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Abstract:
The present work is undertaken within the general framework of radioactive waste management. It concerns the optimization of used and radioactive ion exchange resins cementation. The study aims to develop the quality of IER cemented form. It also propose to increase the IER loading. Referred to the formulation with 8.3% of IER adopted at the nuclear study center of Maamoura (CENM), Morocco. The investigation of the impact of the addition of local and natural materials in cementitious IER formulation has been realized. They are local red clay (MA), limestone and marly limestone. Cemented forms prepared with 8.3% and 12% of IER loads were compared to those of 12% of IER loading prepared with 4% of additions and (4% - 12%) of MA. Mechanical strength, porosity, 134Cs leaching, morphological structure development were assessed. The cementitious process conformity was studied using the diffusion coefficient and leaching index. The obtained results show that MA has improved the quality of IER cemented forms. Compared to the CENM formulation, the formulation with 12% of IER and 10% of MA allows improving the mechanical strength and the porosity by 137% and 14%, respectively. It leads decreasing conditioning cost and the final waste volume by 30%.
1. INTRODUCTION
The increasingly progressive production of radioactive waste represents a harmful danger to human beings and their environment. This is due to the risk of ionization related to exposure to the radiation emitted by this waste. Thereby, the search for effective and sustainable solutions for conditioning radioactive waste is essential. Cementation is the most widely worldwide used stabilization/solidification process for long-lived low and medium level radioactive waste such as spent Ion Exchange Resins (IER). This process uses cement as a binding material. It transforms the waste into a form that is easier to control and transport. It owns various advantages such as its easy implementation and its mechanical, thermal and radiological resistance. The most commonly used cement are the Ordinary Portland Cements (OPC) [1]. The principal phases produce following OPC hydratation are calcium silicate hydrogel (C–S–H), portlandite Ca(OH)2 and ettringite lower than 10%. C-S-H is the responsible component of the mechanical strength of cementitious materials [2]. Despite the cement compatibility with most kinds of radioactive wastes [3], the conditioning process for IER by cementation is characterized by the production of final waste with a higher volume and lower mechanical resistance.
The present work is undertaken within the general framework of this problematic. It aims to improve the conditioning quality by cementation of the spent IER used in the fluids purification of TRIGA Mark II research reactor used by the nuclear study center of Maamoura (CENM), Morocco. In order to ensure a sustainable and safe conditioning of spent IER, this study focuses on improving the physical, chemical and mechanical properties, as well as the radionuclides retention capacity of the cemented IER form. To meet these objectives, the impact of the introduction of new components to the IER cementitious formulation was studied.
The impact of the introduction of different clay minerals such as kaolinite and bentonite in the cement formulation was studied separately [4-5]. Due to their high swelling potential and their cation exchange capacity, clays are very interesting materials for trapping radionuclides [6]. In addition, other studies carried out on marls and limestones have demonstrated their ability to improve the performance of cementitious materials. [7-8]
Our previous works allow to develop a cementing formulation which ensured an increase in the resins load from 8.3% (formulation 1 used by the CENM) to 12% (formulation A) [9]. The uses impact of natural additions on the mechanical properties of cemented IER forms has also been studied [10]. This study identified the local red clay as the most adequate addition regarding the reinforcement of these mechanical properties. The works continuity is presented in this paper. The present study is carried out in two stages. The first consists in determining, among the three studied additions, the most appropriate one to enhance the morphological structure and de radionuclides retention quality of IER form. The study of the retention capacity of each IER forms is carried out by the by gamma spectrometry measurement of leached 134Cs. Before selecting the most suitable addition for achieving a sustainable and safe spent IER cementing process, qualitative and quantitative studies were performed. This involves the study of confinement compliance and the study of the aging impacts. After the selection of the appropriate addition, the study second step concerns the process optimization by determining the optimal quantity of selected addition introduced into the cementing formulation. To refine this work, we compare the performance of the new developed process with that used at the CENM regarding the costs, the quality and the quantities.
2. Materials and methods
2.1. Cement
The used cement is an Ordinary Portland Cement 35 grade (OPC 35). It complies with the Moroccan standards NM 100.1.004. The chemical composition content of cement and the mineralogical structure content of Clinker calculated using Bogue's formula [11] are giving in table 1.
[bookmark: _Toc403221996]TABLE 1: CEMENT CHEMICAL COMPOSITION CONTENT (%) AND THE CLINKER MINERALOGICAL STRUCTURE CONTENT (%).
	
	Chemical composition content %
	Clinker %

	
	CaO
	SiO2
	SO3
	Al2O3
	Fe2O3
	MgO
	K2O
	C3S
	C2S
	C3A
	C4AF

	Ciment
	63.10 ±0.10
	22.23 ±0.24
	3.53 ±0.17
	6.00 ±0.59
	1.10  ±0.01
	6.40 ±3.80
	0.34  ±0.02
	45.63
	29.32
	13.82
	03.35


2.2. Additions
The used additions are the limestone (CA) formed essentially by calcite, the red clay (MA) rich in silica and kaolinite and the marly limestone (CM)which contains smectite and kaolinite. Thereby these Moroccan local additions are different from those used in previous works by their diversity and their mineralogical richness. The table 2 shows the chemical components and limestone content of the three additions.
TABLE 2: CHEMICAL COMPONENTS AND LIMESTONE CONTENT, IN %, OF THE ADDITIONS CA, MA AND CM.
	
	Chemical components (%)
	CaCO3 (%)

	
	CaO
	SiO2
	SO3
	Al2O3
	Fe2O3
	MgO
	K2O
	

	CA
	80.45±0.13
	1.60 ±0.13
	3.50 ±0.12
	3.60±0.60
	0.06±0.01
	1.95 ±0.30
	---
	97 ± 3

	MA
	2.60±0.01
	55.52±0.53
	0.10± 0.02
	19.00±0.60
	7.00±0.01
	2.16± 0.36
	1.65±0.02
	12.6 ± 1.9

	CM
	14.27±0.04
	38.72 ±0.43
	0.82± 0.05
	11.81±0.55
	4.22±0.01
	2.49± 0.30
	2.24±0.02
	30.6 ± 2.1


2.3. Preparation of cemented IER forms
Cemented IER forms are prepared according to the determined experimental conditions developed in our previous work [9-10]. Two used cementitious formulations are carried (Table 3).

[bookmark: _Toc403222012]TABLE 3: CONTENT OF CONSTITUENTS IN ONE KILOGRAM OF MORTAR-IER.

	
	Cement(g)
	Sand(g)
	Addition(g)
	IER(g)
	water(g)

	Formulation without addition (A)
	510
	190
	0
	120
	170

	Formulation with Addition
	510
	150
	40
	120
	180


	In the following sections, each formulation will be named using the abbreviation of the addition it contains. For example, the formulation prepared with the addition CM will be called formulation CM and so on.
2.4. 134Cs leach tests
After cementing the resins loaded with 134Cs, the leaching tests from the IER cemented form were performed at ambient temperature. The cemented waste form (0.55 Kg) was placed in a beaker containing 600 mL of distilled water so that the water forms a 2 cm cylinder around the package [12].
2.5. Desorbed 134Cs and Leaching rate measurement 
The desorbed 134Cs activity was measured by Gamma spectrometry (604 keV). The used Canberra hyper-pure germanium (HpGe) detector has a relative efficiency of 30% and a full width at half maximum (FWHM) of 1.9 keV for 60Co gamma energy transition at 1332.5 keV. Gamma spectrum analysis is performed by Genie-2000 PC gamma-ray spectroscopy software. 134Cs leaching rate Ri is deduced using formula 1 [12]:
                    Eq.1

where : Ri is the leaching rate (cm/s), Ades is the 134Cs cumulative activities (Bq/Kg) in the residual aqueous phase, V is the total volume of the package (cm3), A0 is 134Cs activities incorporated initially in the package (Bq/Kg), S is the exposed surface area of the package (219.8 cm2), T is the leaching time (s).
2.6. [bookmark: _Toc403746180]Leaching index and diffusion coefficient calculation
The leaching index I deduced from the diffusion coefficient De (Eq.3,4) is an important factor in the performance study of radioactive waste containment. It assesses the potential risk of 134Cs leaching. [12-13].
            Eq.3
                  Eq.4
Where De is the diffusion coefficient (cm²/s) and I is the leaching index (unitless).
According to the recommendations of United States Nuclear Regulatory Commission (USNRC) [12], the containment is qualified as acceptable for leaching indices greater than 6 and effective for I values greater than 9.
3. [bookmark: _Toc403746245]Results and discussions
3.7. Determination of the appropriate addition.
3.1.1.	Morphological structure of cemented IER forms
The morphological structure of cemented IER forms after 28 days of curing were analyzed using the Scanning electron microscopy (SEM). SEM images of the formulations A, CA, MA and CM are giving in figures 1, 2, 3 and 4, respectively. Figures 1 and 4 show that their morphological structure of cement hydration products namely C-S-H and Ettringite is not extensive. Portlandite crystals appear with a weakly developed size. We note from figures 2 and 3 that the structure of waste forms produced with CA and MA is very rich in S-C-H-. This component responsible for the mechanical resistance and the adsorption power of cementitious materials [14] is present, especially for the MA formulation, in abundance on the interphase zone between the mortar paste and the IER beads and around the mortar pores.
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[bookmark: _Toc399487743][bookmark: _Toc403559439][bookmark: _Toc399324301]FIG.1. SEM Images of IER form prepared with formulation A(x20). 
[image: ]
[bookmark: _Toc399487744][bookmark: _Toc403559440]FIG.2. SEM Images of IER form prepared with formulation CA (magnification: x10).
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[bookmark: _Toc399487745][bookmark: _Toc403559441]FIG.3. SEM Images of IER form prepared with formulation MA (magnification: x20).
[image: ]
[bookmark: _Toc399487746][bookmark: _Toc403559442]FIG.4. SEM Images of IER form prepared with formulation CM (magnification: x20).
3.1.2	134Cs leaching test results
Results of leached 134Cs and leaching rate from IER forms prepared with the additions are presented in figure 5. It shows:
· The 134Cs leaching from the matrices of the CA and CM formulation kept the same behavior as that of the formulation A between 2 and 12 days but with lower values, except for the point of the CA formulation at 12 days of emergence. The phenomenon encountered in this point is widely mooted in the literature [15], it is due to the fact that during the period between 7 and 12 days the Cs desorbed in water is partially adsorbed by the matrix, which confirms the reversibility of the adsorption/desorption reaction of radioelements in the cemented forms. Contrary to formulation A, the leaching stops at 23 days (fig.5.a), leaching relative to formulations CA and CM stabilizes from 20 days.
· Leaching rate decreases progressively between 2d and 40d, for formulation A. it passes, respectively from 5x10-8 to 1.61x10-8 cm/s. IER Forms prepared with formulation A, releases little 134Cs (Fig.5.b).
· For the formulations CA, MA and CM, the leaching rates are clearly lower than that of A without additions. It reaches, a limit value from 20 days. This phenomenon attributed to the contribution of the additions to the fixation of 134Cs, is more marked in the case of the local red clay. 
· For the CA formulation, containing calcite as an addition, this rate is characterized by a minimum value observed at 12 days of immersion. According to previous work, this minima followed by an increase in leaching is attributed to the process of secondary sorption of Cs leached before 12 days [15].  
· Leaching rate of formulation MA forms is practically zero during the first 12 days of immersion, before making a significant increase up to 40 days. However, this increase remains very low compared to the other formulations.
As a conclusion, the study undertaken in this work allowed a significant improvement in the Cs retention. Its retention capacity (MA > CM > CA) is due to the additions natures and structures. The formulation MA performance results from the role played by MA, rich in kaolinite and silica, in improving cemented waste form quality. In addition to their sorption capacity, local red clay promotes reactions for C-S-H production, which plays a decisive role in the cementing process: it improves the resistance of the package and leads to the reduction of its porosity [2]. Furthermore MA is very water resistant thanks to its high iron content (Table 2) [16], which allowed it to resist water the longest while blocking the Cs inside these interlayers.

   
[bookmark: _Toc399324306][bookmark: _Toc399487751][bookmark: _Toc403559446]FIG.5. Variation of 134Cs leached (a) and leaching rate (b) of 134Cs from cemented IER forms prepared with the formulations A, CA, MA and CM  as a function of immersion time.. (Initial activity  A0= 59.73 Bq). 
3.1.3	Assessment of containment process conformity
The analysis of the diffusion coefficient and the leaching index for each formulation (Table 4), shows that all the formulations meet the criteria of the USNRC recommendations (I> 6). MA leaching index equal to 10.6 confirms the performance of the formulation developed to optimize the IER conditioning by cementation [12].

TABLE 4: DIFFUSION COEFFICIENT AND LEACHING RATE OF THE FORMULATIONS A AND MA.
	Formulation
	Diffusion coefficient (cm²/s)
	Leaching index

	 A
	5.01 x 10-10
	9.30

	MA
	2.51 x 10-11
	10.60

	CA
	1.22 x 10-10
	9.91

	CM
	6.61 x 10-11
	10.18


3.1.3	Aging impact on the cemented IER forms
SEM analysis results of the IER forms prepared with formulations 1, A and MA are given in figures 6, 7 and 8, respectively.
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FIG.6. SEM images of cemented IER form prepared according to the formulation 1 after one year of hardening.
(magnification: (a)x10, (b,c)x20; ambient temperature and pressure).
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[bookmark: _Toc399487753][bookmark: _Toc403559448]FIG.7. SEM images of cemented IER form prepared according to the formulation A after one year of hardening. ( magnification; (a)x5, (b,c)x10; ambient temperature and pressure).
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[bookmark: _Toc399487754][bookmark: _Toc403559449]FIG.8. SEM images of cemented IER form prepared according to the formulation MA after one year of hardening. (magnification: (a,c)x10, (b)x5; ambient temperature and pressure).
[bookmark: _Toc403746249]SEM images reveal the presence of hydrated mineral phases (C-S-H and portalandite). These hydrates, which gradually clog the pores of the cementitious materials, lead to an increase of the forms resistance. Comparing these images with those of figures 2, 3 and 4, their formation seems to continue several months after curing. This phenomenon is more marked in the formulations with addition. Indeed, the cemented IER form images obtained after one year of curing show more abundant and developed hydrates in the IER form with MA.
The following part of the study will focus on the optimization of this process by determining the optimal introduced quantity of addition MA into the cementing formulation
3.8. Optimization of red clay quantity introduced in the cementitious formulation.
In order to determinate the optimal introduced MA quantities, MA amount have been increased from 0% to 10% with a step of 2%. The curves representing the resistance variation as a function of the hardening time at different addition concentrations show that IER forms resistance increases with the addition concentration before reaching a maximum value equal to 9.48 MPa at the age of 40 days for 10% of MA. Beyond this quantity, the resistance decreases to reach the value of 7.39 MPa for 12% of MA content (Fig.9.a). The porosity of cemented IER forms decreases with the red clay quantity to reach a minimum value equal to 38% observed for 10% addition MA. The porosity is 41%, beyond this point (Fig.9.b).
In conclusion, the improvement of the mechanical strength and the porosity of IER form obtained by the formulation MA, requires a maximum quantity of red clay equivalent to 10%. This improvement is due to the participation of the addition in the reactions that generate the production of C-S-H hydrates.

	(a)
	(b)


FIG.9. (a): variation of compressive strength of IER forms prepared with different amounts of MA as a function of curing time.(b): porosity variation of cemented IER forms as a function of MA amounts
3.9. Contribution assessment of the new formulation to the optimization of spent IER cementation
This paragraph focuses on the performance of the new process developed for the containment of spent resins at CENM. It is more precisely a question of questioning the contribution of the method as a tool to manage this type of waste, namely the costs, the quality and the quantities. To quantify this contribution, it is wise to compare the prowess of the present method characteristics with that used until today at CENM. (Table 5).

[bookmark: _Toc403222017]TABLE. 5 FUNDAMENTAL CHARACTERISTICS COMPARISON BETWEEN IER FORMS PREPARED WITH FORMULATION 1 AND (MA; 10%) AT 40 DAYS OF HARDENING.
	
	Formulation 1
	Formulation (MA;10%)
	Improvement

	Strength (MPa)
	4
	9.50
	137.80 %

	Porosity (%)
	44.21
	38
	14.05 %

	Leaching index
	8.30
	10.60
	2.30



Analysis of the results illustrated in Table 5 confirms the developed process performance: improvement of resistance by 137%, porosity by 14% and leaching index by 2.3. Furthermore, the comparison of raw material consumption for the cementing of 10 kg of spent IER with the two formulations (Fig.10), shows that the developed cementation formulation with 10% of MA makes it possible to reduce the cementing loads by minimizing the quantities of cement consumed by 31%, sand by 69% and mixing water by 36%. Thus, the final waste volumes are reduced by 30%.


[bookmark: _Toc403559455]FIG.10. Raw material consumption of the formulations 1 and (MA;10%) for the containment of 10 kg of spent IER.

Conclusion
The presented study results allowed to develop a new cementitious formulation which led to enhance the spent radioactive IER management sustainability and safety. The new developed formulation is composed of 510g of cement, 90g of sand, 100g of local red clay, 120g of spent IER and 190g of water. It reduces the cost of spent IER cementation process and decreases the produced final waste form by 30%, thereby it simplify its management during storage and final disposal. Indeed, the performance of the process carried out during this work successes to make a gain in resistance of 137%, decrease porosity by 14% and improve leaching index by 2.3. The formulation performance results from the role played by the addition MA, rich in kaolinite and silica, in improving the cemented waste form quality. In fact, in addition to their capacity for sorption of Cs, local red clay promotes the production in abundance of C-S-H, which plays a decisive role in the cementing process.
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 Cs desorption (Bq)
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0%	7	14	21	28	40	4.9936305732484065	5.492993630573249	5.8675159235662324	6.3668789808917197	7.2407643312101913	4%	7	14	21	28	40	5.492993630573249	5.8675159235662324	6.7414012738853506	7.4904458598726116	8.6140127388534999	6%	7	14	21	28	40	5.7426751592356684	6.61656050955414	7.3156687898089183	7.9398726114650024	8.8636942675165766	8%	7	14	21	28	40	6.3668789808917197	6.9910828025477709	7.4904458598726116	8.2394904458598699	9.1133757961783139	10%	7	14	21	28	40	6.7414012738853506	7.4155414012738934	7.9898089171974505	8.6140127388534999	9.4878980891719706	12%	7	14	21	28	40	6.4917197452229534	6.7414012738853506	6.8662420382165603	6.9910828025477709	7.3905732484076365	Curing time (days)

Compressive strengrth (MPa)


0	4	6	8	10	12	14	16	41.044483079855944	39.351927076560038	38.391691972509591	38.200000000000003	38	40.621344079032845	MA (%)
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