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Abstract

:

The application of geopolymers for the safe management of radioactive waste has not been implemented on a large scale, where they are tirelessly examined with the purpose of facilitating the practicality and feasibility of the actual application towards the sustainable performance of these materials. This review therefore compiles the findings of the utilization of geopolymers as sorbents for removal of radio-contaminants from aqueous waste streams and as immobilization matrices for the containment of different radioactive wastes. The investigated geopolymer base materials encompass a wide range of reactive aluminosilicate precursor sources that include natural materials, industrial wastes, and chemicals. This work introduces to the reader the scientific interest in the field of geopolymer studies, their sustainability analysis, and their application in the nuclear industry, in particular in radioactive waste treatment and immobilization. The geopolymer classification, radiation stability, and structural characterizations were summarized with special reference to the characterization of the structure alteration due to the inclusion of functional materials or radioactive wastes. The effect of the application of metakaolin-based materials, fly ash-based materials and other base materials, and their blend on radio-contaminant removal from aqueous solutions and the immobilization of different problematic radioactive waste streams were reviewed and analyzed to identify the gaps in the sustainable performance of these materials. Finally, perspectives on geopolymer sustainability are presented, and the identified gaps in sustainable application included the need to investigate new areas of application, e.g., in pretreatment and membrane separation. The reusability and the regeneration of the geopolymer sorbents/exchangers need to be addressed to reduce the material footprints of this application. Moreover, there is a need to develop durability tests and standards based on the record of the application of the geopolymers.






Keywords:


geopolymers; radioactive waste; sorbent; immobilization matrices; performance measures












1. Introduction


In nuclear industry, large quantities of radioactive effluents are generated by nuclear power plants [1], hospitals and medical and research laboratories [2], as well as nuclear accidents [2,3].The volumes of the stored effluents are dependent on the size and nature of the national nuclear program, which was reported to fall in the range of few tens to ten of thousands of cubic meters [4]. The main contaminants of concerns in these effluents include, 3H, 60Co, 85Kr, 131I, 133Xe, 134Cs, 137Cs and 90Sr [1].These radioactive effluents need to be managed safely to ensure the protection of human health and to minimize their environmental impacts. The radiological, chemical, physical, and biological characteristics of these effluents are dependent on the generating process, and these characteristics determine the selected waste treatment route that usually necessitates the use of combined treatment technologies. Various chemical treatment technologies are widely employed to reduce the volume of these effluents. Examples of these technologies include membrane separation [5,6], coagulation [7], electrochemical precipitation [8,9,10,11], and sorption/ion exchange [12,13,14]. After the treatment, the treated effluents are discharged or reused according to the adopted procedure at the treatment facility and the exhausted materials and/or produced sludge are managed as radioactive wastes. Among these technologies, sorption/ion exchange is more common and widely used. The studies in this field are directed to develop assorted sorbent materials such as modified clay [15], zeolite [16], synthetic polymer [17], cellulose [18], and geopolymer [19,20,21,22,23,24,25,26,27,28] to ensure the effective removal of radionuclides from aqueous solutions. In addition to these effluents, organic liquid wastes are generated due to the operation of nuclear fuel cycle and some medical research facilities and research laboratories. The volumes of these organic liquid wastes are relatively small compared to those of the effluents [29]. These wastes have varying radiological, biological, and chemical characteristics and require special treatment that includes the application of non-destructive, direct immobilization or destructive methods, refs. [29,30,31,32,33]. In non-destructive treatment, the organic content remains intact, and physical changes in the waste properties are targeted. Absorption is widely applied as a non-destructive method to treat spent lubricants and solvents; this process does not aim to reduce the volume of the wastes, but it aims to improve the subsequent immobilization practice [30,31]. Drying and evaporation are non-destructive methods that are applied to reduce the volume of the generated organic solvents, and the resultant concentrates are managed as radioactive wastes. Direct immobilization is used to manage the spent ion-exchangers and organic liquids [30,31,33]. Finally, the destructive treatment of the organic wastes involves chemical changes in the waste that leads to considerable volume reduction in comparison with the previously mentioned methods. These methods include thermal, chemical, and biological treatments; the first, e.g., incineration and plasma treatment, are employed to treat spent solvents and lubricants. The ashes produced from these methods are sent for immobilization, and the off-gases are treated [29,30,31]. The chemical and biological treatments are also applied for the treatment of the organic liquid wastes, and the resultant sludge is managed as radioactive wastes, and the off gases are treated [29,30,31].



After treatment, hazardous wastes, including radioactive wastes, are recommended to be immobilized in a suitable matrix to ensure their containment [34].This method involves confining the radioactive waste within a binder material to produce a stable wasteform that complies with specified requirements on their durability. The wasteforms can effectively reduce the mobility of radionuclides by physical encapsulation, sorption, or chemical interaction processes [35]. At present, the immobilization of different radioactive wastes has been achieved using several types of binders, including ceramics [36,37,38,39], glasses [40,41], conventional and innovative cement-based materials [31,32,33,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63], bitumens [64,65], and polymers [66,67]. Ceramic wasteforms include variable chemical structures, e.g., simple oxides with a fluorite structure; complex oxides; simple silicates; and silicate, phosphate, and aluminate frameworks [36]. They are used to immobilize nuclear wastes. Phosphate and borosilicate glasses are widely employed to immobilize nuclear wastes, and in some cases, they were applied to low- and intermediate-level radioactive waste immobilization [39,40]. Conventional cement-based wasteforms relied on the use of ordinary Portland cement (OPC), with or without additives, as an immobilization matrix, whereas the innovative cements include calcium aluminate cements (CAC), calcium sulfo-aluminate cements (CSAC), magnesium phosphate cements (MPC), and alkali-activated cements (AAC) [31,32]. Cement-based wasteforms are widely used to immobilize different types of low- and intermediate-level radioactive wastes. Bitumens and polymers have been used as immobilizing media for the encapsulation of low- and intermediate-level radioactive wastes; they can be optimized to allow high waste loading and good retention characteristics [31,42].



Geopolymers are inorganic materials that are produced by low-temperature polymerization of an aluminosilicate precursor in an alkaline solution [68]. It was known as soil cement, inorganic polymer, then was named as geopolymer by Joseph Davidovits in 1978 [31]. This relatively innovative class of materials received wide scientific interest to develop various applications in a vast array of industrial sectors. This interest has tremendously increased within the last decade; an unrestricted analysis of Scopus database using the keyword “Geopolymer” was recently conducted on 8 October 2022, showing that there were39,115 published items in that database; nearly two thirds of these works were published in the prior 4 years (Figure 1a). According to the analysis of the data, review papers published in this field represents only 5.98% of the published work. Geopolymers find their applications as civil engineering materials [69], insulation materials [70], coating materials [71], ceramic materials [72], fire-resistance materials [73], catalysts [74], municipal-waste immobilization matrix [75], etc. These applications are supported by the reduced environmental impacts of these materials compared to conventional cement-based materials in terms of reduced energy consumption and CO2 emissions. In addition, the economy of a geopolymer prepared from waste materials supports the transition from a linear to a circular economy. Subsequently, the sustainability of these materials received considerable scientific attention. Figure 1b illustrates the increasing scientific interest in addressing the sustainability of the geopolymer materials that represents nearly 19.11% of the total research in geopolymer. Most of the published works are research papers that represent the main contributing publication type for evaluating the geopolymers and their sustainability (Figure 1c,d). The review papers have increased contributions to the “geopolymer sustainability” publications compared to that of the “geopolymer” publications.



In the radioactive-waste-management field, geopolymers have also attracted considerable attention for their applications in the treatment and immobilization of these wastes. This is due to their many advantages, including low cost and simple preparation process, as well as good mechanical properties and thermal and chemical stability. By analyzing the bibliometric data in Scopus database, there are 4460 publications that motioned the word “Geopolymer” AND “Nuclear”. Figure 2a (insert) shows the annual distribution of the published work that included both words in comparison with that related to “geopolymers” over that last decade. Both publication fields have exponential growing trends with a relatively higher exponential constant for the general field. The number of the publications that mentioned “Removal” was lower than those mentioned “Immobilization” until 2018, then this trend was reversed. The publications that mentioned “Nuclear” represent nearly 11% of the total geopolymers publications (Figure 2b). Overall of the analyzed data, there is a fairly equal contribution from the publications that mentioned “Removal” and “Immobilization” and from the total publications that motioned “Geopolymer” And “Nuclear” (Figure 2c). The addition of the word “Sustainability” reduces the numbers of the published work by nearly 15%, with a noted exponential increasing trend and with no clear pattern on the relative contribution of “Removal” and “Immobilization” to the annual published items (Figure 2d).



The development of geopolymers for various applications has been widely reported in literature, and several comprehensive reviews have been published recently. Recent review papers were directed to assess the geopolymer synthesis, applications, and challenges, but only one addressed the sustainability of the geopolymer in environmental remediation [76,77,78,79,80,81,82]. Of these review papers, four papers were directed to cover the use of geopolymer in water and wastewater treatment [76,78,79,80]. Review papers that addressed the application of geopolymer materials in immobilization covered both the solidification/stabilization and removal applications for heavy metal [83,84,85,86,87,88,89], whereas only two review articles addressed it in the context of radioactive wastes [87,89], and one addressed the immobilization of organic liquid wastes in general [90]. However, none of these reviews was directed at discussing the integrated applications of geopolymers in radioactive waste management from the sustainability point of view. Thus, the objective of this paper is to compile and review various geopolymers, aiming to identify the gaps in the current knowledge about the sustainable performance of these materials. In particular, gaps towards the large-scale application of these materials as sorbents and gaps in identifying the factors that affect the durability of the geopolymer immobilization matrices will be addressed. In addition, areas that have not been addressed in radioactive waste management will be identified with reference to similar applications in the non-nuclear wastewater treatment field. In this context, the classification of geopolymers, their radiation stability, and their structure characterizations will be summarized with special reference to the geopolymers that have been tested as sorbent/immobilization matrix for radioactive wastes. Recent advances in testing different geopolymers for their applications as sorbents will be reviewed with a focus on the studied precursors and analyzing their performance in the removal of radio-contaminants from an aqueous solution. Similarly, the recent advances in testing the geopolymer immobilization matrices will be reviewed with a special focus on analyzing the sustainability of their safety function. Finally, a perspective on the sustainability of these materials will be presented.




2. Geopolymers


Geopolymers are a relatively new class of inorganic amorphous materials, which has recently been used in large-scale applications. The main ingredients to prepare geopolymers are reactive aluminosilicate precursor (named here as base material) and activating alkali solutions, e.g., NaOH, KOH, waterglass. The kinetics of geopolymerization to form a three-dimensional network structure of aluminates and silicates tetrahedrons are complex and include: dissolution, speciation equilibrium, gelation, reorganization, and polymerization and hardening [31,91]. The main binding phase in geopolymers is the aluminosilicate gel and is classified, based on its Si/Al ratio, into; poly(si-alate) (Si/Al = 1), poly(sialate-siloxo) (Si/Al = 2), and poly(sialate-disiloxo)(Si/Al = 3) [92,93,94]. In comparison with zeolite structure, these Si/Al ratios correspond to low (≤2) and intermediate (2 < Si/Al ≤ 5) silica zeolite [95]. The final properties of geopolymers are related to their microstructures, which are strongly dependent on the formulation and the nature of the base materials and the preparation and curing conditions [68]. General properties for these classes are as follows [31,96,97]:




	
Si/Al < 1 noted zeolite crystallization is observed in geopolymers;



	
1 < Si/Al < 2 increased polymerization degree, with reduced porosity;



	
2 < Si/Al the polymerization extent is dependent on the solubility of the Si source.








Based on the alkaline nature of the geopolymers and the ability of their structures to be tailored, this class of materials can be employed in various radioactive-waste-management activities as follows:




	
Pre-treatment activity: Due to the high buffer capacity of these materials, geopolymers can be used to regulate the pH of the aqueous radioactive waste streams;



	
Aqueous effluents treatment activity: Porous geopolymers composites can be used in membrane separation, sorption/ion exchange, filtration, and photocatalytic degradation;



	
Immobilization activity: Impermeable geopolymers can be used in the direct immobilization of problematic operational waste streams, e.g., organic liquid wastes, spent ion-exchangers, and evaporated concentrates.








Up to now, scientific efforts have not covered all these applications in radioactive waste management. Most of the conducted work focused on the ability of the geopolymers to remove some radionuclides of concern via sorption/ion exchange or to immobilize the radioactive wastes in geopolymers [20,21,22,23,24,25,26,27,28,31,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,68,69,70,71,72,73,74,98,99,100,101,102,103,104,105,106,107,108,109,110]. In this section, an overview of the used materials in geopolymers preparation, the effect of the radiation on these materials, and techniques to characterize their structure are presented.



2.1. Base Materials


A large number of materials have been used as base materials (source for silica and alumina) to synthesize geopolymers; these materials can be classified into three groups:




	
Natural minerals: These are the most popular structural elements sources for geopolymer synthesis. Calcined kaolin (CK)/metakaolin (MK) have been extensively tested to prepare sorbents [20,24,26,27,28,100,111] and immobilization matrices [35,45,46,48,49,50,52,53,55,56,57,58,59,60,61,62,101,103]. Limited research investigated other minerals, including feldspar (F), bentonite (B), and mordenite (M), for the same purposes [54,62,98,104,105].



	
Industrial wastes: Fly ash (FA) is the most widely used waste in the preparation of geopolymer sorbents [21,22,23,25] and immobilization matrices [47,55,61,98,102,104,106]. Some research used blast furnace slag (BFS) with other materials to prepare sorbents [23,24,25] and geopolymeric immobilization matrices [50,51,55,61]. Manganese slag (MS) was employed to prepare immobilization matrices [45]. Prior to the utilization of these materials, they should be tested using toxicity characteristics leaching test (TCLP) to ensure that their heavy metal content, if any, is in stable form. Additionally, the amount of the natural occurring radioactive materials in these wastes should be quantified, if suspected.



	
Synthetic materials: Chemical sodium silicate and aluminum nitrate solutions have been used to prepare sorbent material to test its potential application in radioactive metal removal from aqueous solutions [110]. In addition, Betol 39T was investigated to prepare geopolymer immobilization matrix [59].









2.2. Effect of Radiation on Geopolymers


Exposure to radiation can lead to various changes in the materials depending on their structures and exposure doses. Chemical changes can occur in materials due to the radiolysis reactions; the radiation chemical yield (G, μmol/J) is used to quantify the extent of these reactions and subsequently, the radiological stability of these materials. It is defined as the number of formed species due to the absorption of 100 eV. Physical changes can occur on the macro- and/or micro-scales, e.g., change in the volume [13], pore number, and structure [51]. These changes can affect the performance of the material and its life time. In order to assess the suitability of geopolymers for their applications in radioactive waste management, their radiological stability and durability should be assessed [112]. Several studies have closely examined the changes in geopolymers under gamma (γ) irradiation. The studied parameters included the radiation chemical yield compressive strength (σ, MPa) as an indication for the changes in mechanical properties and cumulative leach fraction (CLF, cm−1) as an indicator for the stabilization performance of radionuclides within the immobilization matrix; a summary of these studies is shown in Table 1. Limited studies presented the effect of γ-radiation on MK and FA geopolymers by measuring the hydrogen chemical radiation yield under a wide range of exposure doses [101,102,103]. The hydrogen radiolytic yields were reported in the range of 2.1 to 9.0 × 10−3μmol/J (Table 1); these values are lower than those reported for OPC cements (~1.0 × 10−2μmol/J) and pure bulk water (4.7 × 10−2μmol/J) [105,106]. It should be noted that the yield is highly dependent on the water saturation in the sample and the exposure doses, which should be considered as a factor in these studies [113].



The results of investigating the effect of γ-radiation on the geopolymer compressive strength confirmed increased compressive strength after irradiation for doses in the range of 50 to 1000 kGy (Table 1) [51,103,106]. A change of about 10% after irradiation was reported at different doses in the range 50 to 1000 kGy for MK-based geopolymer; it was attributed to the densification in the geopolymer network structure [103].For BFS-based geopolymers, a higher increase in the compressive strength of 35% was noted at an irradiation dose equal to 1000 kGy; this value was reduced progressively as the waste loading increased [51]. The increase in compressive strength under γ-radiation was attributed to the decrease in the mean Si–O–Si angle and the decrease in the average pore size of the geopolymer [51]. It should be noted that no significant change occurred due to the irradiation of the Fe-rich geopolymer prepared from synthetic plasma slag up to 5 kGy [114]. The irradiation of the geopolymer prepared from BSF/FA blend, up to 10,214 kGy, revealed that two competing mechanisms are responsible for the changes that occur in the geopolymer during the irradiation. The first is beneficial, enhancing the gelation and cross-linking of the geopolymer, and is dominant at lower irradiation doses. The second is detrimental; it causes structural and micro-structural destabilization and is dominant at higher irradiation doses [115]. The reported improvement in the compressive strength in Table 1 was associated with increases in the CLF, which is a negative change for the stabilization performance. This change in the CLF is highly dependent on the type of the leaching solution (Table 1). However, this increase in the CLF was reported as still complying with the acceptance criteria set by the American Nuclear Society Standards committee [106,116].




2.3. GeopolymerStructure Characterization


By default, geopolymers are amorphous aluminosilicate materials that can contain some crystalline phases embedded in it. These phases might be residual from the base material or due to the preparation of the geopolymer composite. In general, there are various techniques that can be employed to quantify the morphology, and the pore and chemical structure of the materials. The morphology is usually identified using microscopy techniques, e.g., optical, secondary electron microscope (SEM), and transmission electron microscope (TEM). Moreover, SEM and TEM can give information about the elemental distribution in the material and its crystal structure, respectively. Figure 3a illustrates the elemental distribution of the structural elements, i.e., Si, O, Al, and the immobilized contaminant, i.e., Cd, in a BFS-based geopolymer [117]. The uniform distribution of the contaminant in the geopolymer is an indication of the effective immobilization [117]. Figure 3b,c illustrates the inclusion of crystalline nano-particles in a MK-based geopolymer, wherein the dimensions of these inclusions can be measured from the TEM image, i.e., Figure 3b, and the d-spacing of the crystalline material can be determined from the electron diffraction pattern, i.e., Figure 3c [118].



The pore structure is identified using gravimetric and absorption tests, e.g., MIP and BET, and the chemical structure is usually identified via spectroscopic analysis, e.g., XRF, Raman, FTIR, and NMR [112]. The most simple and versatile technique that can be employed for this purpose is Fourier-transform infrared (FTIR) spectroscopy analysis, which is widely used to identify the chemical structure and the changes that occur in it, in a qualitative way, by identifying the function groups and the shifts that occur in them. Typical geopolymer structure is confirmed by detecting the characteristics peaks of OH and M-O, where M is the metal, i.e., Si and/or Al. Figure 4 shows the results of the FTIR and Raman spectroscopy analysis for geopolymers prepared from chemicals (Figure 4a,b) and MK geopolymers with different prefabricated foam ratios (Figure 4c) [100,110]. FTIR spectra show the stretching vibration (near 3500 cm−1) and bending vibration (near 1650 cm−1) of the OH group. The characteristic M–O peaks appear near 1050–1020 cm−1 and 450–400 cm−1 represents the internal stretching vibration of the SiO2 tetrahedral and the bending of Si–O–Al. The shift of the peaks between the base material and the geopolymers can give insights into the inclusion of the Al in the Si tetrahedrons and the dissolution of the base material (Figure 4c). In addition, FTIR can clarify the changes in the geopolymers‘ composite structure in a comparative way, wherein the relative changes in the peak position and magnitude give indications on the changes that occur in the structure (Figure 4a). Raman spectroscopy can also be used in identifying the changes that occur in the crystalline inclusion within the geopolymers matrix. Figure 4b shows the characteristic peak for geopolymers at 500 cm−1 and the changes in the crystalline layer houble hydroxide (LDH) due to its inclusion in geopolymers [110].



To check if the prepared geopolymer contain any crystalline phases, either due to the incomplete dissolution of the crystalline base material or due to composite formation, XRD is considered a powerful tool. In general, the XRD pattern of amorphous silicate-based materials shows a diffuse hump that extends over the range 15–35°, and the inclusion of crystalline phases in these materials appears as characteristic Bragg peaks superimposed on the hump [119]. Figure 5 presents the XRD results for geopolymers prepared from different sources and their composites [100,110,120]. The characteristic geopolymer diffuse hump reaches its peak near the quartz characteristic peak (≈27°) (Figure 5a–d). For geopolymers prepared from crystalline-based materials, the shift of the hump peak to higher 2θ values indicates the complete dissolution of the base materials. The characterization of geopolymers composites using XRD gives information on the inclusion of the crystalline phases within the geopolymers matrix and their crystallographic structure. Figure 5a,c shows the inclusion of LDH and sewage sludge ash (SSA) in geopolymers. The comparison between the geopolymer without SSA (Figure 5c) and with 30% SSA (Figure 5d) revealed that the crystalline waste, i.e., SSA, transformed to an amorphous structure during its reaction with the alkali solution [120]. That work concluded that the Cs leachability from the geopolymer matrix is improved over that of the OPC due to the following mechanisms [120]: (1) Cs is librated during the transformation of the crystalline SSA into amorphous structure; (2) the librated Cs is sorbed into the geopolymer matrix.





3. Geopolymers as Sorbents/Ion Exchangers for Radio-Contaminant Removal


Recent advancements in testing geopolymers for their potential applications in contaminant removal covered a wide spectrum of organic, inorganic, and biological contaminants, e.g., heavy metals, dyes, ammonium, sulfates, and microorganisms, etc, [75,77,78,79]. These efforts were motivated by the chemical and mechanical stability and the low energy and material footprints of these materials. In addition, the structure of the alumina silicate gel resembles the low and intermediate Si zeolites, which have a good electrostatic field that supports its application in the sorption of polar contaminants [95]. Subsequently, this class of material attracted workers in the field of radioactive waste treatment to test it.



Sorption/ion-exchange techniques are applied in nuclear reactors to control the system chemistry, minimize corrosion or degradation of system components, remove radioactive contaminants, and to clean and decontaminate aqueous streams during the operation of the power plant. Thus, this technique is used to decontaminate the primary coolant, primary effluents, wet storage waters, etc. [121]. In addition, it is employed in the treatment of liquid radioactive wastes generated from research centers, radioisotope production laboratories, uranium mining, and decommissioning activities of nuclear/radioactive facilities. Cs, Sr, Co, and Eu are used widely to test the performance of the cationic sorbents/exchangers for their potential applications in radioactive waste treatment; these elements are selected as models for alkali, alkaline earth, transition, and rare earth elements. In addition, Se, As, and I are used to assess the performance of anionic sorbents/exchangers.



3.1. Types of Studied Geopolymers


The development of geopolymer technology revealed promising applications of geopolymers in the removal of radio-contaminants from aqueous waste streams by means of sorption/ion exchange. Of the many types of geopolymers, MK- and FA-based geopolymers were employed [20,21,22,23,24,25,26,27,28] since geopolymers were first introduced. The emergence of other types of base materials, e.g., slag and silica fume, has inspired researchers to use blended base materials instead of a single base material. In several studies, the successful testing of geopolymers formulated from blending different types of base materials were reported [20,24,25]. Lei et al. [24] fabricated MK/slag-based zeolite microsphere geopolymers to be used in the removal of Cs+ and Sr2+ from radioactively contaminated wastewater, and their findings revealed maximum adsorption capacities in batch sorption experiments equal to 103.74 and 54.90 mg/g, respectively. Earlier, Lee et al. [25] reported successful Cs+ adsorption onto a hybrid mesoporous geopolymer containing zeolites formulated from FA and slag. This hybrid geopolymer was able to remove more than 90% of Cs+, and the maximum sorption capacity recorded was higher than most other materials including ceiling tiles, walnut shell, and chabazite pellets. The retention of Cs+ by geopolymers is benchmarked against ordinary Portland cement (OPC) and frequently shows higher retention compared to OPC. For instance, Jang et al. [22] reported higher Cs adsorption capacity for a FA-slag-based geopolymer (29.87–35.23 mg/g) compared to cement (19.09 mg/g). This result was attributed to the presence of aluminosilicate gel and the C-S-H with a low Ca/Si ratio in the FA/slag-based geopolymer [22,122,123]. These phases contain active sites that boost Cs sorption. In particular, the C-S-H with a low Ca/Si ratio was reported to have increased de-protonated weak sites in the silanol group compared to that in the C-S-H with a high Ca/Si ratio, which favors Cs sorption [124]. In comparison with the studied OPC in that work, the slag-based geopolymer was reported to have C-S-H with a higher Ca/Si ratio [22]. It is remarkable in that work that geopolymers prepared from FA only had better removal performance in terms of adsorption capacity compared to that of FA-slag geopolymers, which was attributed to the effect of increasing the slag on the extent of aluminosilicate gel formation [22].



The incorporation of other materials can provide additional sorption sites, as adopted by Chen et al. [26]; their study showed the increased removal of radioactive iodide (I−) from wastewater when hexa-decyl-tri-methyl-ammonium (HDTMA)-incorporated MK geopolymers were used. Petlitckaia et al. [28] developed a hybrid material with functionalized sorbent (potassium copper hexacyanoferrate, K2CuFe(CN)6) grafted onto a lightweight MK geopolymer foam to selectively remove Cs+ from radioactive aqueous waste. Their findings revealed that the grafted geopolymer showed very high selectivity for Cs+ in the presence of other cations compared to the un-grafted geopolymer. Additional material grafted onto the geopolymer is also useful for the purpose of the co-immobilization of more than one type of radionuclide, as shown by Tian and Sasaki [109], wherein a composite of layered double hydroxide/geopolymer (LDH/GEO) was employed for the adsorption of Cs+ and SeO42−.



Alkali cations (Na+, K+) originating from the hydroxide or silicate activator may affect the sorption performance of geopolymers with favorable radionuclide sorption by a Na-based geopolymer, as indicated by Lee et al. [25] and El-Naggar and Amin [27]. The retention of radionuclides by geopolymers is also affected by the Si/Al ratio, as well as the temperature. A decrease in the pore volume with increasing Si/Al ratio was reported to result in the lower retention of radionuclides [23], whereas the presence of crystalline phases, i.e., nepheline or pollucite, that were formed during the high-temperature treatment of the geopolymer were reported to improve the retention of the radionuclides [23]. In another paper, the calcination of the MK/SA geopolymer was reported to reduce its ability to remove Cs from its aqueous solution [125]. This reduced sorption capacity is explained by the effect of the calcination temperature on the Al- coordination in the geopolymer, wherein a part of the Al tetrahedrons were proven to be transformed to penta- and hexa- hedrons with the increasing temperature. Moreover, it was found that approximately 10% of the aluminum on the surface of the calcined geopolymer decreased compared to the un-calcinated one.




3.2. Testing Techniques


There are two widely employed methods to test the performance of sorbents/ion exchangers, which are batch and column tests, to simulate the practical conditions during the operation. Batch tests are used to study the effect of the variation in the sorbent mass to the contaminated liquid volume (m/V, g/L), and the contaminated solution characteristics, i.e., the initial contamination level (Co, ppm), the acidity or alkalinity (pH), and temperature (T, °C), under static conditions on the radio-contaminant removal behavior. Based on the field of application, either removal or separation, different performance measures can be obtained that include percentage removal, distribution coefficient, sorbed amount, and sorption capacity (Qo, mg/g). In particular, the latter can be used as a base of comparison between the performances of different materials. Batch tests can be run to investigate the unsteady state behavior of the sorption process, i.e., kinetics and the equilibrium behavior. On one hand, the kinetic investigations are conducted to determine the time to reach equilibrium and rate constant and to have insights into the controlling removal mechanism. On the other hand, equilibrium investigations are employed to determine the sorption capacity, have information about the nature of the energy sites, and determine the reaction thermodynamic parameters. Several kinetics and equilibrium models are used to analyze these experimental data, a summary of these models and their features are found elsewhere [95]. Geopolymers prepared from chemicals, MK, FA, MK/slag, and FA/BFS (as indicated above), were tested to check their feasibility to be used in the removal of radio-contaminants; the researchers focused their efforts on studying the batch sorption behavior toward Cs and Sr (cations) and Se and As (anions) in aqueous solutions. Moreover, geopolymer composites with LDH, potassium copper hexacyanoferrate (K2CuFe(CN)6]), hexa decyl-tri-methyl-ammonium bromide (HDTMA), and iron (Fe) were tested to remove Cs, Sr, Se, I, and As. Table 2 and Table 3 list the main studied experimental conditions, the specific surface area (SSA) of the geopolymers, and the main findings of these studies [20,21,22,23,24,25,26,27,28,98,100,109,110].



Column tests are used to investigate the sorption dynamics, optimize the column parameters, i.e., bed depth, flow rate, and identify the breakthrough curve characteristics. The application of the column technique in studying the removal performance of the radio-contaminants using geopolymer was limitedly addressed [24]. Cs and Sr removal using a MK/slag geopolymer was tested in a fixed-bed column with bed depth equal to 0.5 and 1 cm at two flow rates equal to1 and 4 mL/min [24]. The breakthrough curve characteristics for the highest bed-depth and slowest flow-rate experiments were as follows: (1) the breakthrough points were 12 and 3.3 h; (2) the saturation points were 26 and 18 h; (3) the column adsorption capacities were 121.1 and 58.73 mg/g, respectively [24]. A recent paper studied Cs removal using a MK/sodium lauryl sulfate (SLS) geopolymer cylinder with diameter and height equal 0.5 and 0.7 cm, respectively, under varying flow rate of 20–50 mL/s [126]. The maximum adsorption capacities were reported to be 10.3–13 mg/g. In addition, the reusability and regeneration ability of the ion-exchanger/sorbent is an important topic to be identified to ensure the economic feasibility of the materials and to reduce the environmental footprint by reducing the material requirements for the treatment process [95]. The reusability and regeneration studies are very limited for geopolymer sorbents/ion exchangers. From the presented data herein on geopolymer testing for applications in radio-contaminant removal, the following remarks can be drawn:




	
In terms of the number of conducted batch experiments, these experiments can provide a basis for evaluating the performance of the studied geopolymers, whereas the column and reusability and regeneration studies are lacking;



	
The studied batch experimental data covered a wide range of initial contaminant concentrations in the range (3–1000 ppm) tested mostly at room temperature, except in two papers [27,99], and the sorbent-mass-to-liquid-volume ratio was in the range 1–10 g/L;



	
The sorption data follow the pseudo-second-order reaction model, which shows that the reaction has a chemisorption nature that involves electron-sharing between the contaminants and the sorbent;



	
For most of the sorption equilibrium batch tests, it was found that the sorption occurs on sites of equal energy, i.e., monolayer sorption, with exceptions for Cs removal using (FA/BFS) geopolymers and I and AsO42−removal by MK/HDTMA and Fa/Fe geopolymers, respectively;



	
The conducted thermodynamic studies indicated that the reactions were mainly spontaneous and endothermic, except for the removal of I using MK/HDTMA geopolymers.










4. Geopolymers for the Immobilization of Radioactive Wastes


Using a geopolymer as a containment matrix for the immobilization of radio-contaminants involves the mixing of radioactive waste with a reactive base material (such as MK, FA) and/or an activating solution containing alkali (Na+ or K+) hydroxides and silicates, then applying suitable curing conditions [127]. This process aims, as in the case of other immobilization matrices, to produce an acceptable wasteform that can comply with the regulatory requirements on radionuclide retention, water ingression, and structural stability provision in near-surface disposal facilities. The immobilization is achieved by solidification, embedding, or encapsulation [31]. The first is usually used to describe the immobilization of liquid and liquid-like wastes, and it is achieved through the chemical incorporation of the waste components into the structure of a suitable matrix. The latter is achieved by physically surrounding the waste in the immobilization matrix [108]. Basically, the radionuclides leachability is used as a performance measure to quantify the retention safety function. It is affected by the characteristics of the containment matrix, the radionuclide being leached, and the leaching environment [128]. Compressive strength and permeability are used as performance measures to quantify the provision of structural stability and for the prevention of water ingression, respectively.



4.1. MK Based Geopolymer


Geopolymers have been investigated for the containment of radionuclides in low- and intermediate-level wastes (LILW) [33,129] that usually contain long-lived radionuclides, such as 137Cs, 90Sr, 226Ra, 232Th, and 238U. Among the many radionuclides, Cs and Sr have been expansively studied due to their unfavorable immobilization by conventional cement-based materials. As for removal applications, MK geopolymers are frequently investigated by numerous researchers for radioactive waste immobilization [47,49,57,130,131,132,133,134,135,136]. Examples of these investigations include the immobilization of solid wastes generated from the nuclear fuel cycle that encompasses operational and decommissioning wastes from operating and decommissioned nuclear reactors, respectively [33]. Operational wastes such as graphite containing 14C has been successfully conditioned using geopolymers to produce a wasteform with acceptable compressive strength and structural stability [60]. Another study addressed the immobilization of fuel cladding in MK geopolymers [101]. Besides solid waste, organic liquid wastes generated from nuclear reactors, such as lubricating oil contaminated with 60Co and 137Cs, have also been conditioned using MK geopolymers [62]. Moreover, secondary wastes, which are generated from the treatment of primary wastes, e.g., exhausted filters and ion exchangers/sorbents, have been tested for their potential immobilization in MK geopolymers. As in the case of the Fukushima Daiichi Accident, the feasibility of immobilizing spent ion-exchange resins containing 137Cs and 90Sr that resulted from the treatment of contaminated cooling water in a MK geopolymer was investigated. The immobilization of Sr-loaded titanate ion-exchangers in a MK geopolymer has proven the potential of the geopolymer as confinement matrix for this exhausted ion exchanger [134]. Similar findings were observed by Kuenzel et al. [135] for the immobilization of zeolite clinoptilolite ion exchangers contaminated with Cs and Sr. Walkley et al. [56] also observed the immobilization of 90Sr in ion-exchange resins by using MK geopolymers. One of the primary challenges in the immobilization of radioactive waste is the high sulfate content in some waste streams. Ahn et al. [35], in their study, have proven the applicability of using a MK geopolymer in immobilizing a high-sulfate hybrid sludge from a Hydrazine Based Reductive Metal Ion Decontamination (HyBRID) process that contained Fe, Ni, Cr, and Co ions with increased waste loading up to 53.8 wt%.




4.2. Other Geopolymers


Other than MK geopolymers, FA geopolymers have also been investigated for the immobilization of different radio-contaminants, such as Cs+ [104]. Slag-based geopolymers have also been investigated for the immobilization of radio-contaminants in many radioactive waste streams. The advantages of geopolymers not only lie in their favorable mechanical strength and radionuclides stabilization potential but also in their waste loading capacity. For instance, a geopolymer prepared from GGBFS was applied successfully in the immobilization of ion-exchange resins contaminated with Cs+ and Sr2+ with maximum solidified wet resin content of about 45 wt% [51].



Blended materials were tested for their potential application to enhance the radio-contaminant retention, waste loading capacity, and mechanical strength of an immobilization matrix. As an example, the findings of Lin et al. [50] indicated the superior performance of geopolymer compared to cement when a blended MK-slag-based geopolymer was used for the immobilization of reactor spent resins containing Cs+ and Sr2+ with a loading capacity of ion-exchange resins up to 12 wt% (wet base). Similar findings were reported by El-Naggar [109] for the immobilization of 60Co using blended slag-seeded Egyptian Sinai kaolin geopolymer. As in the case of the well-known Hanford Project in the USA, the performance of the BFS-MK DuraLith geopolymer was enhanced, e.g., improved workability, reduced hydration heat, and higher waste loading, by the addition of fly ash [61].



Frequently, additional materials are incorporated into a geopolymer‘s formulation to either increase its radionuclides immobilization performance or to provide selective containment. These materials provide structure that creates extra fixation sites for radionuclides [137] or phases that favor the attachment of ions [138]. Besides the containment of radionuclides, they may contribute to the enhancement of the mechanical strength of the geopolymer [51]. Moreover, these materials can cause changes to the chemical state of the radionuclides that further affect the performance of the geopolymers. Yu et al. [45] mentioned that, in the presence of Mn, Co was transformed from divalent to trivalent in an oxidation environment.




4.3. Effect of Alkali Activator and Thermal Treatment


In terms of material types, another consideration is the type of the used alkali activators. In many studies, Na-based geopolymers showed better performance than K-based geopolymers [49,132,134]. This preference was attributed to the hard and soft acids and bases (HSAB) principles, in which high-charge-density Na+ resulted in Na+ being the stronger Lewis acid that favored reaction with Cs+ [134]. The incorporation of radionuclides into the geopolymer framework occurs through several mechanisms. One of the important mechanisms involved the replacement of alkali ions (Na+ and/or K+) by the radionuclide [56,134] with preference towards a Na-based geopolymer compared to a K-based geopolymer [48]. This replacement can cause structural changes to the geopolymers.



Apart from the types of used materials, the radionuclide containment performance of geopolymers is also affected by the thermal treatment of the geopolymer‘s matrix. Generally, geopolymers are thermally stable in a wide range of temperatures up to approximately 800 °C [139]. By exceeding this point up to around 1100 °C, crystalline phases are formed; nepheline forms in Na-based geopolymers; leucite forms in K-based geopolymers, and pollucite forms in the presence of Cs [48]. These crystalline phases have been shown to immobilize this radionuclide. The investigation of MK-based geopolymers formulated from the Na-alkali activator for Sr immobilization at different temperatures revealed lower Sr2+leaching in the presence of nepheline structures formed by calcination in comparison to the uncalcinated geopolymer [135]. Few publications, however, noted the formation of these crystalline phases at lower temperatures [46,48], and the crystalline phases formed at these temperatures demonstrated better performance than the ones produced at high temperature. For instance, pollucite obtained at lower temperature via alkali metal ions doping and optimizing the Na/Cs ratio demonstrated high Cs immobilization compared to pollucite formed by a high-temperature hydrothermal treatment [140].



As much as geopolymer applications can, in certain cases, lead to better mechanical strength and durability compared to Portland cement, its dry shrinkage is relatively higher and therefore prone to cracking. Additionally, the geopolymer has also been found to have low affinity for anions, such as SeO42− and Cr2O72− [141],which eventually hinders its application in immobilizing waste streams containing these contaminants. In order to rectify these shortcomings, the optimization of the alkali activator and the use of additive material can provide successful solutions for this problem [58,110].



Even though the application of a geopolymer in the immobilization of radioactive waste still remains largely in research stage, nevertheless the actual implementation has been adopted by the Slovak Republic. The immobilization of intermediate-level waste containing 137Cs from nuclear power reactors (sludge, resin, liquid wastes, and their mixtures) in Slovakia and Czech Republic was successfully implemented using a proprietary MK-based geopolymer matrix called SIAL [142].




4.4. Geopolymers Performance


As indicated above, the radioactive wasteform should be designed to comply with the regulatory requirements on its safety functions, so they should be durable and able to mitigate the impact of anticipated accidents that can occur during its life time. The durability of the wasteform is affected by the waste compositions, amount of free water content, and the presence of environmental stressors that subsequently affect the characteristics of the wasteform (i.e., porosity, density, thermal and radiation stability, compressive strength, leaching resistance, chemical attack resistance, and freeze and thaw) [57,112,113,143,144,145,146,147,148]. It should be noted that the durability of the geopolymer under chemical attack is very much dependent on the calcium content in the base material. It was reported that the high-calcium-content base material, i.e., class F fly ash, will produce a geopolymer more vulnerable to sulfate attack and carbonation than that withlow calcium content [148]. Several durability tests were developed to test the sustainability of the safety function of the wasteforms throughout their life cycle [31,112,145,146,147]. In this section, the testing techniques and the analysis of the leaching behavior and compressive strength of the geopolymer wasteforms are presented.



4.4.1. Testing Techniques


During the design of the wasteforms, there are several options can be considered for testing these forms to ensure their sustainable performance. These options include the selection of the testing procedure, the factors that affect the wasteform performance, and the optimization technique. Details of these factors are found elsewhere [33].Geopolymer studies addressed the sustainable performance of these wasteforms by evaluating the effect of geopolymer formulation on the radionuclide retention and compressive strength. In addition, the effects of the leaching solution on the wasteform stability, in terms of radionuclide leachability, were investigated. The effect of the freeze–thaw cycles, irradiation, and water immersion on the leaching and the compressive strength were quantified. The following subsections present the results of these investigations for different geopolymer types.




4.4.2. Leaching Behavior of Geopolymer Wasteforms


The high pH environment of the cement-based material favors the stabilization of lanthanides and actinides within the immobilization matrix, yet alkali and alkaline metal remain substantially soluble depending on the waste constituents and the presence of additives [33].Subsequently, most of the geopolymer studies were directed at assessing the potential of these materials to immobilize different primary and secondary waste streams contaminated with Cs and Sr and, to a lesser extent, Co, as mentioned in the previous sections [35,45,46,47,48,49,53,54,55,57,58,62,76,106]. In addition, the stabilization of some anions was addressed [58]. Most of the studied geopolymer were MK-based, with few tests for other geopolymers.



Several types of leaching procedures were employed in this respect, including the standardized ANSI/ANS, TCLP, and ASTM. The duration of the leaching-test applications varied from very-short-duration tests, i.e., 5 days [51], to longer-duration tests, i.e., 42 days [47,49,57]. The obtained leaching parameters were also very variable, including Cumulative Leach Fractions (CLF, cm−1), Normalized Leach Fraction (NLR, g.m−2.d−1), Leach Rate (LR, cm. d−1), Leaching index (Li), and Inhabitation grade (I, %). Table 4 and Table 5 list the compositions of the studied immobilization matrices and the performed leaching tests and their results for Mk-based and other geopolymers, respectively. Despite the reported values of the leaching index providing insights into the acceptability of the wasteform performance, the variability of the reported leaching measures and the conducted leaching procedures inhibit the determination of a suitable geopolymer formulation to immobilize certain type of radioactive wastes.



Over the years, the utilization of geopolymers as a containment matrix has gained lots of attention, especially due to their improved performance in terms of thermal stability (at high temperature and during freeze–thaw cycles), acid resistance, mechanical strength, and radionuclide containment performance [47]. Findings from the study carried out by Liu et al. [55] suggested that the immobilization performance of the blended FA/slag/MK-based geopolymer exceeded that of cement as shown by the higher cumulative fraction leaching rate of cement compared to that of the geopolymer. In addition, the findings of Jang et al. [144] for the FA/slag-based geopolymer also showed better Cs- and Sr-containing radioactive-waste-immobilization performance in comparison to Portland cement and therefore proposing the potential of these geopolymers as promising barrier materials to retard the migration of radio-contaminants.



The compressive strength of the wasteforms is another key parameter that must meet the minimum criteria set by various regulatory bodies. The U.S. Nuclear Regulatory Commission (NRC) recommends a mean compressive strength of at least 500 psi (3.45 MPa) for wasteform specimens cured for a minimum of 28 days (ASTM C39/C39M-01). According to the standard GB 14569.1-2011 set by the National Standards of the People’s Republic of China, which regulates the performance requirements for solidified wasteforms of low- and intermediate-level radioactive wastes, the compressive strength of the solidified sample should not be less than 7 MPa. Meanwhile, a minimum compressive strength of 4.9 MPa for low- and intermediate-level radioactive cementitious wasteforms are set by the Russian Federation (GOST R 51883–2002). Table 6 shows that the compressive strength of the geopolymer wasteforms reported in this review not only met the minimum criteria specified in the standards but also most of them exceeded the criteria by multiple folds.



The compressive strength of a wasteform can be affected by the chemical and physical properties, as well as the proportions of the radioactive wastes. Table 6 shows that the geopolymer wasteforms produced from liquid wastes [46,47,61] have higher compressive strength than the others. This better performance of liquid waste solidification is attributed to the ease of liquid-waste incorporation into the geopolymer slurries to form homogenous wasteforms after setting. In contrast, the insoluble solid wastes are encapsulated in the geopolymer slurries to form heterogeneous wasteforms. For example, it can be seen that the geopolymer wasteforms produced from spent ion-exchange resins [50,51] have relatively low compressive strength. The insoluble ion-exchange resins have weak contact with the geopolymer matrix, which, when under load, can easily lead to waste–matrix debonding, thus weakening the strength of the wasteforms.



The effect of the waste loading on the compressive strength of wasteforms was briefly investigated in the studies of Ahn et al. [35], Lin et al. [50], Lee et al. [51], and Liu et al. [55]. As for a comparison, the results from these studies are replotted with correlation coefficient values (R2) in Figure 6. In general, the waste loading influences the compressive strength of the wasteforms inversely. For example, strong and intermediate negative correlations are shown in the geopolymer wasteforms produced with spent ion-exchange resins [50,51] and Sr(NO3)2 powder [55]. However, a weak correlation is shown in the geopolymer wasteforms with sludge waste, wherein the compressive strength initially decreased but increased at waste loading of 30 wt% and 40 wt%. [35]. This behavior was attributed, according to Ahn et al. [35],to the effect of the increased sludge waste loading on the H2O/Al ratio in the geopolymer matrix, which led to a recovery of the compressive strength.



As for the type of binder matrix, there are no significant relationships between the geopolymer raw materials and wasteforms‘ compressive strength that can be observed in Table 6. However, Li et al. [47], Lee et al. [51], and Xu et al. [57], in their studies, have compared the compressive strength of geopolymer wasteforms with cement wasteforms. These studies found that, under the same conditions, wasteforms produced using geopolymers have significantly higher compressive strength than cement, as shown in Figure 7.



Besides being used as the basic criterion for solidified radioactive wasteforms, the compressive strength of a wasteform after calcination or freeze–thaw cycles are often used to assess its stability and sustainable performance. Li et al. [47] reported that their studied geopolymer matrix maintained an adequate compressive strength after calcination at 1000 °C. In comparison, the compressive strength of their OPC matrix was reduced to just 5 MPa, as shown in Table 7. Similarly, Xu et al. [57] reported that effect of the temperature on the compressive strength in OPC is more significant than that in the geopolymer. It should be noted that the study of such a very-high-temperature effect is not required for low- and intermediate-level wastes that are not associated with heat generation and is not required for scenarios that do not include volcanic eruptions. These studies also showed that the losses of compressive strength due to freeze–thaw cycles ranged from 3.5 to 10.5%, with higher losses observed for cement wasteforms ranging from 14.7 to 18.2%, as shown in Table 8. Both studies concluded that geopolymer wasteforms are superior to cement wasteforms in thermal and freeze–thaw stability.






5. Perspectives on the Sustainability of Geopolymers


The sustainability of any practice is based on its environmental impacts, economical performance, and social acceptance. Ensuring acceptable impacts and performance will enhance the social acceptance of that practice. As indicated in the introduction, the reduced environmental impacts of geopolymers compared to conventional cements and the use of industrial wastes as base materials for geopolymer fabrication boosted their applications as civil engineering materials. The sustainability assessments of the geopolymer concrete prepared from industrial wastes were addressed by identifying the factors that affect their compressive strength as a performance and durability measure [149,150,151]. In this respect, the effect of the preparation conditions of the geopolymer concrete on its compressive strength as a durability measure was assessed [149]. The results of that study revealed that the compressive strength of the geopolymer concrete prepared with a high content of calcium fly ash increased with increases in the molarity of the sodium activator, the activator-to-binder ratio, and the curing temperature, while it decreased with the increase in coarse aggregate content. In another study, the effect of the incorporation of corncob ash in a GGBFS-based geopolymer on compressive strength was assessed [150]. The study concluded that the environmental impacts, in terms of the transport impact, global warming potential, global temperature potential, embodied energy, sustainability index, and economic index of the studied geopolymer are less than that of conventional concrete.



The use of industrial waste as base material in the preparation of a geopolymer matrix for the immobilization of hazardous wastes were stated to reduce the greenhouse gas emissions, energy requirements, and disposal costs of industrial wastes [86]. The study reported that the annual hazardous waste generation in India is 9.44 million tons, which requires 0.899 million tons of cement to stabilize. The use of an optimized geopolymer for different hazardous wastes was recommended to reduce the conventional cement requirements.



In Section 3 and Section 4, the performance measures of different geopolymer materials were presented; these measures provide indicators on the potential sustainability of these materials in radioactive waste management. In addition, the limited large-scale industrial applications of these materials in the immobilization of radioactive wastes, i.e., SIAL, are providing additional measures of the potential sustainability of these materials. Nevertheless, the limited practical applications either in using geopolymers as sorbent or as immobilization matrices are not enough to generate a track record that enable the workers in this field to design specified durability tests that are based on geopolymer characteristics and performance. Additionally, the determinations of the sustainability indices for these applications are lacking. Moreover, the planning for radioactive waste management should be conducted in an integrated way that encompass the entire life cycle of the management practice. In this respect, life-cycle assessment for geopolymers in this field is also lacking.




6. Conclusions


Over the years, geopolymers have gained much attention in different fields, including radioactive waste management. The scientific efforts were focused on assessing the potential applications of these materials, as removal agents for radio-contaminants from liquid waste, and as immobilization matrices for different radioactive waste streams. This trend was supported by the need to reduce the material footprints in radioactive-waste-management activities and the promising performance of geopolymers in the water-and-wastewater-management field. Based on the literature reviewed in this work, the following gaps are identified in the sustainable performance of geopolymers in radioactive waste management:




	
The application of a geopolymer in the pre-treatment of aqueous radioactive waste effluent was not addressed. This application is supported by the chemical stability of these materials in slightly acidic and alkaline solutions and its high buffering capacity, which allow an acceptable pH regulation performance.



	
Geopolymer applications in membrane separation were not addressed in radioactive waste management. These applications are supported by the mechanical stability of these materials that are preserved even for porous geopolymers. This allows the application of geopolymer as a substrate or active layer in the membrane. Moreover, advanced trends in the literature were directed to assess this potential application in water and wastewater treatment and have provided knowledge that can be transfered to the radioactive-waste-management field.



	
The ability of the amorphous geopolymer matrix to entrap metals and oxides can be used as a basis to test these materials for their potential application in photocatalytic degradation. This application, if proven, can be very useful to treat aqueous radioactive wastes that contain organic decontamination residues.



	
As mentioned here, numerous batch studies were dictated to assess the promising application of geopolymers in radio-contaminant removal. These studies covered several types of geopolymer base materials, either single or blends, and targeted the removal of cations and anions of concern. Only a few studies have addressed the column operation and the reusability and regeneration ability of these materials, and there is still a need to investigate these aspects in depth and to have a clear understanding of the factors that affect them.



	
The durability tests and standards were developed based on the long-term track record of the vulnerable characteristics of Portland cements. Despite geopolymers have been applied in certain countries for the immobilization of radioactive wastes, there is as yet no similar record to allow the adaptation of specific durability tests and standards for geopolymers.



	
The life-cycle assessments for geopolymers used in radioactive waste management either as sorbent or as an immobilization matrix are lacking in the literature.








Even though most of the studies have yet to be implemented for actual application, they nevertheless serve as invaluable input for the further development of geopolymers in the field of radioactive waste management.
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Figure 1. Bibliometric data analysis (a,b) number of annual scientific publications, (c,d) relative contribution of the research and review papers to the total published items that addressed geopolymers and geopolymer sustainability, respectively. 
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Figure 2. Bibliometric data analysis for publications that mentioned a combination of the words geopolymer, nuclear, removal, and immobilization. (a) Annual distribution during the last decade. (b) Relative contribution of “Geopolymer” and “Nuclear” to the geopolymer publications. (c) Relative contribution of the paper type to the total published work on nuclear and geopolymers. (d) Annual distribution of the papers that addressed the sustainability in this field. 
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Figure 3. (a) SEM micrograph and elemental mapping of the geopolymers with immobilized Cd. (copyrighted, from [117]).(b) TEM micrograph of the metakaolin-based geopolymer and (c) the electron diffraction showing evidence of crystallinity (copyrighted, from [118] (CC BY 4.0)). 
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Figure 4. Geopolymer characterization using FTIR and Raman spectroscopy. (a,b) FTIR and Raman characterization for geopolymers prepared from chemicals and its modification with LDH (copyrighted, from [110]). (c) FTIR spectra for MK and geopolymers with prefabricated foam (copyrighted, from [100]). 
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Figure 5. Geopolymer characterization using XRD (a) geopolymers prepared from chemicals (GEO), layer double hydroxide (LDH) and LDH—geopolymers composite (LDH/GEO) (Copyrighted, from [110]), (b) MK and geopolymers prepared with different inclusions of pre-fabricated foam(copyrighted, from [100]), (c) MK Geopolymer (copyrighted, from [120]) (d) MK—geopolymers with 30% sewage sludge ash (SSA) (copyrighted from [120]). 
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Figure 6. Compressive strength correlations with waste loading [35,50,51,55]. 
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Figure 7. Compressive strength of geopolymer and cement wasteforms [47,51,57]. 
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Table 1. Effect of gamma (γ) irradiation on geopolymers: Hydrogen radiolytic yield, compressive strength, and leaching.
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Geopolymer

	
Dose, kGy

	
Property

	
Effect

	
Ref.






	
GGBFS */Wollastonite

	
1000

	
Compressive strength

	
Δσ increased by 35%

	
[51]




	
MK

	
50

	
Hydrogen radiolytic

	
G = 6.1 × 10−3 μmol/J

	
[101]




	
FA

	
700

	
Hydrogen radiolytic

	
G = 2.1 × 10−3 μmol/J

	
[102]




	
MK

	
750

	
Hydrogen radiolytic

	
G = 9.0 × 10−3 μmol/J

	
[103]




	
50–1000

	
Compressive strength

	
Δσ~10%




	
FA

	
100

	
Compressive strength

	
Δσ 7.8%

	
[106]




	
Radionuclide leaching

	
ΔCLF 5, 22.3 and 47.3%, in DIW **, GW *** & SW ****








*GGBFS granulated grounded BFS. ** DIW deionized water. *** GW ground water. **** SW seawater.
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Table 2. Feasibility assessment of the use of geopolymers for radio-contaminant removal from aqueous solutions.
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Base Material

	
Studied Experimental Conditions

	
SSA, m2/g

	
Main Findings

	
Ref.




	
Cont.

	
Co, ppm

	
T,°C

	
m/V, g/L

	
teq, min

	
pHOpt

	
Capacity, mg/g

	
Comments






	
Chemical

	
Cs

	
100

	
-

	
1

	
121

	
60

	
8

	
-

	
2nd order kinetics

Monolayer sorption

	
[110]




	
SeO42−

	
100

	
-

	
30

	
8

	
-




	
F/perlite

	
Cs

	
50

	
24.85–49.85

	
10

	
-

	
60

	
8

	
4.28**

	
2nd order kinetics

	
[99]




	
Eu

	
50

	
24.85–49.85

	
60

	
4

	
1.45**




	
MK

	
Cs

	
100–1000

	
24.85–59.85

	
10

	
18.72

	
-

	
-

	
74.95*

	
Spontaneous endothermic reaction

	
[27]




	
Cs

	
20–1000

	
24.85

	
1

	
37.77

	
120

	
7

	
216.1*

	
2nd order kinetics

Monolayer sorption

Spontaneous endothermic reaction

Reused for 2 cycles

	
[100]




	
FA

	
Cs

	
85–150

	
RT

	
1

	
-

	
10

	
>7

	
281.74*

	
2nd order kinetics

Monolayer sorption

	
[98]




	
Sr

	
60

	
169.07*




	
Cs

	
100

	
RT

	
1

	
215

	
10

	
7

	
92.63

	
2nd order kinetics

Low Si/Al ratio result in better sorption of Cs+

	
[23]




	
MK/Slag

	
Cs

	
1000

	
-

	
1

	
77.6

	
10

	
-

	
59.56**

	
2nd order kinetics

Mixture of fly ash and slag reduces the removal performance

	
[22]




	
Sr

	
1000

	
-

	

	

	
30

	
-

	
54.52**




	
Cs

	
10–170

	
25

	
1.2

	
23.22

	
30

	
>4

	
103.74*

	
2nd order kinetics

Monolayer sorption

Regeneration for 4 and 2 cycles for Cs and Sr, respectively without significant loss***

	
[24]




	
Sr

	
10–170

	
25

	
1.23

	

	
60

	
>4

	
54.91*




	
FA& BFS

	
Cs

	
1000

	
-

	
1

	
12.72

	
30

	
-

	
29.22**

	
2nd order kinetics

Mixture of fly ash and slag reduces the removal performance

	
[22]




	
Sr

	
1000

	
-

	
30

	
-

	
44.64**




	
Cs

	
10–150

	
-

	
10

	
114.16

	
40

	
4

	
15.24*

	
Multilayer sorption

	
[25]








* Langmuir mono sorption capacity. ** Highest sorbed amount from kinetic only. *** studied column.
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Table 3. Feasibility assessment of the use of geopolymers composites for radio- contaminant removal from aqueous solutions.
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Base Material

	
Studied Experimental Conditions

	
SSA, m2/g

	
Main Findings

	
Ref.




	
Cont.

	
Co, ppm

	
T,°C

	
m/V, g/L

	
teq, min

	
pHOpt

	
Capacity, mg/g

	
Comments






	
Chemical/LDH

	
Cs

	
100

	
-

	
1

	
134.1

	
120

	
8

	
84.14

	
2nd order kinetics

Monolayer sorption

	
[110]




	
SeO42−

	
100

	
-

	

	
5

	
8

	
71.3




	
MK/K2CuFe(CN)6]

	
Cs

	
3–1000

	
RT

	
1

	
35

	
4–5

	
-

	
250–175***

	
The material is very selective for Cs.

	
[28]




	
MK/HDTMA

	
I

	
250

	
24.85

	
1

	
180

	
>7

	
36.1**

	
2nd order kinetics

Multilayer

spontaneous and exothermic process

	
[26]




	
FA/Fe

	
Cs

	
100

	
RT

	
1

	
107.9

	
10

	
7

	
111.9*

	
2nd order kinetics

Cs+& Sr2+ monolayer sorption

AsO4 is multilayer sorption.

	
[21]




	
Sr

	
100

	
30

	
7

	
14.19*




	
AsO42−

	
50

	
150

	
5

	
21.51*




	
MK-FA

	
Cs

	
27

	
25

	
2

	
-

	
120–240

	
7–7.5

	
113.3

	
The adsorption of geopolymer on Sr2+, Co2+,and Cs+ is mainly chemical adsorption.

	
[20]




	
Sr

	
18

	
-

	
85.7




	
Co

	
12

	
-

	
58.8








* Langmuir mono sorption capacity. ** experimental. *** studied desorption.
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Table 4. Containment performance for metakaolin and metakaolin-blend geopolymers.
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Studied Immobilization Matrix

	
Matrix Leaching Studies and Results

	
Ref.




	
Base Material

	
Activators

	
Radionuclides Simulant/Waste

	
Waste Loading,%

	
Leach Test

	
Leaching Measure

	
Findings






	
MK

	
SiO2, NaOH, or KOH, or LiOH

	
CsOH·H2O

	
14–20

	
ANSI/ANS 16.1

	
Li = 8.93–12.66 a

NLR = 2.51 × 10−4 gm−2/d

	
Cs effectively immobilized in pollucite at ≤1000 °C.

	
[46]




	
Na2SiO3, SiO2 and NaOH

	
2–18

	
Li = 8.93–12.66 a




	
Silica sol gel and NaOH

	
Cs OH

	
6–30

	
ANSI/ANS-16.1

	
NLR = 1.14 × 10−3 gm−2/d

	
Hydrothermal treatment increases the performance and compressive strength.

	
[48]




	
Sol gel

NaOH

	
CsNO3

	
3.52

	
Leaching for 42 d

	
CLR < 1%

	
The Na-based geopolymer showed a lower leaching rate than the K-based geopolymer.

	
[49]




	
Sr(NO3)2

	
5.82

	
CLR < 1%




	
KOH

	
152Eu

	
-

	
Leaching for 24 d

	
I = 98.9%

	
The radionuclides were not leached in water, even after the fine pulverization of samples, but remained in the geopolymer matrices.

	
[53]




	
134Cs

	
-

	
I = 97.7%




	
60Co

	
-

	
I = 99.0%




	
59Fe

	
-

	
I = 99.0%




	
Water glass & H2O 17.6

	
Zeolite-loaded Sr

	
29.4

	
Leaching for 42

	
CLF = 1.8 × 10−3 cm−1

	
Has better leaching resistance than those of cement in different leaching solutions

	
[57]




	
NaOH, KOH, Fumed silica, DIW

	
Sulfate ions in sludge

	
0–40%

	
-

	
CFL < 1.0%

	
-

	
[35]




	
Sodium silicate

NaOH

	
Heavy metals (Th(IV), U(VI), Pb(II), Cd(II), Cu(II))

	
-

	
Leaching for 24 h

	
LC:

Deionized water = 11%

1 M HCl = 8%

0.1 M NaCl = 4.6%

1.0 M NaCl = 3.4%

0.1 M NaOH = 5.7%

	
The MK-based geopolymer is very effective in the stabilization of heavy metal ions.

	
[132]




	
Na silicate

	
Sr

	
-

	
TCLP

	
Leaching rate:

Deionized water at 1200 °C = 5.82 × 10−7 gm−2/d

Simulated seawater at 1200 °C = 4.64 × 10−6 gm−2/d

	
Low leaching is achieved at higher temperature (1200 °C) due to the immobilization of Sr in nepheline structures.

	
[134]




	
MK/MS

	
Water glass & NaOH

	
CoCl2

	
5.56

	
TCLP

	
LC = 0.20%

	
Has higher acid-leaching resistance compared to the MK geopolymer

	
[45]




	
MK/Hydrotalcite/SF

	
Sodium silicate

NaOH

	
SeO32–

	
2

	
TCLP

	
LC = 10%

	
Na2SiO3-activated geopolymers have better leaching performance than those of NaOH-activated geopolymers.

	
[58]




	
SeO42–

	
-




	
FA/BFS/MK/Sand/SF

	
The waste and NaOH

KOH

	
Re

	
-

	
TCLP

	
LC = 0.65 mg/L

	
-

	
[61]




	
MK/B

	
Sodium silicate

NaOH

	
Oil contaminated by Co

	
15.5–25

	
ASTM C130A for 12 day

	
LR = 8.5 × 10−5 cm/day

	
Leaching rate complied with the Brazilian regulations

	
[62]








a after thermal treatment to 1000C. SF = silica fume.
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Table 5. Containment performance for fly ash and fly ash blend geopolymers.
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Studied Immobilization Matrix

	
Matrix Leaching Studies and Results

	
Ref.




	
Base Material

	
Activators

	
Radionuclides Simulant/Waste

	
Waste Loading,%

	
Leach Test

	
Leaching Measure

	
Findings






	
FA

	
Sodium silicate and NaOH

	
CsNO3

	
1.46

	
Leaching for 42 d

	
CFL = ~9 × 10−3 cm−1

	
-

	
[47]




	
GGBFS/Wollastonite

	
NaOH

	
Cs*

	
32%

	
Leaching for 5 days

	
CFL = 0.152 cm−1

	
-

	
[51]




	
Sr*

	
CFL = 9.72 × 10−4 cm−1




	
B/wood ash

	
NaOH

	
Sr

	
-

	
Leaching for 28 Day

	
NLR = 10−6 gm−2/d

	
The clay-based geopolymer shows better Sr immobilization than that of OPC.

	
[54]




	
FA/Slag/MK

	
-

	
Sr

	
-

	
-

	
CFL = 1.1 × 10−3 cm−1

	
FA/slag/MK has improved immobilization performance over that of OPC.

	
[55]




	
FA

	
Sodium silicate and aOH

	
CsNO3

	
2

	
ANSI/ANS 16 for 40 days

	
Li = 8.7–10.7

	
-

	
[105]








*ion-exchange resin purolite NRW-10 and purolite NRW-4004.4.3 compressive strength of geopolymer wasteforms.
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Table 6. The compressive strength of the geopolymer wasteforms reported in the literature.
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Geopolymer

	
Curing Conditions

	
Type of Simulant/Waste

	
Waste Loading (wt%)

	
σ (MPa)

	
Ref.




	
Temp. (°C)

	
Duration (Day)






	
MK

	
25

	
7

	
Ba-loaded sludge waste

	
40.0

	
49.6

	
[35]




	
60

	
2

	
Cs(OH) solution

	
47.7

	
65.8

	
[46]




	
25

	
28

	
Sr-loaded zeolite

	
29.4

	
37.6

	
[57]




	
25

	
28

	
Na2SeO3powder

	
2.45

	
30.0

	
[58]




	
20

	
30

	
Nuclear graphite

	
10.0

	
22.0

	
[60]




	
RT

	
28

	
Co-loaded bentonite

	
15.5–25

	
9.5 ± 0.9

	
[62]




	
Clay-based

	
RT

	
28

	
Sr-loaded wood ash

	
57.0

	
12.7

	
[54]




	
BFS

	
RT

	
28

	
Cs,Sr-loaded ion-exchange resins

	
5–45

	
10.2–22

	
[51]




	
FA/SF

	
60

	
28

	
133Cs+solution

	
2.0

	
57.2

	
[47]




	
MK/BFS

	
RT

	
28

	
Cs,Sr-loaded ion-exchange resins

	
12.0

	
13.6

	
[50]




	
25

	
28

	
Sr(NO3)2 powder

	
9.0

	
24.5

	
[55]




	
FA/slag/Mk

	
RT

	
28

	
Re-loaded waste solution

	
26.8

	
57.5–121.7

	
[61]











[image: Table] 





Table 7. Compressive strength of the geopolymer/cement wasteforms after thermal exposure.
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Wasteforms

	
Compressive Strength (MPa)

	
Loss (%) after 1000 °C Calcination

	
Ref.




	
Initial

	
400 °C

	
600 °C

	
800 °C

	
1000 °C






	
Geopolymer

	
57

	
52

	
45

	
38

	
30

	
47.4

	
[47]




	
OPC

	
34

	
22

	
15

	
9

	
5

	
85.3




	
Geopolymer

	
38

	
-

	
34

	
28

	
27

	
28.9

	
[57]




	
OPC

	
11

	
-

	
Cracked

	
Cracked

	
Cracked

	
100
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Table 8. Compressive strength of the geopolymer/cement wasteforms after freeze–thaw cycles test.






Table 8. Compressive strength of the geopolymer/cement wasteforms after freeze–thaw cycles test.





	
Wasteforms

	
Compressive Strength (MPa)

	
Loss (%)

	
Ref.




	
Before Freeze–Thaw Test

	
After Freeze–Thaw Test






	
Geopolymer

	
57

	
55

	
3.5

	
[47]




	
OPC

	
34

	
29

	
14.7




	
Geopolymer

	
38

	
34

	
10.5

	
[57]




	
OPC

	
11

	
9

	
18.2
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