montañés et al., 2014; Pantazopoulou and Zouboulis 2018; Oproiu et al., 2021; Boldrini et al., 2021).
In this perspective article we want to present the case of the Cr-bearing wastewater and their efficient encapsulation technologies, concluding with novel experimental results of a preliminary study carried out to compare the advantages and disadvantages of metakaolin- and uncalcined clay-based geopolymerization as S/S technology employed for treating leather wastewater. Since a modern and eco-friendly approach for waste management recommends the combination of wastes and by-products (Daniil et al., 2018), we propose the employment of a stabilizing matrix deriving from industrial by-products in the S/S process of wastewaters.
ENCAPSULATION TREATMENTS OF CR-BEARING WASTEWATER FROM TANNERY INDUSTRY
The leather industry utilizes almost 90% of chromium-based tanning agents for converting raw skins/hides into leather. About 40% of the used chromium (III) salts are discarded as wastewater (Pradeep et al., 2021).
Apart from chromium, metals such as aluminum, titanium, iron, and zirconium are widely used for various end-applications. Hence, the effluent after the tanning processes contains high concentration of heavy metals and very high concentration of anions, among them Cl1- and SO42- (Boldrini et al., 2021). This great amount of liquor contains a high concentration of chromium sulphate, and can be processed to recover, and hence to re-use, the tanning salt by water evaporation or treated by chemical methods to remove the Cr3+ by precipitation producing large amounts of slurry to be disposed of (El-Shafey et al., 2005). Though Cr(III) is less toxic than Cr(VI), there is a higher risk of oxidation during the subsequent treatment processes. Therefore, several methodologies have been developed to remove the heavy metals from the effluent before processing it in wastewater purification plants (Šillerová et al., 2015). Many approaches have been pursued to stabilize the tannery waste, rich mainly in the cationic form, Cr3+, and poor in the anionic form, CrO42- (Nur-E-Alam et al., 2020). In a recent review, the tannery sludge and wastewater have been listed together with other Cr-bearing wastes treated with glass-ceramics, sintered ceramics, cement, and geopolymers (Zhang et al., 2022). Most of those technologies require thermal treatments, while only cementification and alkali activation, sometimes indicated as geopolymerization, can occur at room temperature. The last two technologies have attracted several researchers from industry (Leonelli et al., 2014; Ponzoni et al., 2015) stating the actual feasibility on-site in the tannery plant.
Among the encapsulation technologies, those efficient at room temperature can be listed in function of the starting native waste and the number of process’ stages (Figure 1). A number of processes start from the ash (Daniil et al., 2018) or the char (Oh et al., 2014) derived from post thermal treatments of tannery sludge, as indicated in the 4-steps process 1 (Figure 1). In the process 2 (Pantazopoulou and Zouboulis 2018) and in process 3 (Montañés et al., 2014; Haque et al., 2019) of Figure 1 the industrial tannery wastes first undergo a chemical/physical treatment to precipitate-concentrate chromium salt in sludge at various water contents. After this preliminary step, filterpressing may occur (process 2), followed by the true S/S or encapsulation processes using different host materials and different synthetic routes to immobilize Cr in solid, safe for disposal in landfills for non-hazardous wastes. All these processes are water-, energy-, and time-consuming. These first three processes when compared in terms of Cr-retention percentage results above 95%. Recently, we have proposed an innovative single-step process (process 4 in Figure 1) based on metakaolin alkali activation to encapsulate chromium in native wastewater derived from tanning industries (Boldrini et al., 2021). The wastewater was used coming from the tanning drum without any treatment and, hence, without any addition of new clean water, energy or time. The process is efficient also in the stabilization of all the other polluting substances present in the liquor with a performance equal to or better than the process 2 and 3 (Figure 1). A direct comparison of our process with literature is possible with process 3 (Montañés et al., 2014) finding a similar increase in final product mass, but with a lower amount of chromium in the leachate, 0.024 vs. 194.7 ppm for process 4 and process 3, respectively (Boldrini et al., 2021). The chromium content in the leachate from process 2 and process 3 is greater than the fixed limit by the European regulation for disposal in non-hazardous landfill. The leaching out of total Cr of the final materials achieved from process 1 and process 4, as well as the leaching of other cations and anions, are suitable for re-use with economic advantage over the disposal costs, advantages that are more evident for single-step process 4. Cr-retention percentage for process 4 was recorded to be above 99% (for more details on the efficiency of the retention process, refer to details reported in Table 3, Boldrini et al., 2021).
[image: Figure 1]FIGURE 1 | Simplified sketch summarizing the encapsulating or solidification/stabilization procedures adopted for Cr(III)-containing tannery wastewater elaborated from Refs Montañés et al. (2014), Daniil et al. (2018), Pantazopoulou and Zouboulis (2018), Haque et al. (2019), Boldrini et al. (2021).
Our process (Boldrini et al., 2021), shows the limitation of costly raw materials, i.e., metakaolin and sodium silicate solution. A new perspective of the geopolymeration approach will be presented hereafter with the use of unfired clay and activation solution composed only of NaOH, both reactants of lower economic impact for the tannery industry.
DIRECT GEOPOLYMERIZATION OF CR-BEARING WASTEWATER FROM TANNERY INDUSTRY
New experimental results are hereafter presented to substantiate the possibility for production of an efficient encapsulating matrix for Cr-bearing wastewater using a clay by-product combined with a sandy by-product, both deriving from mine processing (Sgarlata et al., 2021). A successful formulation of a geopolymer capable of encapsulating up to 6,600 ppm of Cr in the native wastewater has been already optimized via alkali activation of a commercial metakaolin (Boldrini et al., 2021). The metakaolin-based geopolymer had a formulation which allowed a proper Cr encapsulation, including different anions as well as other macromolecules, such as surfactants, in a zeolite-like bonding environment for Cr+3, demonstrating also the total absence of Cr6+ (Giorgetti et al., 2020; Pinakidou et al., 2021). In the paper by Giorgetti et al. (2020) the EXAFS analysis highlighted around the chromium atom a first shell of 6 oxygens and a second shell of 7/8 Al or Si atoms demonstrating a strong chemical link to the aluminosilicate skeleton.
In this paragraph we present the recent results proving the feasibility of low-cost aluminosilicate powder as base for the formulation of a geopolymer capable of encapsulating a large number of contaminants present in one real waste from the leather industry: Cr-bearing wastewater of the tannery process rich also in Cl1- and SO42- anions.
The novel experimental results presented hereafter are related to one formulation where a clayey mining by-product (Sgarlata et al., 2022) totally replaced a commercial metakaolin (Argical™ M1000, produced by Imerys, France) with quartz, muscovite/illite, and anatase as principal crystalline phases and 55-59 wt% SiO2, 34-40 wt% Al2O3 as major chemical constituents, D90 = 40 ± 2 µm (complete particle size distribution curves are presented in Supplementary Figure S1), and surface area = 18 ± 2 m2/g. The mining clayey by-product was the result of an efficient industrial waste recovery process for reuse as secondary raw materials mined in Lazio, in the province of Latina, Italy. Resulting composed of 35%–38% halloysite clay, i.e., 52-55 wt% SiO2 and 26-30 wt% Al2O3. The need for reactive silica was compensated with the addition of 100% of fine sand (sand being the same weight of the clay in all the mixtures). This sand is another mining by-product derived from quartz sand processing in the Robilante plant (Italy), with 67 wt% of quartz and 27 wt% of mica/illite, and primarily characterized by oxides: 82 wt% SiO2, 10wt% Al2O3 and 4wt% K2O. These two by-products have been chosen also for their fineness, having a D90 of 18 ± 1 µm (Supplementary Figure S1) for the clay and 23 ± 1 µm (Supplementary Figure S1) and surface area of 36 ± 4 m2/g the clay and 4.58 ± 0.07 m2/g the sand, both calculated with B.E.T. method. (Please notice that the error accompanying these measurements represent the variability of the raw materials). The Cr-bearing industrial wastewater was used as received (4,100 ppm of total Cr) and after concentration (6,642 ppm of total Cr) to produce the alkali activating solution after addition of NaOH pellets (Carlo Erba, Italy, reactant grade) to reach 8 mol/L concentration. The complete chemical composition of the wastewater has already been reported (Boldrini et al., 2021). The alkali activated paste was produced by mixing 30.5% uncalcined clay, 30.5% sand, 3.4% NaOH in 11.2% wastewater plus additional water, depending on the concentration of heavy metals (percentages are calculated on the weight of the overall fresh paste). The fresh paste thus obtained was stirred with a mechanical mixer for approx. 10 min, and when a good homogeneity was assured, it was poured into a mould. Finally, the samples were cured at 40°C and controlled relative humidity for 7 days, and then at room temperature until reaching the 28th day of ageing prior further characterization.
The effective capability to retain the waste components has been tested on the final solid material according to the Italian and European regulation at diverse ageing times, 30 days, and 5 months, by performing EN 12457–2: 2004 leaching tests (EN 12457-2:2004., 2004). The methodologies and instruments used are detailed in ref. Boldrini et al. (2021).
UNCALCINED CLAY GEOPOLYMER AND ITS ENCAPSULATION EFFICIENCY FOR HEAVY METALS
Leaching test results of the uncalcined clay (this work) and metakaolin-based geopolymers (Boldrini et al., 2021) are reported in Figure 2. The values are expressed as retention percentage calculated on the basis of the total wastewater load and the leached fraction. Together with Cr, we have also investigated the retention ability of other heavy metal cations as well as the anions present in the wastewater. In the Supplementary Material we report the complete characterization with leaching values in ppm vs. regulation limits for disposal in landfill of inert waste, non-hazardous waste and hazardous waste (Supplementary Table S1). The effect of concentration of the contaminants in the wastewater has been investigated by adding to the geopolymer paste in one case 636 ppm of Cr (Figure 2A) and 1,023 ppm in the second case (Cr amounts are referred to the overall fresh paste) (Figure 2B).
[image: Figure 2]FIGURE 2 | Comparison of retained percentage of elements and anions by part of clay-based geopolymers (indicated with A) vs. metakaolin-based geopolymers (indicated with M) after 30 days and 5 months of curing time. The tannery wastewater was added as-received (A) or concentrated 10 times (B).
The cations and anions retention values show that the uncalcined clay is equivalent to the metakaolin encapsulating efficiency in the proposed alkali activation process. Uncalcined clay-base formulation (indicated as A in Figure 2) has a slightly lower retention values for some cations only after 30 days of curing, while after 5 months the two matrices have consolidated an efficient 3D aluminosilicate network capable to chemically entrap up to 100% of all the contaminants.
From a regulation point of view, the retention efficiency is not the point, but the attention is posed upon the leachate amount. The results of the leachate cations and anions, accordingly to the EN 12457–2-2004 Test, are reported in the Supplementary Table S2, SupplementaryFigure S2 and show that the A series has leaching values below legal limit for the disposal site of non-hazardous waste (2003/33/EC, 1999) for all the anions (Cl1- and SO42-) and for all the cations, except Cr. Jointly with this observation, the leaching values for A formulation are slightly above the legal limits for disposal sites of inert waste. Such an achievement is really significant for its similarity with leaching values recorded for the metakaolin-based formulation, which are 60% lower, reaching the legal values suitable for re-use. Both geopolymer formulations, based on metakaolin or unfired clay, present a dense and homogeneous solid microstructure (see as an example Supplementary Figure S3) suitable to produce building materials with compressive strength around 25–33 MPa. Additionally, the workability range of the fresh pastes is suitable for industrial mold filling, thus assuring a feasible scale-up of the process 4.
SUMMARY AND FUTURE RESEARCH DIRECTIONS
Within the role of waste management in the context of a circular economy transition, the novel results presented in this perspective article substantiated the advancement in the Cr ions encapsulation in alkali activated aluminosilicate powders. Even though the entrapment mechanism still deserve additional investigations, mainly as far as anions are concerned, the feasibility has been demonstrated for processing in a single step an industrial wastewater containing high amounts of chromium via alkali activation of two industrial by-products, an halloysite clay and a sand washing residue. These two powdery raw materials can substitute, if used in appropriate proportion, the more expensive metakaolin and the sodium silicate in a cheaper formulation. The workability of the paste encounters the requirements for a fast scale-up and the mechanical performance falls in the range of non-structural building materials.
The experimental data from process 3 and process 4 (Figure 1) have been obtained using a particularly high concentrated Cr-bearing wastewater (up to 6,600 ppm). The consolidated geopolymeric dense product contains up to 607 and 977 ppm using native and concentrated wastewater, respectively. The high retention capability of the materials tested in these two processes are above 99%, being 99,55% for native waste and 99.64% for concentrated waste. The leachate content of Cr ions is very close to the legal limit for reuse. In the case of clay by-product, the amount of wastewater should be lower than the amount used in the metakaolin matrix. Considering the most typical Cr-content in tannery wastewater, around 1,000–3,000 ppm (Nur-E-Alam et al., 2018; Parañaque et al., 2020), we can propose the unfired clay formulation as appropriate for the Cr-entrapment. Process 1 and process 2 (Figure 1), stabilizing wastes with up to 385 ppm, resulted in consolidated materials to be disposed of in hazardous waste dumps since retention was not that high.
The driving force of the industrial encapsulation technology of wastes is the reduction of the cost of the process in terms of:
1) number of step process,
2) energy costs,
3) reactants costs,
4) water consumption,
We are confident that the proposed process (process 4 in Figure 1) could be further investigated being its Cr-retention higher that 99%. Its on-site application could take place in those countries where the leather industry produces the majority of Cr-bearing wastes. The same process should be applied to other classes of heavy metals-bearing wastes, not necessarily deriving from the tannery industry. The solid final product could be proposed for non-structural applications in the building sector concurring to achieve a ECOLABEL being prepared from 3 different wastes or by-products: wastewater, clay and sand. Additional investigations have seen the unfired clay maintained as the principal component of the encapsulating matrix, while limited (typically 5wt% of the unfired clay mass) additions of metakaolin and other fired clay have been found to higher retention values. These studies are still under completion, as well as those proposing, Al-bearing additives representing a source of Al+3 species in the alkaline media. Such availability of aluminium ions for the 3D reticulation of the aluminosilicate network is functional to increment the encapsulating power for Cr+3 ions in the aluminosilicate matrix.
Improving the efficiency and effectiveness of the current system, process 4 in Figure 1, with better formulation or curing treatment is another challenge. The research of the investigation to provide a suitable matrix for the stabilization of Cr-rich tannery waste should be consistent with the “end-of-waste” concept, whereby wastes are re-used as raw materials (Waste Framework Directive, 2008).
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