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Abstract 
The nacrite-LiCl hybrid composite material was prepared at room temperature by indirect inter-
calation of lithium chloride between the planar layers of nacrite, a clay mineral, using acetone as a 
solvent. The structural identification of the hybrid clay material was determined by means of 
X-ray diffraction (XRD), thermogravimetric analysis (TGA) and infrared spectroscopy (IR). The 
qualitative XRD analysis showed that the basal spacing value increased from 0.72 nm to 1.14 nm 
and revealed that the alkali halide intercalated successfully in the interlayer space of the nacrite 
framework. The quantitative XRD analysis allowed us to determine the optimum structural para-
meters related to the position and number of keyed ions and water molecules per half unit cell 
calculated along the c* axis and the goodness of fit parameter (Rp). The thermal properties of the 
elaborated hybrid were in great accordance with the XRD study and confirm the intercalation of 
the hydrated salt in the interlamellar space of nacrite. Moreover, IR spectroscopy enabled the 
study of the interactions between the silicate ‘‘networks’’ and the alkali halide. 

 
Keywords 
Nacrite, Composite Material, X-Ray Diffraction, TG Analysis, Infrared Spectroscopy 

 
 

1. Introduction 
Kaolin [Al2Si2O5(OH)4] is an abundantly available and relevant clay resource, with enormous industrial applica-
tions in porcelain, pottery, ceramics [1], paper manufacturing, pharmaceutical and cosmetic industries [2] [3]. 
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Although, kaolin has potential environmental applications in nuclear waste treatment and in adsorbance and re-
moval of heavy metals via the zeolite synthesis, etc. [4] [5]. Most of the applications of kaolin refer to its low 
cost, easy availability, non-toxicity, bulk properties and its surface chemical properties [6].  

The kaolin group is divided in three polytypes (i.e. nacrite, kaolinite, dickite) in addition to halloysite their 
hydrated analogue. Kaolin-type clay is a two-layer silicate mineral consisting of alternating layers of silica te-
trahedron and aluminium hydroxide octahedron. The sheet thickness is around 0.72 nm. The hydrogen bonding 
between the hydroxyl group of the octahedral sheet of one bilayer and the tetrahedral oxygen of the adjacent si-
lica sheet of the next bilayer holds the two layers together [7]. With such a configuration and by adding very low 
organic and/or inorganic precursor content to the layered silicate, it is possible to tailor kaolin into various 
structures of hybrid clay nanocomposites [8] [9] while maintaining the structural features of the host clay ma-
terial [10]-[12]. However, hybridization is eventually accompanied by substantial modifications of the kaolin 
surface of this silicate layer due to the expansion of the interlamellar space and complexation via hydrogen 
bonding [13] [14]. The resulting hybrid materials have attracted much interest from researchers, since they fre-
quently show unexpected and remarkable improvements in the rheological, mechanical, thermal, optical and 
electrical properties compared to the unmodified silicate mineral. In the case of nacrite-polytype study, the in-
tercalation of inorganic salts and dipolar organic molecules is well documented and numerous publications are 
available [15]-[18].  

In this paper, a continuation of existing literature data is presented focusing eventually on the intercalation of 
LiCl alkali halide in the interlayer space of nacrite. Nacrite crystallized in the monoclinic lattice with a Cc space 
group [7], the 2M stacking mode of nacrite is well described using the following structural parameters: a = 
8.906 Å, b = 5.146 Å, c = 15.669 Å, β = 113.58˚ with a basal distance equal to d002 = c sinβ/2 = 7.18 Å [19].  

Indeed, three intercalation modes of alkali halides into the kaolin sub-group can be distinguished: Mode A in-
cludes those species that are directly intercalated: Michaelian et al., [20] proposed three different techniques re-
lated to this mode: In the first technique, the components are thoroughly mixed in small test tubes by manual 
shaking for about 5 min; in the second one, the mixtures are ground in a mechanical mortar grinder for 30 min in 
ambient atmosphere (air grinding); in the third technique, the mixtures are ground mechanically for 60 min but 
from time to time a few drops of water are added during the grinding process in order to keep the mixture moist 
(wet grinding). However, the intercalation reaction associated with the first two methods is much slower than 
the third one, and the increase of the grinding period results in the amorphization of kaolinite framework. La-
pides et al., [21] proposed an additional treatment-method consisting of grinding clay-salt mixtures with a li-
mited amount of water and then pressing them into disks. However, reactions between the kaolin mineral and 
the salt may occur during the preparation of the disk since complications may arise from further kaolinite/alkali 
halide interactions when pressing the components into disks [20]. Mode B includes those species which can en-
ter the interlayer space by means of an “entraining agent” such as hydrazine or ammonium acetates [21]. Mode 
C includes those species which can only be intercalated into the interlayer space by the displacement of a pre-
viously-intercalated compound such as dimethylsufoxide “DMSO” [21]. 

In this study, Mode B has been adopted, firstly, due to the strong interlayer bonds governed by van der Waals’ 
forces between the hydrogen atoms of the hydroxyls in the octahedral sheet and the oxygen atoms in the tetra-
hedral sheet [22] which prevent the direct incorporation of some substances into the nacrite interlamellar space. 
Secondly, this process ensures the fast intercalation of the alkali halide without destruction of the kaolinite 
framework complications of the kaolinite/alkali halide interactions compared to Mode A. Finally, the protocol of 
synthesis followed in Mode B is much easier in comparison to that in Mode C. For these reasons, potassium 
acetate “KAc” was the best precursor selected for the expansion of nacrite; KAc is widely used as a small and 
highly polar molecule for the synthesis of materials that cannot be directly intercalated [21] [23]. The resulting 
KAc complex is characterized by a basal distance equal to 1.4 nm, it is then washed with water and air dried 
leading to a stable hydrate, which constituted the starting material for the next step of the synthesis of the new 
hybrid material [23]-[25]. 

The inorganic salt employed during the course of this work was imposed by the literature data [21] [26]. 
However, in the previous cases the intercalation of Li+ ion failed. The research carried out by Garrett et al. [27] 
showed that direct intercalation of halloysite, according to Mode A, does not occur with lithium chloride 
(d001(halloysite-LiCl) = 7.5 Å). Their results suggested that the effect of the ionic potential (charge/size) was related to 
the intercalation ability. Only low potential salts form intercalation complexes. The intercalation of lithium 
chloride into kaolinite following the same mode has failed due to the hygroscopic properties of the salt-clay 
mixture. Thus, this research has been the first to intercalate LiCl in the interlamellar space of nacrite. 
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2. Experimental 
2.1. Materials 
Well-crystallized Tunisian nacrite from north-east Tunisia (Jbel Slata, Kef) was used in this work as the starting 
clay [23]. This layered mineral contributes a large particle size and a high chemical stability and has previously 
been described and characterized [15] [16] [19] [23]-[25]. 

The nacrite-KAc was obtained after 14 days of manipulation, where 51 g of potassium acetate (Normality = 
26 N) were added to 4 g of natural nacrite and mechanically shaken. The nacrite-KAc hybrid was then washed 
two times with water leading to a stable-homogeneous hydrate [25]. 

Experiments based on the use of water as a solvent leads to the incomplete intercalation of Li+ cations. For 
this reason, different organic solvents (acetone, methanol, ethanol, glycerol and ethylene glycol) were tested until 
an intercalation of 0.82 g of LiCl was obtained in presence of 20 ml of acetone at room temperature. Indeed, for 
LiCl (LiCl solubility in acetone = 4.1 g/100ml), acetone is considered as the best solvent for nacrite intercalation. 
After 3 days of mechanical shaking under a magnetic stirrer, the final hybrid product was obtained and labeled: 
nacrite-LiCl. 

The extent of intercalation was determined using integrated areas of the reflections [28]: 

002hybrid

002hybrid 002nacrite

Intercalation Rat 100io %
I

I I
 

× 
+  

=                     (1) 

where I002 hybrid and I002 nacrite represent the main basal peak intensity of the hydrid and of the unexpanded nacrite 
component (d~7.2 Å), respectively. The intercalation ratio value is equal to 86% for nacrite-LiCl and remained 
unchanged even for long time reaction (Table 1). 

2.2. Characterization Methods 
The intercalation process is characterized via X-ray diffraction analysis, thermogravimetric analysis and IR 
spectroscopy. 

2.2.1. X-Ray Measurements 
The XRD patterns were obtained at room temperature with the reflection setting on a Bruker D8 installation 
monitored by the EVA-version Diffrac plus software (Bruker AXS GmbH, Karlsruhe, Germany) and using 
CuK𝛼𝛼1 radiation. Usual scanning parameters were 0.02˚2θ as step size and 6 s as counting time per step over the 
angular range 3˚ - 55˚2θ. 

The qualitative XRD investigation consisted in: 1) a global description based on the profile geometry (peak 
symmetry and/or asymmetry, d00l basal spacing values, etc.) in order to acquire a preliminary idea of the ana-
lyzed sample; 2) the EVA release software, used to identify supplementary reflection due to some persisting 
impurity attributed to the excess of salt in the surface of the oriented preparations; 3) for all samples, the FWHM 
and M  calculations were performed. M  represents the mean number of layers per stacking deduced from 
the classic Debye-Scherrer formula:  

( )00 00

0.886
2 cosl l

M
ld FWHM

λ
θ θ

=
°⋅ ⋅

                           (2) 

where λ  is the wavelength used, FWHM (˚2θ) represents the angular width at half-height of 00l XRD reflec-
tion and (ld00l) the apparent distance deduced from the maximum intensity for all measurable reflections over the 
5˚ - 55˚ 2θ angular range; 4) in order to determine the homogeneity and/or heterogeneity of the studied samples, 
a regularity criterion, using the coefficient of variation, CV, was calculated. This coefficient was introduced by 
Bailey [29]: 

 
Table 1. The intercalation ratio of nacrite-LiCl hybrid as a function of time.                                         

Time reaction 24 h 72 h 168 h 

Intercalation ratio 86% 86% 86% 
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where dn, dm and n represent the apparent spacing deduced from the maximum intensity for all measurable ref-
lections (ld00l), the mean basal distance and  the number of 00l reflections respectively. For a regular system, 
the CV coefficient is less than 0.75 indicating a homogenous complex. 

The quantitative XRD analysis has been described by Drits and Tchoubar [30], Ben Rhaiem et al. [31] and is 
based essentially on the comparison between experimental and theoretical XRD data of the clay mineral. This 
step is used in order to determine structural parameters related to: 

(a) The proportions of the different layer types (Wi); 
(b) The stacking mode of the different layer types and the mean number of layers per Coherent Scattering 

Domain (CSD) [31]; 
(c) The conditional probability of passing from a layer i to layer j (Pij). 
The relationship between the different kinds of layer proportions and probabilities are given by Drits and 

Tchoubar [30]: 

1, 1 , ., 1i j ii ij ji jj i ij j jiW W P P P P W P W P+ = + = + = =                          (4) 

In the case of interstratified phyllosilicate, we distinguish three tendencies: 
(a) The segregation tendency is given by: i iiW P<  and j jjW P< . 
(b) The total demixion is obtained for 1ii jjP P= = . 
(c) The regular tendency is obtained if: 1i jiW P< <  and 1j ijW P< < ; and finally, the limit between the last 

distribution labeled as a chaotic or random distribution is given when i ji iiW P P= =  and j ij jjW P P= = ; with 

1iW =∑ , 1ijP =∑ . The overall fit quality was assessed using the unweighted Rp parameter [32]: 
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where, Iobs and Icalc represent measured and calculated intensities, respectively, at the 2θi position, the subscript i 
running over all points in the refined angular range. Rp is mainly influenced by the most intense diffraction 
maxima, such as the 00l reflections, which contains essential information on the proportions of the different 
layer types and layer thickness. 

The Rp factors, defined as the criteria for representing the agreement between the observed and calculated 
patterns, are the indication of the best fit when they reach minimum values. In this respect, one has to ensure that 
the experimental data is reliably accurate and the model chosen must reflect the actual structure as closely as 
possible [33]. 

The diffracted intensity was calculated according to the matrix formalism developed by Plançon [34]. 
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where Re indicates the real part of the final matrix; Supr, the sum of the diagonal terms of the real matrix; Lp, 
the Lorentz-polarization factor; M, the number of layers per stack; n, an integer varying between 1 and 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 between adjacent layers; θ, the Bragg angle. 

2.2.2. Thermal Analysis 
The thermogravimetric analysis of the nacrite-LiCl hybrid was carried out using the 92 SETARAM equipment 
in flowing air, in a temperature ranging from room temperature to 800˚C along with a heating rate of 5˚C/min. 
This technique is very important to monitor the structural modification of kaolinite intercalation hybrids when 
heated at different temperatures. Although much studies has been accomplished in the areas of kaolinite interca-
lation reactions, a great deal of work is still required: 1) to make an in depth study of the structure of the formed 
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complexes; 2) to understand the parameters responsible for the reactivity; 3) to investigate an effective technique 
for characterization that can make the intercalation reaction process more clear; and 4) to conduct a detailed 
study on the phase transition of the intercalation complexes when the temperature of the system is raised 
[35]. 

2.2.3. IR Spectroscopy 
The IR spectra were recorded at room temperature using a thermo scientific Nicolet IR 200 FT-IR with ATR 
Spectrometer, equipped with a diamond crystal and operating in the medium IR [4000 - 400 cm−1] frequency 
range. IR spectroscopy is established as a reliable tool for the characterization of intercalation hybrids in order to 
examine the interactions between functional surface groups of the nacrite layers and the alkali halide. 

3. Results and Discussion 
The intercalation process is characterized via X-ray diffraction analysis, thermogravimetric analysis and IR 
spectroscopy. In the following sections, the structural properties of nacrite-LiCl hybrid will be detailed starting 
with X-ray diffraction analysis. 

3.1. X-Ray Diffraction 
The analysis of the basal reflections helps determine the structural parameters of the oriented hybrid clay aggre-
gate. 

3.1.1. Qualitative XRD Analysis 
The intercalation process of nacrite, adopted to obtain a stable hydrate has been previously detailed by Ben Haj 
Amara [23]. The XRD patterns related to the host materials, i.e. natural nacrite, nacrite-KAc and the hydrate are 
shown in Figures 1(a)-(c), respectively. The shift of the main reflection value from 7.2 to 8.4 Å indicates the 
presence of a stable hydrate in great accordance with the literature data [19] [23] [25]. The obtained hydrate is 
then considered as a host matrix to synthesize nacrite-LiCl hybrid material. 

Examining the experimental 00l reflections of the stable nacrite-LiCl hybrid, Figure 2, a main 00l reflection 
situated at 2θ002 = 7.724, with 002 11.43 0 0 Å. 2d = ±  basal spacing value can be seen. This increase is accom-
panied by the expansion of the interlayer space of nacrite by ~4.23 Å along the c* axis. This result is probably 
due to the insertion of lithium chloride salt with one water sheet into the nacrite matrix. 

 

 
Figure 1. Experimental XRD patterns of natural nacrite (a); nacrite-AcK (b); and hydrate (c). 
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Figure 2. Experimental XRD pattern of the nacrite-LiCl hybrid.             

 
Table 2 shows that the mean number of layers, M , per crystallite deduced from the Debye-Scherrer formula 

(Equation (2)) decreases from “ 70 1M = ± ” of natural nacrite [19] to “ 11 1M = ± ” of nacrite-LiCl hybrid. This 
result can be interpreted as “particle” cleavage and as a break of coherence during the intercalation process. The 
study of the CV coefficient calculated from (Equation (3)) and the rationality of the basal reflections from Ta- 
ble 2 suggest a homogenous sample character. However, the high FWHM value at around 0.846˚θ of the first 
reflection (Table 2) is interpreted as a contradictory result. This is underlined by the fact that the FWHM could 
be significantly affected by stress, strain and interstratifications. 

The quantitative study will now be considered because it is much more convincing than the qualitative one. 

3.1.2. Quantitative XRD Analysis 
Simulations of the 00l seems to be a dominant path to gain an accurate picture about the fine structure of the na-
crite-LiCl hybrid and to determine the number and z coordinates of the intercalated species in the interlamellar 
space of nacrite. 

For that, an XRD-modeling computer program designed to carry out intensity calculations was used: The-
theoretical XRD pattern related to the nacrite-LiCl specimen was reproduced to fit the experimental one. How- 
ever, the small atomic X-ray diffusion factor of Li+(2) prevents the location of this cation with good accuracy in 
the interlamellar space of nacrite. So, we dressed a series of models divided on six groups from A to F were we 
proposed various probabilities of localization of Li+ cation (Scheme 1). It was therefore interesting to deal with 
the Rp factor of each model as an indication of the effectiveness of fit. 

From these simulations we concluded that the best model belongs to Group A (Scheme 1) with the smallest 
Rp factor (6.20%). Furthermore, we observe a satisfactory agreement between the experimental and theoretical 
XRD patterns according to both the intensity and the profile (Figure 3). This model allows then a more precise 
location of Li+ cation between the layers of nacrite. 

Finally, we deduce the structural parameters of the stable nacrite-LiCl hybrid per half unit-cell: 
 One Li+ cation placed at z = 9.6 ± 0.1 Å. 
 One Cl− anion located at z = 6.4 ± 0.1 Å. 
 One water molecule situated at z = 7.9 ± 0.1 Å sandwiched between the cation and anion.  

z coordinates are taken from the oxygen surface oxygen along the normal to the layer. 
This model suggests the presence of a hydrated salt and is in concordance with the qualitative analysis. 
To sum up, the intercalated species stand vertically in the interlamellar space of nacrite, where the cations are 

located close to the ditrigonal holes of the tetrahedral layers and the anions are located close to the inner-surface 
hydroxyls of the octahedral layer of the subsequent sheet.   

Moreover, the quantitative study of the nacrite-LiCl hybrid clearly showed an interstratified stacking charac-
terized by a segregation tendency consisting of a total demixion of two types of layers: Layer A related to a mi-
nor fraction (14%) of the unexpanded 7.2 Å clay and Layer B attributed to a major fraction (86%) of the interca- 
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Figure 3. Best agreement between experimental (_____) and theoretical (_______) XRD pat-
terns of: nacrite-LiCl hybrid.                                                     

 
Group A 

(Hydrated model) 
Group B 

(Anhydrous model) 
Group C 

(Hydrated model) 
Group D 

(Anhydrous model) 
Group E 

(Hydrated model) 
Group F 

(Anhydrous model) 

      

 
Scheme 1. Representative snapshots of six group of models for XRD fitting of nacrite-LiCl hybrid. Group A: {the Li+ cation 
is located near the oxygen atom plane of the tetrahedral sheet while the Cl− anion is situated near the hydroxyl groups of the 
octahedral sheet of the adjacent layer and the water molecule is placed between the alkali cation and halide anion}: The val-
ues of Rp factors varied from 6.20  6.95. Group B: {the Li+ cation is located near the oxygen atom plane of the tetrahedral 
sheet while the Cl− anion is situated near the hydroxyl groups of the octahedral sheet of the adjacent layer}: The values of Rp 
factors varied from 38.40 40.90. Group C: {the Li+ cation, the Cl− anion and the water molecule stand horizontally in the 
same line in the middle of the interlamellar space}: The values of Rp factors varied from 35.32  39.14. Group D: {the Li+ 
cation, the Cl− anion stand horizontally in the same line in the middle of the interlamellar space}: The values of Rp factors 
varied from 39.43  39.63. Group E: {the Li+ cation point towards the hydroxyl groups of the octahedral sheet while the Cl− 
anion point towards the oxygen atom plane of the tetrahedral sheet of the adjacent layer and the water molecule is placed 
between the alkali cation and halide anion}: The values of Rp factors varied from 31.50  39.19. Group F: the Li+ cation 
point towards the hydroxyl groups of the octahedral sheet while the Cl− anion point towards the oxygen atom plane of the te-
trahedral sheet of the adjacent layer}: The values of Rp factors varied from 37.00  39.62. From these simulations we con-
cluded that the best model belongs to Group A (Scheme 1) with the smallest Rp factor (6.20%). Furthermore, we observe a 
satisfactory agreement between the experimental and theoretical XRD patterns according to both the intensity and the profile 
(Figure 3). This model allows then a more precise location of Li+ cation between the layers of nacrite.                     
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Table 2. Principal results of qualitative analysis of the experimental XRD pattern produced by nacrite-LiCl hybrid.          

00l Reflections 002 004 006 008 0010 0012 
I002/I00l 1 56.29 2.58 45.11 29.60 48.50 

(l * d00l) app 11.43 11.48 11.31 11.30 11.45 11.20 
FWHM (2θ) 0.846 0.743 0.425 0.720 0.820 0.660 

M 9 10 18 10 9 11 
CV 0.71 < 0.75 

 
lated nacrite {WA = 0.86, WB = 0.14, PAA = 1, PAB = 0, PBA= 0, PBB = 1}. The average number of layers per 
stacking within each crystallite was around 9 ± 1, this value is very close to the experimental M  value ob-
tained from qualitative analysis. The structural formula of the studied hybrid at room temperature was then de-
termined as; {(1 − α)[Si2Al2O5(OH)4LiCl⋅H2O] + α[Si2Al2O5(OH)4]} per half unit cell. Where “α” is equal to 0.14 
and corresponds to the unexpanded nacrite fraction. 

Finally, we remark after comparing our experiment with the previous results of Naamen et al., [17] [36] that 
the mean basal spacing value of nacrite-LiCl hybrid (d002 = 11.43 Å) is greater than those corresponding to na-
crite-KCl hybrid (d002 = 10.00 Å) and nacrite-CsCl hybrid (d002 = 10.50 Å). It is thus concluded that the basal 
spacing is strongly related to the types of intercalated cation. 

3.2. Thermal Analysis 
Upon thermal treatment, nacrite and/or kaolinite undergo chemical and structural changes. Within the tempera- 
ture range of 450˚C - 600˚C, dehydroxylation occurs, the structural OH are eliminated from the nacrite, the 
layered structure is destroyed, and nacrite is transformated into metanacrite amorphous phase. The octahedral 
sheet loses water and decomposes into a disordered meta-state as; Si2Al2O5(OH)4  Si2Al2O7 + 2H2O. Much of 
the aluminium of the octahedral layer becomes tetrahedrally and pentahedrally coordinated [37]. 

TG curves (Figure 4) gave evidence that nacrite/LiCl hybrid gradually loses weight from room temperature to 
800˚C. 

1) The first remarkable weight loss was observed between 25˚C - 150˚C and is mostly attributed to the drying 
process by which the water molecules that are confined to the clay mineral pores are released. 

2) The second weight loss (3.62%) occurred between 400˚C - 500˚C and belongs to the removal of the inter-
calated water molecule. 

This temperature range is also characterized by the beginning of the dehydroxylation of the hybrid at around 
450˚C. The chemical decomposition reaction of the hybrid per half unit cell can be expressed as follows: 

( ) ( ){ ( ) }
( )[ ] [ ]}{ { }

2 2 5 2 2 54 4

2 2 7 2 2 7 2 2

1- Si Al O OH LiCl Si Al O OH

1- Si Al O LiCl Si Al O 2 1-  H O 2( H) O

α α

α α α α

 ⋅   +

+ + +⋅

 

→
 

The product formed at the beginning of the dehydroxylation of the hybrid is called metahybrid  
( )2 2 7S 1i Al CO Li lα⋅ −  and is amorphous. 

3) The third weight loss was centered around 600˚C (9.23%) and was due to the removal of two structural 
waters { } { }2 2 22 1-  H O( ) 2 H O 2H Oα α+ =  during the calcination process. This step was eventually accompa-
nied by the evolution of the hydrogen halide which results from the following thermal hydrolysis [38] [39]:  

( ) ( ) ( ) ( )
2 2 3 2 2 3 2 2

1 1
2SiO Al O + 1 LiCl 2SiO Al O Li O + 1 HCl H O

2 2
α α

α α
− −

⋅ − → ⋅ ⋅ − −  

On the clay surface a liberated water molecule associates with Cl− to form volatile HCl. The volatilization of 
HCl is responsible for a great amount of thermal mass loss of the examined hybrid. This phenomenon causes the 
trapping of the alkali metal oxide Li2O within the metanacrite matrix. The amorphous metahybrid phase formed  

during this step have the following chemical formula: ( )
2 22 7

1
Li Oi Al O

2
S

α−  ⋅ 
  

. Knowing that 
( )1

2
α−

 coef-

ficient is equal to 0.43 ~ 0.5, we can simplify this chemical formula and express our metahybrid by the follow-

ing formula 2 2 7 2
1 Li O
2

Si Al O ⋅ 
 

. 
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Figure 4. TG curve of the nacrite-LiCl hybrid heated from room temperature to 800˚C.       

 
It is therefore deduced that the thermal decomposition processes of the nacrite-LiCl hybrid takes place in 

three steps that enable us to estimate the content of the clay hybrid (Table 3). The presence of one water mole- 
cule in the interlamellar space of nacrite was noticed, which confirms the quantitative XRD analysis. Moreover, 
the thermogravimetric curves revealed that the dehydroxylation of nacrite-intercalate was slightly altered from 
that of the unmodified nacrite [23]. 

3.3. IR Spectroscopy 
By comparing the spectrum of nacrite intercalated with lithium chloride to the spectrum of the untreated nacrite, 
it is possible to follow the modification of the stretching and deformation vibrations: they shift from their posi-
tions in the spectrum of untreated nacrite, and their shapes change. These effects are a consequence of several 
factors, such as the cation, the anion and the degree of intercalation and hydration [8]. 

These modifications are manifested in the recorded spectrum of the nacrite-LiCl hybrid by (Figure 5 and Ta-
ble 4): 
a) The disappearance of the OH lattice stretching band since it is located in the envelope of the strong HOH 

band; this may be undetectable in the spectrum. 
b) The appearance of HOH stretching and bending vibrations which do not occur in the spectrum of natural na-

crite. 
c) Shifts of Al-OH deformation vibrations to lower frequencies and shifts of Al-O deformation vibrations to 

higher frequencies. 
d) Shifts of the Si-O stretching and deformation vibrations. 

The weakening of the Al-OH stretching vibrations as well as the shifts of the Al-OH deformation vibrations, 
indicate that the inner surface hydroxyls of the octahedral layer form hydrogen bonds with the Cl− ions (O-H…Cl−). It 
is important to note that the hydrogen bonds between the chlorides and the inner surface OH groups are much 
stronger than those between the chlorides and the inner OH groups [8]. 

A concomitant appearance of a new, symmetric and strong water band at 3456 cm−1 is an indication that the 
intercalated H2O molecule is bonded to both ions of the salt, the alkali and the halogen [20] [40]. The cation is 
bound to the H2O oxygen by an ion-dipole electrostatic interaction whereas the anion is bound through a hydro-
gen bond in which the water molecule acts as a proton donor as follows: Li…O(H)-H…Cl [20] [40]. 

It should be mentioned that shifts of the Si-O stretching and deformation vibrations in the infrared spectrum 
of the studied hybrid indicate that these bonds are weak. This is due to the strength of the bonds formed between 
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Figure 5. Infrared spectra of natural nacrite, nacrite-KAc, hydrate and nacrite-LiCl hybrid.    

 
Table 3. Weight losses of the elaborated nacrite-LiCl hybrid.                                                     

Nacrite-LiCl Hybrid m
m
∆  −n H2O 

Per Half Unit-Cell 

Weight Loss 1 30.82 % −7 H2O 

Weight Loss 2 3.62% −1 H2O 

Weight Loss 3 9.23% −2 H2O 

Total Weight Loss 43.68%  

 
Table 4. Frequencies and assignments of IR absorption bands in the 4000 - 400 cm−1 region for natural nacrite, nacrite-KAc, 
the hydrate and nacrite-LiCl hybrid.                                                                         

Band assignment 
Samples 

Natural nacrite Nacrite-KAc Nacrite-H2O Nacrite-LiCl 

AlO-H stretching 3726 
3669 

- 
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3708 
3637  

Intercalated HOH symmetrical stretching - 3449 3539 3456 

Intercalated HOH bending - 1662 1659 1658 
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1135 
1045 
1008 

1115 
1034 
1011 

1124 
1034 
997 

1123 
1045 
1000 
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807 
757 

906 
- 

751 

911 
801 
745 

912 
788 
738 

Al-O deformation 543 564 541 547 
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water molecules and Cl− ions. Consequently, the ability of the inserted water molecule to donate its second pro- 
ton to an oxygen atom of the silicate layer leads to a weak Si-O…H-OH hydrogen bond. This result is in great 
accordance with the previous studies of Yariv et al., [8] about the keying of chloride salts into the kaolin-type 
clay minerals. 

Finally, IR spectroscopy proved that the penetrating LiCl species overcome the strong electrostatic and van 
der Waals interactions between the nacrite-like layers and form hydrogen bonds with components of the TO 
layer. 1) The Cl− halide anion interacts with the inner surface hydroxyls through hydrogen-bonding; 2) The in-
tercalated water molecule only interacts with the Cl− and Li+ ions; 3) The Li+ alkali cation, located near the basal 
oxygens of the nacrite layer, interacts electrostatically with the negatively charged oxygens of the inner-surface 
oxygen (Figure 6 and Figure 7). This result is in agreement with those suggested by [41] [42]. 

 

 
Figure 6. Representative snapshots of natural nacrite.                      

 

 
Figure 7. The possible structural model for nacrite-LiCl hybrid and the bonding between the 
activegroups on the nacrite layers and the intercalated species.                             
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4. Conclusion 
In this work, structural experiments have been conducted in order to characterize the salt intercalation process 
between the nacrite layers. The stable intercalated material has been characterized by XRD, TG and IR analyses. 
The XRD pattern showed basal spacing at 11.43 Å with integral series of 00l reflections indicating an ordered 
structure of parallel 1:1 layers. The quantitative XRD analysis showed that best agreement between the observed 
and simulated patterns (Rp = 6.20%) was obtained with one Cl− ion at z = 6.4 ± 0.1 Å, one Li+ ion at z = 9.6 ± 
0.1 Å and one H2O at z = 7.9 ± 0.1 Å in the interlamellar space of nacrite (per half-unit cell). The Li+ cation was 
located near the oxygen atom plane while the Cl− anion was near the hydroxyl groups of the adjacent layer. The 
TG analysis of the hybrid produced showed a loss of water between 450˚C - 600˚C, the weight loss (1 molecule 
per half unit cell) corresponding to the interlamellar water, in agreement with that showed by XRD. The posi-
tions of the H2O molecules, Li+ and Cl− suggest an interaction between Li+ and the basal oxygens on one side 
and Cl− and the surface hydroxyls on the other side. The H2O can establish binding either with Li+ cation or Cl− 
ions. 
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