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Abstract

In this work, four different metakaolin samples (C01, A6060, B6075, and C12090) were investigated
to determine their constituent elements and the relative quantities of the oxide contents associated with
each of the elements. Kaolin samples were collected from different sites at Okpella, a village in the
Edo state of Nigeria, West Africa. The metakaolin was produced by calcination at 750°C, which was
followed by the dealumination process. The prepared samples were characterized by Field Emission
Scanning Electron Microscope (FE-SEM), Energy Dispersive X-ray Spectroscopy (EDS), Fourier
Transform Infrared Resonance (FTIR) spectroscopy, and X-ray diffraction (XRD) technique. Digital
images were obtained and analyzed to determine the texture and porosity of the samples. FE-SEM
images showed a slight difference in the morphology of the samples. Differing percentages of metal
oxides were determined from the samples using EDS analysis. The major oxides present in all the
samples were Silica (Silicon oxide) and Alumina (Aluminium dioxide). Aluminium was completely
absent in C12090 but had a large percentage of silicon (36%).
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1. Introduction

Kaolin is a hydrated Aluminum silicate clay having the empirical formula of AlSi,Os (OH)a.
Kaolin was first discovered in China in the 7™ century and thus it is referred to as China clay. Kaolin
particles are usually hexagonal in shape with an average size of 500 um. [1]. The diameters of the
particles usually range from 50 um to 10,000 um and generally contain silicon, aluminium, oxygen,
iron, calcium, magnesium, sodium, potassium, phosphorus, and hydroxyl groups. Specifically, it is
known to contain 48% of silicon dioxide (SiO2), 38% of aluminium oxide (AlxO3), 1.72% of iron
oxide (Fe20s), 0.79% of calcium oxide (CaO), 0.72% of magnesium oxide (MgO), and 0.41% of
titanium oxide (TiO;). [2-6] These percentages may however vary depending on the types of the clay
samples. [7] proposed a crystal structure with tetrahedrally coordinated silicon atoms and octahedrally
coordinated aluminium atoms as displayed in Figure 1. [8] carried out density functional theory (DFT)
calculations on the crystalline structure of Kaolin and reported that the inner hydroxyl groups were
nearly parallel whereas the surface hydroxyl groups were slightly perpendicular.

Kaolin could be mined from different parts of the world including the USA, Brazil, and the UK.
Kaolin samples are shown in Figure 2. They were obtained from Okpella, Nigeria. This type of clay
consists of mainly Kaolinite and sometimes small amounts of other materials such as quartz, mica,
rutile feldspar, and bauxite [9].

QO Oxygen atoms {® Hydroxyl ions
o Silicon atoms tetrahedrally @ Aluminium atoms octahedrally
coordinated coordinated

Figure 1. Kaolinite structure, adapted from Murray H. H. (1997) Applied clay mineralogy today and
tomorrow, Clay Minerals (1999) 34, 3949 [10]

Kaolin has a range of properties, making it valuable for several applications, including ceramics,
cosmetics, toothpaste, food additives, paints, pharmaceuticals, desiccants, crayons, cement, enamels,
DSSC sensors, and nanotechnology [11, 12]. However, the paper industry has the most use for Kaolin
as fillers and coating on paper [13].
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Kaolin is made of fine particles, is non-toxic, inert, and exists in different variations of the white
colour [14]. Impurities in Kaolin causes off-white colouring hence, it is purified for certain
applications [8,14, 15].

One of the many applications of kaolin clay is its use in the production of zeolites. Zeolites are
important catalysts often used in the oil industry. Thus, the goal of this study was to purify and
characterize Kaolin clay for developing zeolites. For all Kaolin samples, it is very important to
determine the exact composition of the oxides present in the samples. Characterization of samples
provides a means of categorizing them.

One critical step in the production of zeolites is the formation of metakaolin through the process
of calcination. Production of zeolite occurs after calcination, dealumination, and characterization of
resulting metakaolin. Metakaolins are very important and have several applications owing to their
unique properties such as durability, resistance to chemical attack, diminished permeability and
improved strength.

The specific goal of characterization studies carried out in this work was to determine the
percentage of the various oxides present in the metakaolin samples. The samples were analyzed using
Fourier Transform Infrared (FTIR) spectroscopy, Field Emission Scanning Electron Microscopy (FE-
SEM), Energy Dispersive X-ray Spectroscopy (EDS), and X-ray diffraction (XRD) methods. FE-SEM
imaging was carried out to study the morphologies of the samples.

co1 A6060 B6075 12090

Figure 2. Metakaolin samples (C01, A6060, B6075, and C12090). analyzed in this study obtained
from the Okpella mining site.

2. Experimental Procedure
2.1. Kaolin Clay

The Kaolin clay used in this research work was procured from Okpella village, Edo State
Nigeria through the Freedom Group Mining Company. The Kaolin clay was termed as white and off-
white raw Okpella Kaolin due to its mixed white and off-white appearance. The four different
samples: CO1, A6060, B6075, and C12090 were obtained from four different sites at Okpella village.

2.2. Size reduction of raw Okpella Kaolin

The raw materials were ground to reduce their sizes using a custom-made mortar. The reduced
samples were sieved using a 75 pm sieve before calcination and analysis.
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2.3. Calcination of Okpella Kaolin

The ground Kaolin was heated in a muffle furnace from drying state to calcination temperature
of 750°C at the rate of 10°C/min and was held at this temperature for 15 minutes. Calcination was
achieved by evenly placing the fine Kaolin into various crucibles to allow for good heat distribution
since the specific heat capacity and latent heat of Kaolin was poor. The obtained metakaolin was
placed in a desiccator for cooling prior to dealumination.

2.4. Dealumination of calcined metakaolin

The dealumination reaction required an external source of thermal energy to facilitate the
dealumination of the metakaolin. About 16.3 grams of the metakaolin was mixed with 10M of H,SO4
in a conical flask followed by vigorous stirring to obtain a mixed slurry, which was then left to react
in a water bath under manual stirring for 30 minutes at a temperature of 60°C. This procedure was
repeated for all the samples at different reaction times of 60, 90, and 120 minutes and temperatures of
75°C and 90°C. At the end of each reaction, the samples were washed with a 10 M aqueous solution
of BaCl,. This step was performed to remove all the acid from the samples. Next, the samples were
dried at 70°C in an oven. Each metakaolin sample was mixed with deionized water in a beaker to form
a slurry, which was then poured into a measuring cylinder, serving as the settling tank. The size
separation was achieved by allowing free settling of clay suspension in the measuring cylinder. A clay
suspension was created from a mixture of clay and deionized water, whereas the settling time of
heavier component (quartz) was determined from Stokes’ Law equation based on the densities of
particles and solvent (water), the viscosity of solvent (water), and the diameter of the particles
(~20um). The settled fine metakaolin clay was dried in the oven for 59 hours at 45°C and was packed
into sample bottles for the next experimental stage.

2.5. Characterization techniques

The morphologies and compositions of all the samples were analyzed with X-ray diffraction
(XRD) (Rigaku MiniFlex X-ray diffractometer, Rigaku Analytical Devices, Inc., Wilmington, MA,
USA), a Field Emission Scanning Electron Microscopy (FE-SEM) equipped with Energy Dispersive
X-Ray Spectroscopy (EDS) (JSM-7100FA JEOL USA, Inc). Attenuated Total Reflectance (ATR)
spectra were obtained in the 4000 to 400 cm™ range with a Thermo Nicolet iS50 FTIR. Digital
imaging studies were carried out with a Celestron CMOS Camera from Celestron, Torrance, CA,
USA.

3. Results and Discussion
3.1. X-ray diffraction analysis

Metakaolin samples compositions were characterized by using a Rigaku MiniFlex X-ray
diffractometer (Cu Ka source, A = 0.154185 nm). The X-ray diffraction (XRD) patterns of samples are
shown in Figure 3. The high-intensity broad peak centred around 22° in all the XRD spectra,
indicating the abundance of the amorphous SiO: phase in all samples. Major peaks of the CO1 sample
were observed at 20 = 12.4°, 20.44°, 25.0°, 38.52°, and 62.36° corresponding to the (001), (110),
(002), (202), and (060) reflections of the kaolinite minerals in the metakaolin samples, respectively
[16, 17]. All the observed major peaks of CO1 were in good agreement with the reported values for the
kaolinite minerals in metakaolin (Al,SiOs) and the sharp peaks showed crystallinity. Additionally,
XRD patterns of the samples A6060 and B6075 had both major peaks at 20 = 25.0° and 68.4°
corresponding to the (002) and (302) reflections of kaolinite minerals in metakaolin [18]. A6060
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sample had another major peak at 20 = 40.25°, corresponding to (T§2) reflection of kaolinite minerals
in metakaolin. The other two major peaks of the B6075 sample were located at 20 = 48.2° and 60.25°,
which were associated with the (141) and (203) reflections of kaolinite minerals in metakaolin,
respectively [17,18]. The sample C12090 displayed distinctive three major peaks at 20 = 20.8°, 42.7°
and 53.38° corresponding to (110), (041) and (222) reflections of kaolinite minerals in metakaolin,
along with smaller intensity diffraction peaks of the kaolinite minerals in metakaolin. [17,18]. The
XRD analysis results indicated that all the metakaolin samples were mainly composed of crystallized
kaolinite minerals and amorphous SiO».
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Figure 3. X-ray diffraction analysis of metakaolin samples.

3.2. Field Emission Scanning Electron Microscopy

The samples were also examined under the field emission scanning electron microscope (FE-
SEM) to observe the differences in the microstructure at high magnification of the different
metakaolin samples. FE-SEM imaging was an important tool for the understanding of the orientation
and arrangement of the particles that were present in the metakaolin samples. [19,20] Figure 4
displays the FE-SEM images of the metakaolin C01, A6060, B6075, and C12090 samples at different
magnification.
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Figure 4. FE-SEM images of metakaolin CO1, A6060, B6075, and C12090 samples taken at
different magnifications showing their morphologies.

Metakaolin A12090 had distinct structures with clearly defined large grains in agreement with
the digital imaging results. Metakaolin B6075 closely resembled A12090 except that the grains were
more coagulated. Metakaolin C01 and A6060 showed similarities in their grain structures and
appeared to have more spores compared to the other metakaolin samples.

3.3 Energy Dispersive X-ray Spectroscopy
The compositions of metakaolin samples were characterized with Energy Dispersive X-ray

Spectroscopy (EDS) studies as shown in Figure 5. The four samples had varying amounts of
aluminium oxide and silicon oxide. While there were equal amounts of alumina and silica in B6075,
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CO01 and A6060, alumina was almost absent in C12090, which agreed with the X-ray diffraction
(XRD) results as explained above. The oxygen peak in relation to the metal was constant for all four
samples. Aside from oxygen, silicon, and aluminium, there was no prominent peak representing other
metals. In CO1, it was observed that the peak for aluminium was slightly higher than that of silicon as
was in the case of A6060. The silicon peak in spectra B6075 was however slightly higher than that of
aluminium.

The ratio of the atomic concentrations of the elements of the four different samples was
determined from the EDS spectra. The ratios for sample C01 were Si/Al=0.82, Si/0=0.23, and
Al/0O=0.28 and the ratios for sample A6060 were Si/Al=0.93, Si/0=0.35, and Al/O=0.37. The ratios
of the atomic concentrations of the C12090 sample were markedly different since the Aluminum ratio
was relatively low compared to other samples, as indicated by the low intensity of the Aluminum peak
in the EDS analysis. The relevant ratio for Silicon and Oxygen was determined as Si/O=0.59. For all
the samples, the main elements present by percentage mass were Oxygen, Silicon, and Aluminum.

These results were consistent with the typical elemental content of kaolin clays [21-23]. EDS
and FTIR analysis indicated that the samples were mainly composed of silica and alumina with trace
amounts of titanium, potassium, and sodium. Oxides of interest included SiO,, Al,Os, Fe,O3, CaO,
Ti0,, and K,O-as indicated by the peaks in EDS/FTIR scans.

3.4. Oxide contents of the metakaolin samples

The elemental analysis of metakaolin samples is given in Table 1. COl metakaolin sample had
mostly only oxides of Aluminum and Silicon with a very small percentage of Titanium. The average
percentages by mass of this sample based on 10 measurements were 18.4 % for Aluminum, 15.1 %
for Silicon, and 0.96% Titanium. These percentages were obtained through quantitative analysis via
the Energy-dispersive X-ray spectroscopy.

Table 1. Percentage of Elemental composition of major elements present in metakaolin Samples.

Element Cco1 A6060 B6075 C12090
Oxygen 65.99 56.59 57 61
Aluminum 18.43 21.22 19 -
Silicon 15.11 19.84 24 36

Thus, the ratio of aluminium to silicon in metakaolin CO1 was 1.2:1. For sample A6060, the
average percentages by mass, based on 10 measurements, were 21.2 % for Aluminum and 19.8% for
Silicon, whereas the ratio of Aluminum to Silicon was derived as 1.1:1. B6075 metakaolin sample
was mostly composed of oxides of Aluminum and Silicon with a small percentage of Sulphur (not
displayed). The percentage by mass of the oxygen was 57% whereas aluminum and silicon were 19%
and 24%, respectively. A12090 metakaolin sample was distinctly different from all the other
metakaolin samples and had mostly silicon without any aluminium, showing that the sample was
mainly composed of silicon oxide.
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Figure 5. Energy Dispersive X-ray Spectroscopy (EDS) spectra of metakaolin C01, A6060, B6075,
and C12090 samples.

3.5. ATR- FTIR spectroscopy

FTIR is one of the principal techniques used in the characterization of metakaolin and other
types of clay. It is however not suitable for the quantitative determination of the components of
metakaolin. Several absorbing bands associated with the FTIR of metakaolin have been reported in
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the literature, where the main characteristic bands that had been generally reported included 3695,
3660, 3625, 1035, 1020, and 915 cm™' [6, 24-27]

These peaks accounted for the -OH stretching, Si-O-Si, Si-O-Al and Al-OH bonds present in
metakaolin. Figure 6 shows the FTIR spectra of the four different metakaolin samples investigated in
this study. In these spectra, the bands between 3600 cm™ and 3800 cm™! denoted the -OH stretching
band. The frequencies of -OH vibrations provided information on the identity of the cation linked with
the hydroxyl groups in the sample. The absorbance band around 3600 cm™!, displayed by metakaolin
C01, and B6075 samples, was indicative of a larger percentage of aluminium in the samples. The -
OH stretching and crystalline hydroxyl were also present in the same region. A broad absorption band
around 1038 cm™! was indicative of the presence of silicon dioxide, accounting for Si-O stretching in
clay materials [27-34].

A6060

" i i ML“ P L " " } " " i " i
T T

i i i " 1 " " i " I
T T T

2400

Wavenumber (cmt)

3400 2400 1400
Wavenumber (cm?)

400

3400 2400
Wavenumber (em™)

1400

400

3400 2400 1400
Wavenumber (em™)

400

Figure 6. Fourier transform infrared (ATR-FTIR) spectra of four (C01, A6060, B6075, and
C12090) different metakaolin samples.

3.6. Digital Imaging Studies

Digital images of the samples were captured to compare the physical appearance, morphology
and porosity of the samples. As shown in the digital images in Figure 7, all the samples displayed off-
white colour and similar morphology. Metakaolin is white in colour when it is pure. Therefore, the
off-white colour was indicative of the presence of impurities in the samples. The particles were seen as

- . - Journal of Appliea Soience,
e-ISSN: 2289-7771 JA@)EE

wess Engineeeing

961



Journal of Applied Science & Process Engineering
Vol. 8, No. 2, 2021

irregularly shaped and of different sizes. The COl sample was very grainy compared to the other
samples and C12090 showed their morphology. Some coagulation at various points was observed in
the metakaolin samples. B6075 and A6060 seemed to have the same kind of texture. The grains of
A12090 were coarser compared to other samples.

b e
& i

Ll A

Figure 7. Digital images of the metakaolin samples (C01, A6060, B6075, and C12090).

4. Conclusions

The present study dealt with the preparation and characterization of metakaolin for application
in various fields of study. Metakaolin is a very important clay that is used in a myriad of applications
including ceramics/or catalysts. The relative composition of the metal oxides is crucial as it is used in
the determination of the application for a metakaolin sample. In this study, four metakaolin samples
were prepared and analyzed in comparative studies of the content of the oxide of the metals present in
the samples. The samples were obtained from Okepella, Nigeria in West Africa. Calcination by
thermal treatment was carried out at 750°C followed by the dealumination process to reduce the
Alumina content. The composition of four different metakaolin samples, namely C01, A6060, B6075
and C12090, were compared. The porosity and morphology of the metakaolin samples were also
studied. Characterization carried out included X-Ray diffraction, Field Emission Scanning Electron
Microscope, Energy Dispersive X-ray Spectroscopy, Fourier Transform Infrared Spectroscopy, and
Digital Imaging. It was clear from the Energy Dispersive X-ray analysis that most of the oxides
contained Silicon and Aluminium as the main components. Thus, the metakaolin samples were
primarily composed of Silica and Alumina. Trace amounts of titanium, potassium and sodium were
also observed in the samples studied. While three samples (C01, A6060, B6075) had an almost equal
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amount of silica and alumina, metakaolin C12090 was composed of mainly Silica with only trace
amounts of other elements and without the presence of Alumina. The sample COl contained the
highest amount of Aluminium (21.22%) with C12090 containing no Aluminium. On the other hand,
C12090 contained the highest amount of silicon (36%).
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