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Abstract 
Electroconductive hydroxy-sodalite/graphite composites were synthesized by 
alkali-activation of kaolinite in the presence of sodium hydroxide as the alkali 
activator and graphite as a conductive filler. Thermal, morphological and mi-
crostructural properties in addition to direct current (D.C.) conductivity of 
the prepared composites were investigated. Thermogravimetric analysis 
(TGA), Fourier transform infrared spectroscopy in the attenuated total ref-
lection mode (FTIR/ATR), X-ray diffraction (XRD), scanning electron mi-
croscope/energy dispersive using X-ray analysis (SEM/EDX) and DC conduc-
tivity measurements were used to characterize the prepared composites. The 
effect of the hydroxyl-sodalite-to-graphite and NaOH-to-kaolinite ratios on 
the electrical conductivity was investigated and evaluated on the generated 
composite specimens made of Jordanian kaolinite or pure kaolinite. It was 
demonstrated that increasing the mass ratio of graphite-to-kaolinite in the 
clay-based composites increased the electrical conductivity of the resultant 
composites. It was also observed that using 1:1 graphite-to-pure kaolinite 
mass ratio showed the best electrical conductivity value of 3 × 10−3 s/cm, 
among the other mass ratios used for pure kaolinite specimens, while using 
1:1 mass ratio of graphite-to-Jordanian kaolinite showed a conductivity of 1.6 
s/cm. 
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1. Introduction 

Inorganic polymers are macromolecules comprising of inorganic elements as 
part of their skeletal structure or as pendent functionality within a dimensional 
skeletal structure [1]. The term inorganic polymer is more often used to specify 
polymers without carbon atoms in their skeletal structures. Inorganic polymers 
have attracted the attention of researchers on the unique properties of the inor-
ganic counterpart in the polymer as compared to their organic counterparts [2]. 
The excellent features of the inorganic polymers include high thermal stability, 
inexpensive versatile sources, high mechanical strength, and the ability to be 
manufactured in chains, sheets and three-dimensional structures [2] [3]. 

Kaolinite is a layered aluminosilicate mineral with the chemical composition 
of Al2Si2O5(OH)4. It has low swell-shrink and cation-exchange capacities (1 - 15 
meq/100 g) [3]. It has been activated by alkali-activation to produce, potentially, 
a network of hydroxy-sodalite (H-SOD) [4]. 

The reaction of solid aluminosilicate sources, such as kaolinite, with an 
aqueous alkali hydroxide or silicate solution can produce a synthetic alkali acti-
vated aluminosilicate material, which is called inorganic polymers. Sources of 
solid aluminosilicate include natural minerals such as kaolinites and industrial 
wastes such as fly-ash and slag from blast furnaces [5]. The alkali activation 
reaction is pH sensitive and NaOH or KOH may have been frequently used for 
this specific purpose [6] [7]. 

Hydroxy-sodalite is a crystalline form of aluminosilicate network comprising 
of diverse ordered channels, sizes and infinite structures [4] [8]. This particular 
channel-like structure is responsible for many applicable properties of the 
H-SOD, such as molecular sieving [9], catalytic activities [10], ion exchange [11], 
and high selectivity for adsorption [12] [13]. Using naturally occurring alumino-
silicate materials such as kaolinite can reduce further CO2 emissions produced 
from thermally activated aluminosilicates [14]. Aluminosilicate polymers have 
many enticing properties such as malleability, and ability to be molded in vari-
ous complex shapes and to be intercalated with different conductive additives, 
such as carbon nanotubes, graphite powder and metal nanowires [15]. 

Graphite, on the other hand, has a two-dimensional carbon skeletal structure, 
famed with lubricating and electrical properties and is commercially made from 
charcoal or coke. Intercalating compounds with graphite can give superior me-
tallic anisotropic properties [16] [17]. In the unique sandwiched structure, the 
host atom or molecule is located between the graphite layers, generating com-
pounds with variable stoichiometries in which the atoms are covalently bonded 
in the plane with only three of the four potential bonding sites persuaded. The 
fourth electron is left free to travel through the planes of the carbon layers in 
graphite, providing vast electron delocalization; hence electrical conductivity. 
Graphite is the most stable form of carbon-based structure under standard con-
ditions and has high thermal stability and high electrical conductivity. These de-
sirable properties have led to its widespread utilization in high temperature ma-
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terial manufacturing applications [18] [19]. 
Electrically conductive clay-based materials are acquiring a substantial debate 

due to their superior properties over their metallic electroconductive analogues 
[15] [20]. They have attracted great attention in many industrial and scientific 
areas because of their high chemical, thermal and wear resistances and high 
mechanical strength as compared to the traditional metal-based electroconduc-
tive materials. Moreover, electroconductive clays have a potential to provide 
higher electrical sensitivity since they have been served as ensemble of microar-
rays or ultramicroelectrodes, which enhanced the signal and lowered the back-
ground noise [15] [21]. The electroconductive polymers prepared with alumino-
silicate materials might be tailored to specific industrial applications by incor-
porating conventional functional groups into the aluminosilicate matrix. The 
resulted materials are of a salutary hybrid since it combines the high mechanical 
strength of aluminosilicates and the electroconductivity of the filling additives in 
the material structure. The electrical conductivity of the clays is more often eva-
luated on a rectangular or cylindrical specimen to affirm the bearing of a uni-
form electric filed in the specimen material [21] [22] [23]. 

In this study, the synthesis of a hydroxy-sodalite/graphite composite was done 
by an alkali activation of kaolinite. The reaction was conducted at a low temper-
ature and pressure in the presence of sodium hydroxide as the alkali activator. 
The effect of the hydroxyl-sodalite-to-graphite and NaOH-to-kaolinite ratios on 
the electrical conductivity was investigated and evaluated on the generated 
composite specimens made of Jordanian kaolinite or pure kaolinite. 

2. Materials and Experimental 
2.1. Preparation of Materials and Standards 

Jordanian kaolinite rich clay (coded as JK) was collected from Batn elgoul (south 
of Jordan). As a reference, pure kaolinite clay (coded as PK) was supplied by 
Merck KGaA (99.99% minimum purity, Germany). Graphite powder with an 
average diameter size ≤ 150 μm (99.99% minimum purity, Sigma Aldrich) was 
used as the conductive phase in the composite. The alkaline activating solution 
was prepared by adding a certain amount of NaOH pellets (98% pure, Merck 
KGaA, Germany) to Milli-Q integral water in a capped plastic bottle. The so-
dium hydroxide solution was left to cool down to ambient temperature prior to 
use. 

The graphite/kaolinite powder with different mass ratios was mixed tho-
roughly with NaOH solution, as listed in Table 1. To ensure enough workability 
and stability for molding and de-molding of the specimens, a planetary mixer 
(Hobart A200) was used at 198 rpm for 10 min. The formed viscous dark mix-
ture was molded immediately in a stainless steel cylindrical mould (with a di-
ameter of 2.5 cm) using a hydraulic press at a pressure of 5 - 6 MPa. The dimen-
sions of the specimens after hydraulic pressing were measured using a digital ca-
liber to be nearly 18 - 23 mm in height. The molded specimens were then cured  
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Table 1. The mass ratios of the components of PK and JK based H-SOD/graphite compo-
sites where P1-P4 are codes referring to PK based H-SOD/graphite composites and T1-T4 
are referring to JK H-SOD/graphite composites. 

Composite 
Mass ratios 

Graphite/PK or JK NaOH/kaolinite H2O/kaolinite 

P1 0.25 0.1 0.1 

P2 0.50 0.2 0.2 

P3 0.75 0.3 0.3 

P4 1.00 0.4 0.4 

T1 0.25 0.1 0.1 

T2 0.50 0.2 0.2 

T3 0.75 0.3 0.3 

T4 1.00 0.4 0.4 

 
in an oven (Heraeus model TU100/150) at 75˚C, which is well below the boiling 
point of water, for 2 - 3 days to prevent the high vapor pressure of water which 
may disrupt the specimens and affect the strength of the composite body. 

2.2. Characterization of the Raw Materials  
and Prepared Composites 

The chemical compositions of the pure and Jordanian kaolinites, graphite 
powder and the resulted inorganic polymer composites were examined on fused 
pellets using Shimadzu XRF-1800 sequential equipped with Rh anode X-ray 
tube. The mineralogy of the samples was determined by X-ray diffraction (XRD) 
analysis using Shimadzu MAXima XRD-7000 diffractometer with a Cu Kα-radiation 
(λ = 1.54 Å, 40 kV, 40 mA) at a scan rate of 2 degree/min and a 2θ range of 2˚ - 
7˚. The receiving slit used was 0.3 mm and step scan size 0.02 degree/step. 

The produced composites were crushed and sieved down to a diameter of 
≤250 μm prior to characterization experiments using a manual mortar and a 
micro-filter for sieving. Thermogravimetric analysis (TGA) was used to investi-
gate the thermal stability and dehydration of the composites prepared from dif-
ferent NaOH mass ratios by using a NETZSCH (STA 409 PG/PC thermal ana-
lyzer). The prepared samples were analyzed promptly by TGA in an isothermal 
process at 40˚C for 1 h to investigate any mass losses that were associated with 
free or adsorbed water present in the composites. Then about 35 mg of the 
composite sample was heated from 50˚C to 1000˚C at a rate of 10˚C min−1 under 
a nitrogen gas atmosphere. 

The infrared (IR) spectra were obtained for the composites prepared from 
different NaOH mass ratios using a thermo scientific Nicolet spectrometer 
(Thermo Scientific Smart iTR-IS50R), coupled with an attenuated total reflec-
tance diamond crystal unit. The IR spectra were collected and averaged over 32 
total scans from 4000 to 650 cm−1 at a resolution of 2 cm−1. 

The morphology of the prepared composites was evaluated by using scanning 
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electron microscope (SEM, FEI Inspect, F50/FEG) coupled with a Bruker 
AXS/EDS system. The SEM micrographs were obtained on platinum-coated 
specimens using Quorum-Emitech K550X sputter coater at 6 × 10−4 Pa with 30 kV 
accelerating voltage. 

2.3. Electrical Conductivity Measurements 

The composite samples were subjected to electrochemical current-voltage (I-V) 
characterization at room temperature using (EG&G) Princeton Applied Re-
search scanning potentiostat (Model 362, USA) instrument with a two-electrode 
system interfaced to computer software for control and data acquisition. The 
potential window used was between −0.9 and +1.7 V and a scan rate of 50 mV/S 
was used in this measurement. The inorganic polymer specimens were con-
nected to the potentiosatat electrodes and their electrical conductivities were 
measured. 

The thickness of the specimens was measured by using a digital caliber. The 
electrical conductivity ρ was calculated according to the following Equations (1) 
and (2): 

I V R=                            (1) 

RA lρ =                            (2) 

where R is the electrical resistance, l is the length of the cylindrical specimens 
and A is the cross-sectional area of the cylindrical specimen, V is the applied 
voltage and I is the measured current. 

3. Results and Discussions 

The TGA curves of the prepared composite materials showed that the major 
mass loss steps occurred above 500˚C (Figure 1(A) and Figure 1(B)). The de-
rivative curves are also shown here to give a better comparison among the sam-
ples. The first mass loss located at 70˚C is nearly identical for graphite and the 
composites which attributed to free or adsorbed water. The second mass loss 
step started from 400˚C to 700˚C is attributed to the de-hydroxylation of 
un-reacted kaolinite. The magnitude of this broad peak is found to be increasing 
with the increase in NaOH concentration up to 800˚C, indicating a full trans-
formation of kaolinite samples during the alkali activation [4]. 

The IR spectra in Figure 2(A) and Figure 2(B) show remarkable differences 
in the three main wave numbers regions: 

The bands located at 650, 750 and 780 cm−1 are corresponding to the Al-O 
bending mode of AlO6 octahedra in kaolinite [24] [25]. They showed a reduction 
in the peak intensity which reveals the disintegration of the genuine octahedral 
structure of the kaolinite particles [4]. Two distinctive weak absorption bands 
appeared at 730 and 660 cm−1. These two bands are associated with zeolitic 
phases in the composite, which were reported for the bands observed at 731 and 
658 cm−1 [26] [27]. 
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Figure 1. (A) TGA curves of untreated clay PK, graphite and different H-SOD/Graphite 
composites mass ratios (P1, P2, P3, P4). (B) TGA curves of untreated clay JK, graphite 
and different H-SOD/Graphite composites mass ratios (T1, T2, T3, T4). 

 
The asymmetric stretching bands due to Si-O-T (T = Al or Si) in the kaolinite 

are appearing quite broad in IR since four peaks located at 1111, 1025, 1000 and 
910 cm−1 are overlapped into a single peak at 978 cm−1. This band is attributed to 
the antisymmetric stretching of Si-O-Al bonds in TO4 tetrahedra and is consis-
tent with the band that was reported for the H-SOD [4] [28]. The bands ob-
served at 3958, 3648 and 3625 cm−1 are associated with the stretching of hydrox-
yl group in kaolinite [29]. The intensity of these bands decreases significantly 
with increasing NaOH mass percent in the solution and the bands dissipate at a 
NaOH mass ratio of 0.4 for the PK sample and 0.3 for the JK sample, indicating 
a full conversion of kaolinite particles into a new phase [4]. 

The crystalline structure of the composites was examined by XRD. The XRD 
data confirmed that the graphite chains were aligned with the clay layers of the 
kaolinite in the composite. Figure 3 shows X-ray diffraction patterns for (a) 
pure kaolinite, (b) 0.25 graphite/PK (c) 0.5 graphite/PK (d) 0.75 graphite/PK, 
and (e) 1.00 graphite/PK mass ratios (with different NaOH/clay concentrations 
for all the composites) (f) graphite, respectively. All the XRD patterns show 
crystalline phases formed in the composites as indicated by the sharp peaks. The 
reflection peak at 12.2˚ (2θ value) of the composites was shifted towards a higher 
at 14.2˚ which suggests the formation of H-SOD that will interact with graphite 
to form the final conductive composite [4] [30]. 

The chemical compositions of PK and JK samples are listed in Table 2. The 
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PK powder is composed mainly of 47.8% SiO2 and 36.1% Al2O3 that makes it 
suitable for H-SOD synthesis [14]. 

The SEM images and EDX results of the graphite and the kaolinite-based 
H-SOD samples synthesized at different NaOH/kaolinite mass ratios are shown 
in Figure 4. The SEM image of the graphite powder (Figure 4(A)) shows the 
presence of carbon and oxygen atoms, as determined by the EDX spot analysis. 
Figure 4(B) and Figure 4(C) illustrate that the reaction between graphite 
powder and different NaOH/kaolinite mass ratios caused an evolution of a new  

 

 
Figure 2. (A) IR spectrums for (a) PK and different H-SOD/graphite composites which 
are (b) P1, (c) P2, (d) P3, (e) P4 and (f) graphite. (B) IR spectrums for (a) JK and different 
H-SOD/graphite composites which are (b) T1 (c) T2 (d) T3 (e) T4 and (f) graphite. 
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Figure 3. XRD patterns of (a) pure kaolinite (PK) (b) pure kaolinite (PK) based 
H-SOD/graphite composites with 0.5 graphite/kaolinite mass ratio (P2) (c) PK based 
H-SOD/graphite composites with 1.00 graphite/kaolinite mass ratio (P4) (d) Jordanian 
kaolinite based H-SOD/graphite composites with 0.5 graphite/kaolinite mass ratio (T2), 
(e) Jordanian kaolinite based H-SOD/graphite composites with 1.00 graphite/kaolinite 
mass ratio (T4) and (f) graphite. 

 
Table 2. Chemical composition (wt%) of Pure Kaolinite (PK) and Jordanian kaolinite 
(JK). 

Material Al2O3 SiO2 CaO Fe2O3 K2O MgO MnO TiO2 Na2O L.O.I Total 

PK 36.1 47.8 0.1 0.8 1.4 0.2 0.3 1.2 0.1 11.6 99.6 

JK 28.6 50.1 0.2 6.1 1.1 0.5 0.4 0.6 0.2 11.9 99.7 

 
phase of H-SOD in the composites. H-SOD crystallites accumulated and bonded 
to the reacted surface of the composite. Figure 4(C) illustrates that the surface of 
the synthesized material is homogeneously covered by H-SOD nano-particles when 
Jordanian kaolinite was used in the composite preparation. The H-SOD/graphite 
particles are linked with each other and aggregate to form porous structure on 
the surface of the material. The composite aggregates are less than 5 μm in di-
ameter, while the single crystallite diameter of the composite is about 700 nm 
[4]. 

The electrical conductivity of the composites, obtained from using 0.25, 0.50, 
0.75 and 1.00 mass ratios of graphite-to-kaolinite, was measured. Figure 5 shows 
the variation of the electrical conductivity with increasing the mass ratio of gra-
phite-to-kaolinite. The electrical conductivities of both kaolinite based compo-
sites increased when increasing the graphite-to-kaolinite mass ratio. It was also 
observed that 1:1 graphite:PK composite showed the highest electrical conduc-
tivity value of 3 × 10−3 s/cm among all graphite:PK ratios. When 1:1 graphite:JK 
ratio was used, the conductivity of the composite even reached 1.6 s/cm. 
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Figure 4. SEM images of (A) graphite (B) pure kaolinite based H-SOD/graphite composite synthesized using different NaOH/clay 
mass ratio (C) Jordanian kaolinite based H-SOD/graphite composite synthesized using 0.4 NaOH/clay mass ratio. 
 

 
Figure 5. Values of electrical conductivity for different (a) pure kaolinite based H-SOD/graphite composite mass ratios synthe-
sized using different NaOH/kaolinite mass ratio (C) Jordanian kaolinite based H-SOD/graphite composite mass ratios synthesized 
using different NaOH/kaolinite mass ratio. 
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4. Conclusion 

Electroconductive hydroxy-sodalite/graphite composites were successfully syn-
thesized by alkali-activation of Jordanian or pure kaolinite clay (JK and PK, re-
spectively) in the presence of graphite as a conductive phase. The X-ray diffrac-
tion results demonstrated that the intercalation of conducting graphite materials 
with JK or PK layers occurred in the composite structure formation. The FTIR 
study also showed the successful incorporation of graphite in the clay structure. 
The electrical conductivity of the composites increased with the increase in gra-
phite percentage in the composite. 
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