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Abstract

:

The structural changes along the c axis, of the Ba-exchanged montmorillonite (Swy-2-Ba), under variable relative humidity (% RH), is investigated. In this regard, the arrangement, amount and position of both exchangeable cation and the water molecules in the interlamellar space (IS), are evaluated. This aim is achieved using the X-ray diffraction (XRD) profile modeling approach that consists of comparing experimental and theoretical patterns calculated from structural models. The contributions of the hydration states and the interlayer water amounts, as a function of the % RH, are registered by quantitative XRD investigation. The validated structural models are heterogeneous, suggesting various proportions of layer types at different RH ranges, which means the coexistence of different mixed layer structure MLS packages, exhibiting different proportions of layers with contrasting hydration states. This result is attributed to the orientation of the applied hydration sequence. Indeed, the interlayer water molecule amounts, which led to the appearance of a logic hydration hysteresis, are strongly affected by hydrous perturbation.
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1. Introduction


The mineral montmorillonite belongs to the smectite mineral group, in which all members have an articulated layer structure and swelling properties. The main structure is composed of two tetrahedral sheets, sandwiching an octahedral one, often occupied by a trivalent cation. Common for the smectite group is that the thickness of an individual mineral layer is around 10 Å and kept uniform in lateral extent of the other two directions (up to several hundred nanometers). Each layer is composed of a central sheet of octahedrally coordinated cations, linked on both sides through shared oxygens to sheets of tetrahedrally coordinated cations. This type of mineral is often referred to as 2:1 layer structure [1,2,3,4]. The cationic substitutions in either the tetrahedral and/or octahedral sheet induce a charge deficit, which is compensated by the presence of cations in the interlayer spaces. Polar solvents, especially water, interact strongly with the charged layer surfaces and penetrate the interlamellar spaces (IS) to surround the compensator cations, which incite the swelling of the smectite structure. In relation with their high cation exchange capacity (CEC) and specific surface areas (SS), montmorillonite is considered a promising buffer material used as a geological barrier for industrial wastewater treatment. Several studies [5,6,7] are devoted to the use of natural clays as adsorbents for toxic elements, including organic substances, heavy metals and radioactive elements that may pollute soils, surface waters and cause serious environmental and health concerns.



The adsorption and/or ion exchange of heavy metals M2+ on clay minerals has been described by empirical and mechanistic models.



Some studies are undertaken on removal of heavy toxic metals from wastewaters [8,9,10,11] and restriction of their accumulation in the biosphere [12,13,14]. Barium is among the heavy metals widely present in many industrial effluents, and also has many radioactive isotopes, 133Ba being the most important one [15]. A number of authors [16,17,18] studied the adsorption and immobilization of Ba2+ cations by smectites (mainly by montmorillonite).



The pioneering studies [19,20,21,22,23,24,25] of the smectite hydration properties as a function of the relative humidity, based on X-ray diffraction (XRD) patterns, focused essentially on the fluctuations of a 00l basal reflections position. Several layer hydration types, related to relative humidity, are defined. The dehydrated state (0W) is characterized by d001 between 9.7–10.2 Å, monohydrated state (1W) with d001 varying from 11.6 to 12.9 Å, the bi-hydrated layer type (2W) with d001 between 14.9–15.7 Å, and the tri-hydrated ones (3W) with a d001 extending between 18–19 Å [26,27].



The coexistence of different layer types over an extended relative humidity (RH) range has not allowed the experimental identification of the interlayer structure. The structure of the IS can be reproduced theoretically using a combination of four H2O plans. Furthermore, in most studies of the smectite hydration heterogeneity, the structure of the interlayer H2O has not been refined because the XRD profile fitting was usually performed over a limited angular range.



This work is focused on the effect of continuous variation of relative humidity, along a hydration−dehydration cycle, of Ba-exchanged montmorillonite. This aim is achieved using the XRD profiles modeling approach.




2. Experimental Section


2.1. Sample


The dioctahedral smectite used in this work is a reference montmorillonite sample (Swy-2) from the Source Clay Repository of The Clay Minerals Society [27]. The host material originates from Wyoming mineral deposit (USA) characterized by a half-cell structural formula as follows [28]:


   ( S  i  3 , 923     A  l  0 , 077    )     (  A  l  1 , 459     T  i  0 , 018   4 +     F  e  0 , 039   3 +     F  e  0 , 045   2 +     M  g  0 , 382   2 +    )     O  10      (  O H  )   2   (  C  a  0 , 177   2 +     N  a  0 , 027  +   )    











This clay mineral represents a major octahedral charge and exhibits an extremely limited substitution in the tetrahedral sheets, where the cation exchange capacity (CEC) is 101 meq/100 g [29].




2.2. Sample Preparation


The Na-rich montmorillonite suspension is prepared according to a classical protocol [30]. This preliminary treatment is performed in order to guarantee, respectively, a maximum dispersion and a saturation of exchangeable sites with homo-ionic cations. The obtained sample is referred to as Swy-2-Na. Following the same ionic exchange process, the obtained Swy-Na fraction is dispersed in 100 mL of 1M barium chloride (BaCl2) solution, in order to saturate all exchangeable sites with the bivalent cations Ba2+. Therefore, the obtained sample is referred as Swy-2-Ba. Two oriented slides were prepared for the Swy-2-Ba complex, by depositing sample suspension on a glass slide and then drying it at room temperature for few hours, in order to obtain an air-dried preparation [30].




2.3. X-ray Diffraction (XRD) Investigation


2.3.1. XRD Measurements


All experimental XRD patterns were recorded from the oriented preparations of the air-dried homo-ionic sample (Swy-2-Ba), using a Brucker D8 Advance X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) at 40 kV and 20 mA (CuKα monochromatic radiation, λCuKα = 1.5406 Å), step size of 0.04° 2θ and counting time of 6 s per step, over the angular range 2–40° 2θ.




2.3.2. Relative Humidity Sequences


The experimental XRD patterns were registered at fixed RH values, over a 10% RH scale. The diffractometer installation was equipped with an Ansyco rh-plus 2250 humidity control device coupled to an Anton Paar TTK450 chamber (Anton Paar GmbH, Graz, Austria). Before the study under controlled atmosphere took place, all samples were initially recorded under room (air dry) conditions. Samples were kept at 23 °C in the CHC+ chamber (Anton Paar GmbH) during the whole data collection. Samples were kept also under a constant flow of mixed dry/saturated air to maintain the desired relative humidity (RH) after an initial equilibration. To carry out the first (hydration) cycle, the RH value was increased from room conditions (297 K and ~40% RH), to almost saturated condition (80% RH). In the second (dehydration) cycle, the procedure was realized by decreasing RH to an extremely dry state (10% RH), and finally a second return to room conditions (40% RH) was allowed. These cycles will be referred to as, respectively, hydration/dehydration and dehydration/hydration.




2.3.3. Semi-Quantitative XRD Investigation


The diffractometer installation was monitored by the EVA DIFFRAC Plus software (Bruker AXS GmbH, Karlsruhe, Germany) which allowed the calculation of qualitative parameters, such as the basal spacing d001 from the first-order (00l) Bragg reflections, its FWHM ( Full Width at Half Maximum) and the rationality (ξ) of the 00l reflection position [31]. The semi-quantitative parameter indications, combined with the description of profile geometry (i.e., symmetric or asymmetric X-ray peaks) provided preliminary information about the hydration evolution of the studied complex (Swy-Ba) all over the explored RH range. In fact, the qualitative aspect of this analytical method could not provide alone the required structural information, such as position and arrangement of Ba2+ cations with H2O molecules in the interlamellar space along the c axis. In addition, the greatest handicap is the missing information on the quantification of different hydration states, coexisting in the same sample structure. For these reasons, a quantitative analysis of XRD was performed.




2.3.4. Quantitative XRD Investigation


The XRD modeling method is widely used to quantify hydration properties of smectite as a function of relative humidity [32,33,34]. This indirect method consists of an adjustment of the experimental patterns by fitting the positions and profile shapes of 00l reflections over the explored angular range. Theoretical XRD patterns are calculated using the algorithms and the Z atomic coordinates of the interlayer space developed by Drits and Tchoubar [35]. The proposed theoretical intensities were calculated according to the matrix formalism detailed by Drits and Tchoubar [35]. The diffracted intensity along the 00l rod of the reciprocal space is given by:


      I  00 l    (  2 θ  )  =  L p  S p u r ( R e  [ Ф ]   [ W ]   {   [ I ]  + 2   ∑  n  M − 1    [     (  M − n  )   n   ]     [ Q ]   n     }  )   



(1)




where Re correspond to the real part of the final matrix; Spur, the sum of the diagonal terms of the real matrix; Lp, the Lorentz-polarization factor; M, the number of layers per stack; n = 1.1 − M − 1; [Ф], the structure factor matrix; [I], the unit matrix; [W], the diagonal matrix of the proportions of the different kinds of layers and; [Q], the matrix representing the interference phenomena between adjacent layers. Abundances of the diverse types of layers (Wi), the mode of stacking of the different kinds of layers and the mean number of layers per Coherent Scattering Domain (CSD) are determined through XRD profile modeling approach. Within a CSD, the stacking of layers is described by a set of junction probabilities (Pij). The relationships between these probabilities and the abundances Wi of the different types of layers are given by Oueslati [36,37]. All XRD profiles are simulated following the fitting strategy detailed by Oueslati [38,39,40].






3. Results and Discussion


3.1. First Hydration/Dehydration Cycle


3.1.1. Qualitative XRD Analysis


Experimental XRD patterns obtained under controlled atmosphere during the first cycle are presented in Figure 1 with the theoretical profiles calculated, using the corresponding contributions of the various mixed-layer structures.



For the RH range extending between 50% (hydration process) ≤ RH ≤ 40% (dehydration process) all recorded profiles are characterized by an asymmetric 001 reflection, revealing the appearance and/or disappearance of a new hydration phase during the hydration transition. This observation is interpreted as a heterogeneous hydration, confirmed by the calculated FWHM and the ξ parameter values, showing irrational 00l reflection position (Table 1). For the rest of the studied cycle, the majority of 001 reflections are more symmetric, which is in conflict with the calculated high FWHM and ξ values, probably indicating the presence of hydration heterogeneities (Table 1). The evolution of d001 basal spacing values as a function of the relative humidity (Figure 2) shows a fast progress versus RH values during the hydration process. The d001 ranges from 14.94 Å at the beginning of the cycle (40%, corresponding to a homogeneous 2W state), to 17.19 Å at the highest RH condition (80%). This statement is gathered by a fast intercalation of water molecules in the IS, which accelerate the 2W → 3W transition. Along the dehydration process, the variation of the d001 spacing from 80% to 40% RH tails the same route shown during the hydration procedure. Approaching the lowest RH field, a slow decrease of d001 spacing, reaching d001 = 13.11 Å at 10% RH, is noted.



This phase, probably attributed to an interstratified 2W/1W hydration state, mainly dominated by the monohydrate layer types (1W), extends over the lower RH range.



The hydration process, respecting the same dehydration path reached at 40% RH, is characterized by a slow 1W → 2W transition compared to the first cycle.




3.1.2. Quantitative XRD Investigation


Evolution of the Hydration Performance


Results derived from the quantitative XRD analysis are explained by sequential transitions between hydration states along continuous RH range. An important heterogeneous hydration state is detected from 50% to 70% RH.



During the dehydration process 60% RH → 50% RH, the contribution of three different MLSes is imposed in order to achieve the best fit. For the rest of the RH states, just two MLS types allow reproducing the experimental XRD profiles. The relative proportions of the MLSes and their detailed compositions used to adjust theoretical and experimental patterns are reported in Table 2.
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Figure 1. Best agreement obtained between experimental (black) and theoretical (yellow) XRD patterns, calculated using the respective contributions (red, green, blue) of the various mixed-layer structures in the case of the first cycle. 
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Table 1. Qualitative XRD analysis versus relative humidity (RH) conditions.







Table 1. Qualitative XRD analysis versus relative humidity (RH) conditions.







	
Process

	
% RH

	
d001 (Å)

	
FWHM (° 2θ)

	
ξ, Xi

	
Character






	
Case of the First Cycle




	
Hydration

	
40 (Starting)

	
14.94

	
1.55

	
0.97, 3

	
I




	
50

	
16.38

	
1.21

	
0.55, 3

	
I




	
60

	
16.92

	
0.88

	
0.52, 3

	
I




	
70

	
17.07

	
0.80

	
0.69, 3

	
I




	
80

	
17.19

	
0.78

	
0.67, 3

	
I




	
Dehydration

	
70

	
17.06

	
0.80

	
0.55, 3

	
I




	
60

	
16.8

	
0.90

	
0.50, 3

	
I




	
50

	
16.16

	
1.55

	
0.32, 3

	
I




	
40

	
14.74

	
1.46

	
0.68, 3

	
I




	
30

	
14.06

	
0.89

	
0.37, 3

	
H




	
20

	
13.94

	
0.90

	
0.39, 3

	
H




	
10

	
13.11

	
1.12

	
0.52, 3

	
I




	
Hydration

	
20

	
14.01

	
0.96

	
0.51, 3

	
I




	
30

	
14.11

	
0.99

	
0.52, 3

	
I




	
40 (Return)

	
14.89

	
0.63

	
0.37, 3

	
H




	
Case of the Second Cycle




	
Dehydration

	
40 (Starting)

	
14.96

	
1.32

	
0.52, 3

	
I




	
30

	
13.61

	
0.77

	
0.25, 3

	
H




	
20

	
12.45

	
0.87

	
0.23, 3

	
H




	
10

	
12.27

	
0.89

	
0.20, 3

	
H




	
Hydration

	
20

	
12.40

	
0.90

	
0.20, 3

	
H




	
30

	
13.43

	
0.78

	
0.24, 3

	
H




	
40

	
14.79

	
1.34

	
0.66, 3

	
I




	
50

	
15.74

	
0.94

	
0.35, 3

	
H




	
60

	
16.13

	
0.71

	
0.22, 3

	
H




	
70

	
16.45

	
1.30

	
0.70, 3

	
I




	
Dehydration

	
80

	
16.80

	
0.90

	
0.55, 3

	
I




	
70

	
16.66

	
0.82

	
0.70, 3

	
I




	
60

	
16.40

	
0.68

	
0.20, 3

	
H




	
50

	
16.09

	
0.73

	
0.19, 3

	
H




	
40 (Return)

	
15.50

	
1.55

	
0.59, 3

	
I








Note: FWHM (° 2θ) calculated for (001) reflection, ξ (Å): calculated as the standard deviation of the ℓ*d (00l) values for Xi measurable reflections over the angular range, Character: H (homogeneous), I (interstratified).








Evolution of the Layers Types in Structure


The relative proportions of various layer types (summing up all MLSes) as a function of RH are represented in Figure 4. At the beginning of the cycle (40% RH starting), the Swy-2-Ba structure is reproduced by a segregated 1W/2W hydration model. By increasing RH values, a fast transition from 1W to 2W hydration state, accompanied by a modest appearance of the tri-hydrated layer type (3W) is noted at 50% RH for the first time. The amount of 3W hydration state rises to reach a high contribution (24.30%) at the almost saturated state, where bi-hydrated layer type dominates the structure. On the other hand, along the dehydration process, where % RH extends between 80% RH and 50% RH, the structure is characterized by an interstratified phase, including the three-layer type (1W, 2Wand 3W) with a dominance of a bi-hydrated one. When RH extends from 40% to 30%, a disappearance of the 3W hydration state is renowned and theoretical models include heterogeneous structures, containing variable proportions of 2W and 1W layer types (Table 2). By approaching the lower RH range, a notable acceleration of the 2W → 1W transition is observed. At 20% RH (dehydration process) and during the first appearance of dehydrated layer type (0W), the structure is dominated by monohydrated layers (78.10%). All over the RH range, spreading between 20% (dehydration process) ≤ RH ≤ 30% (rehydration process), the structure is characterized by the coexistence of three hydration states with different contributions involving 0W, 1W and 2W (Table 2). At the end of the cycle (40% RH), a process of complete vanishing of dehydrated layers (0W) and fast 1W → 2W transition, leaves a structure, dominated by the bi-hydrated phase.
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Figure 2. (a) Evolution of the given d001 spacing values according to % RH along the first cycle, based on the following: hydration (black color); dehydration (red line); hydration (green line) sequence (1) and the second ones, based on the following: dehydration (black color); hydration (red line); dehydration (green line) sequence (2) cycle. (b) Comparison of the interlayer water contents as a function of the relative humidity rates (RH %) between the first (1) and the second cycle (2). 
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[image: Minerals 05 00507 g002]







[image: Table] 





Table 2. Optimum structural parameters used to reproduce experimental patterns of Swy-Ba as a function of RH along the first cycle.







Table 2. Optimum structural parameters used to reproduce experimental patterns of Swy-Ba as a function of RH along the first cycle.







	
Process

	
% RH

	
% of MLS

	
0W/1W/2W/3W-R0//R1

	
N H2O

	
Z H2O

	
n Ba

	
Z Ba

	
M




	
0W

	
0W

	
0W

	
0W

	




	
1W

	
1W

	
1W

	
1W

	




	
2W

	
2W

	
2W

	
2W

	




	
3W

	
3W

	
3W

	
3W

	






	
Hydration

	
40

	
64

	
0/15/85/0–R0

	
-

	
-

	
-

	
-

	
8




	
Start

	
36

	
0/65/35/0–R1

	
1

	
10.30

	
0.15

	
10.30

	




	

	

	

	
4

	
11.40/14.60

	
0.15

	
12.20

	




	

	

	

	
-

	
-

	
-

	
-

	




	
50

	

	

	
-

	
-

	
-

	
-

	




	

	
45

	
0/75/25/0–R1

	
2.5

	
10.00

	
0.15

	
10.00

	




	

	
37.40

	
0/45/55/0–R0

	
4

	
11.20/14.70

	
0.15

	
12.00

	
8




	

	
17.60

	
0/0/75/25–R0

	
3.6

	
11.50/14.30/16.20

	
0.15

	
14.30

	




	
60

	

	

	
-

	
-

	
-

	
-

	




	

	
56

	
0/0/75/25–R1

	
2.5

	
10.20

	
0.15

	
10.20

	




	

	
30

	
0/80/20/0–R1

	
5

	
11.00/14.40

	
0.15

	
12.00

	
9




	

	
14

	
0/30/70/0–R1

	
5.4

	
11.50/14.70/16.20

	
0.15

	
14.70

	




	
70

	

	

	
-

	
-

	
-

	
-

	




	

	
61.64

	
0/0/70/30–R1

	
2

	
10.20

	
0.15

	
10.20

	




	

	
30.36

	
0/75/25/0–R1

	
5

	
11.20/14.60

	
0.15

	
12.00

	
8




	

	
8

	
0/0/15/85–R1

	
6

	
11.50/14.90/16.70

	
0.15

	
14.90

	




	
80

	
54

	
0/0/55/45–R0

	
-

	
-

	
-

	
-

	




	

	
46

	
0/60/40/0–R0

	
2.5

	
10.00

	
0.15

	
10.00

	
7




	

	

	

	
5.2

	
11.30/14.70

	
0.15

	
12.20

	




	

	

	

	
7.5

	
11.30/14.80/16.60

	
0.15

	
14.80

	




	
Dehydration

	
70

	
51

	
0/0/55/45–R1

	
-

	
-

	
-

	
-

	




	

	
49

	
0/65/35/0–R1

	
2

	
10.20

	
0.15

	
10.20

	
8




	

	

	

	
5.2

	
11.30/14.70

	
0.15

	
12.20

	




	

	

	

	
7.5

	
11.30/14.80/16.60

	
0.15

	
14.80

	




	
60

	
42

	
0/70/30/0–R1

	
-

	
-

	
-

	
-

	




	

	
40.60

	
0/0/65/35–R1

	
1.5

	
10.50

	
0.15

	
10.50

	
8




	

	
17.40

	
0/25/75/0–R0

	
5

	
10.80/14.80

	
0.15

	
12.10

	




	

	

	

	
5.4

	
11.50/14.60/16.40

	
0.15

	
14.60

	




	
50

	
76

	
0/60/40/0–R1

	
-

	
-

	
-

	
-

	




	

	
19

	
0/30/70/0–R1

	
2.5

	
09.80

	
0.15

	
09.80

	
7




	

	
5

	
0/0/70/30–R1

	
5

	
10.80/14.80

	
0.15

	
12.20

	




	

	

	

	
3.6

	
10.20/14.50/16.40

	
0.15

	
14.50

	




	
40

	
87

	
0/55/45/0–R1

	
-

	
-

	
-

	
-

	




	

	
13

	
0/30/70/0–R1

	
1

	
10.00

	
0.15

	
10.00

	
8




	

	

	

	
4

	
11.20/14.70

	
0.15

	
12.20

	




	

	

	

	
-

	
-

	
-

	
-

	




	
30

	
55

	
0/80/20/0–R0

	
-

	
-

	
-

	
-

	




	

	
45

	
0/55/45/0–R0

	
1

	
10.70

	
0.15

	
10.70

	
10




	

	

	

	
3

	
11.00/13.80

	
0.15

	
12.00

	




	

	

	

	
-

	
-

	
-

	
-

	




	
20

	
77

	
0/85/15/0–R0

	
-

	
-

	
0.15

	
8.90

	




	

	
23

	
45/55/0/0–R1

	
1

	
10.70

	
0.15

	
10.70

	




	

	

	

	
2

	
11.50/14.20

	
0.15

	
12.00

	
11




	

	

	

	
-

	
-

	
-

	
-

	




	
10

	
80

	
15/85/0/0–R1

	
-

	
-

	
0.15

	
9.00

	




	

	
20

	
0/65/35/0–R0

	
1

	
10.70

	
0.15

	
10.70

	
11




	

	

	

	
2.4

	
11.00/14.50

	
0.15

	
12.00

	




	

	

	

	
-

	
-

	
-

	
-

	




	
Hydration

	
20

	
72

	
0/65/35/0–R0

	
-

	
-

	
0.15

	
8.90

	




	

	
28

	
30/70/0/0–R0

	
1

	
10.70

	
0.15

	
10.70

	
10




	

	

	

	
4

	
11.20/14.80

	
0.15

	
12.00

	




	

	

	

	
-

	
-

	
-

	
-

	




	
30

	
80

	
0/60/40/0–R0

	
-

	
-

	
0.15

	
9.00

	




	

	
20

	
25/75/0/0–R0

	
1

	
10.30

	
0.15

	
10.30

	
10




	

	

	

	
4

	
11.20/14.80

	
0.15

	
12.00

	




	

	

	

	
-

	
-

	
-

	
-

	




	
40

	
58

	
0/30/70/0–R1

	
-

	
-

	
-

	
-

	
7




	

	
42

	
0/55/45/0–R1

	
1

	
10.50

	
0.15

	
10.50

	




	

	

	

	
4

	
11.00–14.60

	
0.15

	
12.20

	




	

	

	

	
-

	

	
-

	
-

	












3.2. The Second Hydration/Dehydration Cycle


3.2.1. Qualitative XRD Investigation


The best agreement between the experimental XRD patterns, recorded in situ along the reverse cycle, and the calculated theoretical profiles, is presented in Figure 3, together with the composition and proportions of MLSes used for modeling. The global observation of the experimental XRD patterns show that 00l reflections are characterized by symmetric profiles, except for the RH range extending between 70% and 60% RH. Throughout this humidity range, the appearance of peak-shoulders indicates a coexistence of various crystallite hydration phases. An examination of the FWHM and the irrationality parameter values (Table 1), suggesting an interstratified hydration character all over the investigated %RH range, confirms this hypothesis.



The d001 evolution versus % RH (Figure 3) allows an estimation of the hydration progress law along the second cycle. At 40% RH, the d001 value (14.96 Å) is attributed to a homogeneous 2W hydration state. By progressively decreasing % RH towards extremely dry conditions (10% RH), a fast lessening of spacing values down to 12.27 Å credited to a homogeneous 1W hydrated state, is observed. Along the hydration process, the d001 upsurge follows virtually the same rule, detected along the dehydration procedure (between 20% ≤ RH ≤ 40%).
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Figure 3. Best agreement obtained between experimental (black) and theoretical (yellow) XRD patterns calculated using various mixed-layer structures’ contribution (red, green, blue) in the case of the second cycle. 
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From 50% RH to 80% RH, a slow growth of the basal spacing values reflects the hard 2W → 3W transition. During the dehydration procedure, which starts from the almost saturated conditions to 40% RH (the end of the cycle), d001 slowly decreases from 16.80 to 15.50 Å, where the studied sample is characterized by an interstratified structure, ascribed probably to an intermediate 2W and 3W hydrated state. Moreover, at higher RH values, an appearance of a loop, enlightened by important structural fluctuations, created by distinct hydration transitions in the interlamellar space (IS), is noted (Figure 3).




3.2.2. Quantitative XRD Analysis


Progress of the Heterogeneous Hydration in the Structure


The quantitative investigation shows that all proposed models are characterized by the coexistence of various MLSes with different relative contributions of layer types (Figure 3) which proves the heterogeneous hydration character over the RH range. The structure heterogeneity degree is determined respectively at 70% RH (hydration procedure) and at the end of the cycle (40% RH). In fact, the obtained results prove that the best agreement between calculated and experimental patterns are achieved assuming three different particle populations (Figure 3). Structural parameters and compositions of the MLSes, used to achieve the fitting throughout the second cycle are summarized in Table 3.
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Table 3. The optimum structural parameters used to reproduce experimental patterns of Swy-Ba as a function of RH, along the second cycle.
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Procedure

	
% RH

	
% of MLS

	
0W/1W/2W/3W-R0//R1

	
n H2O

	
Z H2O

	
n Ba

	
Z Ba

	
M




	
0W

	
0W

	
0W

	
0W

	




	
1W

	
1W

	
1W

	
1W

	




	
2W

	
2W

	
2W

	
2W

	




	
3W

	
3W

	
3W

	
3W

	






	
Dehydration

	
40

	
60

	
0/60/40/0–R1

	
-

	
-

	
-

	
-

	




	
Start

	
40

	
0/35/65/0–R1

	
1

	
10.70

	
0.15

	
10.70

	
9




	

	

	

	
4

	
11.20/14.70

	
0.15

	
12.20

	




	

	

	

	
-

	
-

	
-

	
-

	




	
30

	
82

	
0/75/25/0–R0

	
-

	
-

	
0.15

	
9.00

	




	

	
12

	
35/65/0/0–R0

	
1

	
10.30

	
0.15

	
10.30

	
11




	

	

	

	
2

	
11.20/14.00

	
0.15

	
12.20

	




	

	

	

	
-

	
-

	
-

	
-

	




	
20

	
90

	
0/95/05/0–R0

	
-

	
-

	
0.15

	
9.00

	




	

	
10

	
35/65/0/0–R0

	
0.5

	
09.80

	
0.15

	
9.80

	
11




	

	

	

	
2

	
11.20/14.80

	
0.15

	
12.20

	




	

	

	

	
-

	
-

	
-

	
-

	




	
10

	
88

	
0/100/0/0

	
-

	
-

	
0.15

	
8.90

	




	

	
12

	
35/65/0/0–R0

	
0.5

	
9.50

	
0.15

	
9.50

	
8




	

	

	

	
-

	
-

	
-

	
-

	




	

	

	

	
-

	
-

	
-

	
-

	




	
Hydration

	
20

	
80

	
0/95/05/0–R0

	
-

	
-

	
0.15

	
8.90

	




	

	
20

	
25/75/0/0–R0

	
0.5

	
10.20

	
0.15

	
10.20

	
8




	

	

	

	
2

	
10.80/14.00

	
0.15

	
12.20

	




	

	

	

	
-

	
-

	
-

	
-

	




	
30

	
75

	
0/75/25/0–R0

	
-

	
-

	
0.15

	
9.00

	




	

	
25

	
20/80/0/0–R0

	
1

	
10.70

	
0.15

	
10.70

	
9




	

	

	

	
3

	
11.00/13.80

	
0.15

	
12.20

	




	

	

	

	
-

	
-

	
-

	
-

	




	
40

	
62

	
0/65/35/0–R0

	
-

	
-

	
-

	
-

	




	

	
38

	
0/15/85/0–R0

	
1

	
10.70

	
0.15

	
10.70

	
8




	

	

	

	
4

	
11.00/13.80

	
0.15

	
12.20

	




	

	

	

	
-

	
-

	
-

	
-

	




	
50

	
65

	
0/55/45/0–R1

	
-

	
-

	
-

	
-

	




	

	
35

	
0/0/100/0

	
2.5

	
09.80

	
0.15

	
9.80

	
8




	

	

	

	
5

	
11.30/14.00

	
0.15

	
12.20

	




	

	

	

	
-

	
-

	
-

	
-

	




	
60

	

	

	
-

	
-

	
-

	
-

	
8




	

	
49

	
0/65/35/0–R1

	
2.5

	
09.80

	
0.15

	
9.80

	




	

	
28.05

	
0/0/75/25–R0

	
5.2

	
11.30/14.70

	
0.15

	
12.20

	




	

	
22.95

	
0/35/65/0–R0

	
7.5

	
10.30/14.80/16.60

	
0.15

	
14.80

	




	
70

	

	

	
-

	
-

	
-

	
-

	
8




	

	
58

	
0/0/85/15–R0

	
2.5

	
10.20

	
0.15

	
10.20

	




	

	
42

	
0/45/55/0–R1

	
5

	
11.00/13.80

	
0.15

	
12.20

	




	

	

	

	
4.5

	
10.90/14.50/16.70

	
0.15

	
14.50

	




	
80

	
58

	
0/60/40/0–R1

	
-

	
-

	
-

	
-

	
8




	

	
42

	
0/0/65/35–R1

	
2.5

	
10.50

	
0.15

	
10.50

	




	

	

	

	
5.2

	
11.00/14.90

	
0.15

	
12.20

	




	

	

	

	
7.5

	
10.90/14.90/16.20

	
0.15

	
14.90

	




	
Dehydration

	
70

	
62

	
0/55/45/0–R1

	
-

	
-

	
-

	
-

	




	

	
38

	
0/0/70/30–R1

	
2.5

	
10.50

	
0.15

	
10.50

	




	

	

	

	
5.2

	
11.00/14.90

	
0.15

	
12.20

	
8




	

	

	

	
7.5

	
10.30/14.90/16.40

	
0.15

	
14.90

	




	
60

	
70

	
0/0/85/15–R0

	
-

	
-

	
-

	
-

	




	

	
30

	
0/65/35/0–R1

	
2.2

	
9.80

	
0.15

	
9.80

	




	

	

	

	
5

	
11.20/14.80

	
0.15

	
12.10

	
8




	

	

	

	
5.4

	
11.00/14.70/16.40

	
0.15

	
14.70

	




	
50

	
55

	
0/0/85/15–R0

	
-

	
-

	
-

	
-

	




	

	
45

	
0/45/55/0–R1

	
1.5

	
9.90

	
0.15

	
9.90

	




	

	

	

	
4

	
11.20/14.00

	
0.15

	
12.10

	
8




	

	

	

	
5.4

	
11.00/14.70/16.40

	
0.15

	
14.70

	




	
40

	
40

	
0/70/30/0–R1

	
-

	
-

	
-

	
-

	
9




	

	
39

	
0/0/100/0

	
1.5

	
10.00

	
0.15

	
10.00

	




	

	
21

	
0/40/60/0–R0

	
3

	
11.00–13.80

	
0.15

	
12.00

	




	

	

	

	
-

	
-

	
-

	
-

	










Evolution of Hydration State’s Contributions


At the beginning of the cycle, the structural model of the studied sample is obtained by mixing 50% of 1W hydration state and 50% of the bi-hydrated ones (2W). With decreasing RH values along the dehydration process, a fast 2W–1W transitions is observed (Figure 2), accompanied by the appearance of dehydrated layers at 30% RH, which persist in the structure both along the dehydration and hydration process (Figure 4). Over this range, the structure is dominated by mono-hydrated layers, which preserve the highest proportions, compared to 0W and 2W. A transformation is observed at 40% RH, along the hydration procedure, where a fast increase of 2W at the expense of 1W hydration state is noted. In fact, the studied complex structure is described using 46% and 54% of 1W and 2W layer types, respectively. Reaching 60% RH, the intercalation of water planes in interlayer spaces becomes easier, which is confirmed by the appearance of 3W layers over an RH spreading between 60% (during the hydration process) ≤ RH ≤ 50% RH (during the dehydration process). At this stage, the structure keeps a major contribution of 2W phases with minor contributions of 1W and 3W layers types. Arriving at the end of the cycle, the structure model is characterized by 36.40% and 63.60% for 1W and 2W hydration states respectively.
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Figure 4. Evolution of the relative contribution of different layer types (summing up all mixed-layer structures) as a function of the relative humidity (%RH) in the first (a) and second (b) cycles, respectively. 
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4. Discussion


Treated wastewaters contain elevated concentrations of suspended and dissolved organic and inorganic matter, insufficiently removed from the effluent. Adsorption on solid substrates, such as clay or activated carbon, is one of the methods used for wastewater treatment.



Montmorillonite clay, available in large quantities, can be used as an adsorbent for the removal of many pollutants present in soil solutions. The evaluation of potential sorbent materials requires an understanding of all physical and chemical phenomena that control the clay/solution interface. This study tries to answer the fundamental question about the effect of atmospheric conditions (specifically relative humidity in this case) on the metal/montmorillonite exchange process, using XRD modeling approach. Removal of barium from aqueous solutions represents one of the topics that many studies are focused on, using different methods [41]. One of those [42] studied the sorption of Ba2+ on montmorillonite, at ionic strengths ranging from 1 × 10−3 to 1 × 10−1 M. His L-shape exchange isotherms for Ba2+−Na+ systems are defined by a Langmuir-type equation. The main reported results show that the exchange capacity of Ba2+ ions increase with a decrease of ionic strength. Several former works [18,43] also report similar studies based on XRD investigations. Others [44,45] applied the XRD profile modeling approach in combination with adsorption−desorption isotherm experiments to assess the proportion of different layer types (with 0.3 planes of interlayer H2O molecules), coexisting along the isotherms. However, their calculations were limited to reproduce the position of the 001 reflection, whereas positions and shapes of higher-order 00l reflections were not considered. These limitations did not allow a complete description of the real structure of their samples.



Ferrage et al. [46] demonstrate in the case of high-charge montmorillonite (SAz-1) and low-/high-charge beidellites (SbId-1 and Sb-Ca), studied under controlled atmosphere and saturated by Sr and Ca cations, that structure models are more heterogeneous for beidellite than for montmorillonite. They also show that the increase of the hydration heterogeneity in beidellite originates from the presence of 0W (nonexpendable) and of 1W layers under high RH conditions.



In this study, the proposed theoretical models used to fit a Ba-exchanged montmorillonite specimen, presented a more complex structure of “crystallite”, characterized by numerous contributions of MLSes than those used in earlier studies. The quantitative XRD investigation explored a wide range of 00l reflection (up to 004). The best agreement between experimental and theoretical patterns was achieved, using the proposal of coexistence of different MLS types, exhibiting different proportions of layers with contrasting hydration states.



This result is in accordance with the literature [34,35,36,46,47], especially in terms of structural heterogeneities. Indeed, for the Swy-2-Ba sample, and along the dehydration process, the structure is characterized by multiple MLS contributions, including different relative proportions of layer types (0W, 1W, 2W and 3W). The maximum structural heterogeneity is observed by extending RH to extreme atmospheric conditions 80% RH, where structure presents a random distribution of layer type with appearance of the 3W hydration state. The lowest heterogeneity is observed, near to room conditions, at 50% RH.



Hence, the hydration heterogeneity is the main deduced behavior for all studied specimens. The theoretical structural models, related respectively to the high relative humidity value and after the dehydration sequence, show more complex structure than for the initial structure.



This result is in agreement with the study of Ferrage et al. [32] where authors showed an increase of the hydration heterogeneity degree, characterized by the presence of more than one hydration state into the structures of two mineral specimens (beidellite) with variable charge location.



On the other hand, this work complies with [47,48] where the author modelled the XRD spectra, fitting both positions and profiles of the 00l reflections over a large angular range and showed that randomly interstratified structures, each containing different layer types, coexisted in their montmorillonite samples.




5. Conclusions


The structure response of Ba-exchanged montmorillonite (sample Swy-2-Ba) over both the dehydration and hydration RH paths was studied, using qualitative and quantitative XRD analysis.



The quantitative XRD investigation shows that all proposed models are characterized by the coexistence of various MLSes with different relative contributions of layer types, which demonstrates the heterogeneous hydration character. This result is interpreted as a variation in interlamellar space (IS) configurations, indicating unstable material behavior, inappropriate for further long storage application. All structural fluctuations and hydrous perturbations strongly affect the amount of interlayer water molecules, leading to the appearance of a logical hydration hysteresis. The highest degree of structure heterogeneity was determined at 70% RH (hydration procedure) and at the end of the cycle (40% RH), which means that after any change in atmospheric humidity trend, the homogeneity of the clay/soil solution system is disturbed and the exchange performance of the geological barrier can be affected.
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