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ABSTRACT

Kaolin samples from Ajebo and Darazo in Nigeria were characterized and used to produce zeolite-A crystals. The
thermal analysis indicates that both samples undergo de-hydroxylation from 450 °C to about 700 °C and are
converted to metakaolin with a weight loss of about 11.39 and 10.43% for the Ajebo and Darazo samples respectively.
Characteristic OH, Al-OH, Si-OH and Si-0-Al bands were confirmed in both samples with Infra-red spectroscopy
studies. The X-ray diffraction patterns clearly show the presence of the characteristic peaks (12.35 and 24.88°) of
kaolinite with little quartz impurities. X-ray diffraction measurements (260 peaks at 7-18° and 21-35°) and scanning
electron micrographs clearly show that zeolite-A crystals are produced. The microstructures of kaolin, metakaolin and
zeolite-A crystals reveal the presence of platy crystals, amorphous spherical aggregates and cubic-shaped crystals
with some amorphous gel respectively. The results show that both Ajebo and Darazo kaolin are suitable for zeolite-A

synthesis.
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1. INTRODUCTION

Clay minerals such as kaolinite, smectite, vermiculite,
mica, chlorite and palygorskite and sepiolite groups are
very useful naturally occurring minerals of which
kaolinite (Al;Si205(OH)4) is one of the most important
[1-3]. Raw kaolin contains kaolinite as the main
mineral phase, white mica (muscovite and newly
formed illite or mixed-layer structures of illite and
smectite), quartz and residues of un-decomposed
silicates, mostly feldspar, biotite and accessory
minerals. These accessory minerals can be divided into
original (e.g. tourmaline, zircon, garnet, ilmenite and
rutile) and newly formed minerals (e.g. siderite, pyrite,
marcasite, chlorite, goethite, akaganeite, hematite,
anatase and rutile) [1].

Kaolin is a weathering product of silicate rocks whose
colour ranges from whitish to earthy with certain
degrees of plasticity. It is widely used as an industrial
mineral for the production of ceramics, refractories and
as an industrial filling material for paper, rubber,
plastics, dyes and paints [1, 3, 4]. Furthermore, kaolin
can be utilized for waste management [5, 6] and in the
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preparation of geopolymers and geopolymer-based
composites [7-9], zeolites [10, 11] and intercalates [12,
13].

Kaolin is a naturally occurring mineral of the clay
family and may contain a number of impurities such as
quartz, feldspar, tourmaline, ilmenite, zircon, etc,
which are derived from the parent rock [14]. The
structure and properties of kaolinite, the main mineral
phase of kaolin, have been studied using different tools.
Brindley and Robinson [15] are among the first
researchers to investigate the structure of kaolinite.
They measured the X-ray diffraction patterns of
kaolinite samples from different locations and used the
results from the analyses of the reflections, lattice
parameters etc. to determine the structure of kaolin.
Karmous [16] wused a computational energy
minimization technique to show that the total lattice
energy in kaolinite is equal to -827.4eV while the
primitive cell volume is 321.3 A. Using first principle
calculations, Militzeret al,[17] calculated the elastic
constants of kaolinite and showed their possible
application areas. With Rietveld refinement, Young and
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Hewat [18] verified that the crystal structure of
kaolinite is triclinic. Kaolin deposits are found in
significant quantities in virtually all parts of Nigeria.
According to the Raw Materials Research and
Development Council of Nigeria (RMRDC), there are
about 800 tonnes of proven deposits in Nigeria [14,
19].

The properties of these kaolin minerals are mostly
affected by the orderliness of the kaolinites and a
poorly ordered structure is explained to be due to
stacking faults in the material. Differential thermal
analysis and thermogravimetric methods are used to
determine the degree of order. While the later shows
the quantity of volatile matter in the kaolinite that is
lost during heating, the thermal analysis uses
exothermic and endothermic reactions during heating
to check the degree of order or disorder.

Although a few researchers, such as Edlomwonyi-Out et
al. [20-22, 52] have investigated the influence of
thermal treatment on Kankara kaolinite in Nigeria, an
in-depth understanding of the properties and possible
application areas for this and other kaolinite deposits is
still lacking.

Kaolin has been used to synthesize zeolite-A in the
literature [23-27]. Ugal et al, [27] used Iraqi kaolin to
synthesize zeolite type 4A. lon exchange technique was
used to insert sodium to the structure and tests carried
out indicate that the zeolite can be used for water
adsorption purposes. Zhao et al, [28] also used
halloysite mineral to produce well-ordered NaA zeolite.
The zeolite displayed a faster adsorption rate and
capacity for removing ammonium ions from
wastewater. Zeolite Y and ZSM-5 have been produced
from Ahoko clay while zeolite ZSM-11 has been
produced from kaolinite clay from Nigeria” [29, 51].
They showed that very long calcination time is not
necessary as calcination at 600 °C for 6 minutes is
enough to produce metakaolin.

The goal of this work is therefore, to investigate the
characteristics (structural order, composition etc.) of
kaolin samples from Ajebo and Darazo in Nigeria. It
also aims to produce zeolite-A from the kaolin samples
and to compare the zeolite produced with the zeolite-A
samples in the literature.

2. MATERIALS AND METHODS

2.1 Sample Preparation

The kaolin samples used in the present investigation
were collected from Ajebo in Ogun State and Darazo in
Bauchi State Nigeria. 8000 g each of both samples were
soaked in 15 litres of water for 24 h to form slurry,
dissolve impurities and other unwanted materials
present. The top surface water was decanted and the
slurry was subsequently sieved with a sieve of mesh
size 350 pum and dried. The dried cake was pulverized
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and sieved to allow only particles with sizes < 100
pumto pass through. The meta-kaolinization process
was carried out by subjecting the samples to elevated
temperatures ranging from 600°C to 900°C for 2 h
using a muffle furnace.

Synthesis of the zeolite-A was carried out using the
metakaolin samples calcined at 700°C and 900°C while
NaOH pellets were the source of Na,0. 5 g of NaOH was
dissolved in 72 g of deionized water and stirred briefly
for 10 minutes. 4.1 g of metakaolin was then gradually
added to obtain the aluminosilicate gel. The gel was
continuously stirred at room temperature and allowed
to age for 24 hours

A hydrothermal treatment was performed in an oven
maintained at 120°C for 6 hours. At the end of the
hydrothermal reaction, the mixture was filtered and
washed with deionized water until a pH of about 7 was
obtained and dried in an oven at 100°C for 4 hours. The
zeolite obtained was then characterized using FTIR, X-
ray diffraction and Scanning Electron Microscope.

2.2 Sample Characterization

Chemical analysis of the samples was performed using
X-ray fluorescence spectroscopy while the particle size
analysis of the samples was carried out using a particle
size analyser (Mastersizer 3000 Malvern Instruments
Ltd, Malvern UK). The samples were dissolved in
ethanol and made to pass through laser light which
diffracts the particles. The Atterberg’s limit test was
used to measure the plasticity of the samples in
accordance with the ASTM 4318 standard[30]. The
samples were rolled out into threads and a manual roll-
out test was used to determine the plasticity index
which indicates the difference between the liquid and
plastic limit of the samples. The thermal analyses
(Differential Thermal Analysis and Thermogravimetric
(DTA/TG) analysis) were carried out from 30 °C to 700
oC at a heating rate of 5 °C/minutes. This was done
using a Netzsch STA 409 C (NetzschGmbH & Co. KG
Selb, Germany) in 50 mL/minutes argon flow.

The X-ray diffraction measurements were carried out
with a scanning range of 20 values from 10 ° - 80 © with
an increment of 8.75 © and an exposure time of 400
seconds per step. The X-ray diffraction (XRD) tests
were carried out with a Bruker D8 Discover
diffractometer (Bruker AXS, Karlsruhe, Germany) with
CuKa radiation (A =1.54056 A ) with a current of 1000
pA and a voltage of 50 kV. The powder was finely
ground by hand using a mortar and pestle and placed
onto a commercial sample holder. The Fourier
Transform Infrared spectroscopy was carried out with
a SchimadzulR Affinity-1S (Schimadzu Corporation,
Japan). The powder samples were pressed into pellets
by mixing dried KBr and the powder and placing them
in a pre-heated die under a heat lamp. The
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measurements were made in transmission mode and
peaks reported based on percentage
transmittance to given wavelengths. The morphology
of the samples was measured using a scanning electron
microscope (ASPEX 3020, Aspex Corporation). The
samples were put into a sample chamber and sputtered
with gold for electrical contact. The Secondary electron
imaging mode was used to acquire the images.

were

3. RESULTS AND DISCUSSION

3.1 Plasticity

Table 1 shows the result of the liquid limit, plastic limit
and the plasticity index for the kaolin samples. The
sample from Darazo has a liquid limit, plastic limit and
plasticity index of 34.35, 25.31 and 9.04 respectively
while the sample from Ajebo has a liquid limit, plastic
limit and plasticity index of 37.08, 23.88 and 13.2
respectively. The obtained values for both samples
indicate that they are moderately plastic. The plasticity
(or workability) index for Ajebo kaolin is however
slightly higher than that of Darazo kaolin, an indication
that Ajebo clay will be easier to work than the Darazo
kaolin. Based on the diagram by Hajjaji et al. which
classifies different soil samples on the basis of their
workability, both Ajebo and Darazo kaolin are
moderate plastic clays and their plasticity index values
fit the space that is allocated to kaolinite samples [31].

Table 1: Atterberg’s limit variation for Ajebo and

Darazo kaolin
Darazo Ajebo
Liquid Limit 34.35 37.08
Plastic Limit 25.31 23.88
Plasticity Index 9.04 13.2
3.2 Chemical Analysis

The composition of the various compounds in the
kaolin samples are shown in Table 2. In both samples,
the major compounds are SiO; and Al;03. For Ajebo
kaolin, the SiO, and Al;03 amounts are 45.87 and
39.96% respectively while in the Darazo sample the
values are 46.18 and 40.20% respectively. The
chemical analysis also shows trace amounts of Fe;03 in
the samples, not more than 0.3 wt.%. Compared with
the formula for the ideal kaolinite (Al;Si205(0H)4, the
chemical composition of the two major compounds in
the kaolinite samples have been calculated to be
Al008511.980496(0H)401 and Alz01Si1.990498(0H)308 for

the Ajebo and Darazo samples respectively. The
Si02/Al,03 ratio is approximately 1 and this makes the
samples suitable for direct use in the synthesis of
zeolites.

3.3 Particle Size Analysis

The particle size distribution measurements of the
powders are shown in Figure 1. The measurements
were carried out 5 times for both samples to improve
measurement statistics. The mean and standard
deviation values were calculated to determine the
validity of the sample sizes. For most particle size
distribution experiments, dis dsp and dop respectively
are parameters used to define the size of powders. di
represents sizes < 10%, dsp stands for < 50% and doo
< 90% of the powders below a certain size. For Ajebo
kaolin, the di dsp and dsp are 0.4308+0.004 um,
1.051840.0369 pm and 7.184+0.3484 pm respectively
while for Bauchi kaolin, the dis dsp and dg are
0.4576+£0.0039 um, 1.156+0.028 pm  and
9.17840.0763 pum respectively.

—8— A jebio kaolin
—&—Da=azo kacEn

Volume ()

oA I IIIIII1 T II”I';:: I II”.';CIZ I III”1":":':
Particle Size (um)
Figure 1: Graph showing the particle size distribution
of Ajebo and Darazo kaolin. The graphs show that a
bimodal size distribution exists in the samples.

3.4 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the kaolin samples from Ajebo and
Darazo are shown in Figure 2. Both samples have very
similar band assignments which is an indication of
similar constituents as shown in Table 2. At room
temperature, the OH bands, Al-O, Si-O bands etc. can
clearly be observed. After calcining the sample at 600
oC, the IR spectrum indicates that some degree of de-
hydroxylation has taken place but the process is not
complete.

Table 2: Table showing the composition of Ajebo and Darazo kaolin (Compound Amounts (weight %))

Si0;  AlLO3

Fe;03 Ca0 MgO Na;0 MnO L.O.I

Ajebo  45.87 39.96 0.30

Darazo 46.18 40.20 0.19 0.36 0.21 0.10 0.00

0.31 0.19 0.12 0.002 11.3

10.80
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Figure 2: Fourier Transform Infrared spectra of (a)
Ajebo kaolin at room temperature and samples
calcined at temperatures between 600 °C and 900 °C
and (b) Darazo kaolin at room temperature and of
samples calcined at temperatures between 600 °C and
900 °C (c) Zeolite-A samples from metakaolin at 700 °C
and 900 °C respectively. The inset on the right is an
enlargement of the wavenumbers between 3600 cm!
and 3700 cmr! showing the OH bands in kaolin

On heating to 700 °C, the spectrum shows that the
Darazo kaolin has completely de-hydrolysed but the
Ajebo kaolin has not. Above 700 ©°C, the process
becomes completed for both samples and the
metakaolin is believed to have been fully formed. The
differences in positioning and relative intensities of the
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-OH stretching and bending bands in the infra-red
spectrum of kaolinite gives an indication of how the
structures are ordered [32]. Vaculikova, et al.[33]
classified the degree of ordering into three types:
Ordered if the OH stretching and bending bands are
clearly resolved; partially ordered, if the individual OH
bands at 3670 cm-}, 3650 cm! and 938 cm! have low
intensities and Poorly ordered if only one band near
3660 cm! or inflexions near 3670 cm-!, 3650 cm-! and
938 cm! are observed. The Ajebo and Darazo Kaolinite
are ordered since the OH stretching and bending bands
are clearly resolved.

Four sharp stretching bands between 3600 and 3700
cm! are normally used to identify the -OH bands in
kaolin [34-38]. These four OH bands in the spectra of
Ajebo and Darazo kaolinite have two sharp
characteristic peaks at approx. 3620.51 and 3695.73
cm! and a weak doublet peak. The inset on the right is
an enlargement of the -OH bands that are typical in
kaolin samples. The strong characteristic peaks at
3695.73 cm! arises from surface hydroxyls and
produces an in-phase vibration perpendicular to the
1:1 layers in kaolin [39].

The two weak peaks at 3670 cm'! and 3652 cm™ are
due to stretching vibrations that are sub-parallel to the
1:1 layers whereas the low frequency 3620.51 cm™ is
assigned to the fourth OH inner group. The bands at
wavenumbers 3620-3630 cm? are due to the -OH
groups sheets, and it
constitutes % of the -OH groups in the mineral, while
the bands of 3690-3698 cm! belong to the -OH groups
bonding on the face of the octahedral sheets and
constitutes % of the -OH groups [40]. The water
molecules in kaolin are detected by the presence of the

bonding into octahedral

H-O-H bending mode at approximately 1630 cm[40-
43]. The wavenumbers between 400 cm! and 1000 cm-
Lindicate the presence of Al-O deformation vibration as
well as Si-O bending vibration [40-43].

The gradual loss of intensity between wavenumbers
3600 and 3700 cm™ of the OH stretching and bending
bands in the IR spectrum of the kaolinite is a proof that
leading to the
conversion to metakaolin. Modification of structure on
heating is observed by changes in the Si-O from plane
stretch at 1109 cm™ as a result of the adsorption
valence vibration of Si-O stretch. Wavelengths of
approximately 792 cm? characterize the -OH
translation in kaolin lattice [44]. The weak signal at
wavelengths of approximately 1630 cm™ is apparent
only in the dehydrolysed samples indicating the
vibration of water molecules [40-43]. The spectrum
between 1300 and 400 cm-tare normally used to show

Vol. 37, No. 1, January 2018 90
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the structural features in zeolites. Calcination
temperature has an effect on the spectrum of the
zeolites as shown in the differences in the spectra of
metakaolin samples calcined at 700°C and 900 °C
respectively (Fig. 2c). Compared to the literature, the
zeolite peaks are slightly shifted to lower
wavenumbers [28, 45]. The peak at 1001 cm? is
attributed to asymmetric and symmetric stretching of
the Si-O(Si) and Si-O(Al) bonds [28]. The wavenumber
at 644 and 462 cm! are due to symmetric stretching
vibrations of the double Si-O-Al bonds while the
wavenumber at 555 cmis due to bending vibrations of

0- Si- O and stretching vibration of Si-0-Al bonds.

3.5 X-ray Diffraction

The XRD patterns for Ajebo and Darazo kaolin
measured at room temperature are shown in Figure 3a.
A lot of similarities exist in the intensities and positions
of the Bragg angles for both samples. Based on the
analyses, the phases identified in the Ajebo kaolin
include Al;04Si; and SiO; while for the Darazo kaolin;
the identified phases include Al;09Si;, SiO2 and Al;0s.
After purification of the raw samples, the XRD patterns
are dominated by the kaolinite peaks and the main
characteristic peaks of kaolinite (12.35 and 24.88°) can
be clearly observed [42, 43, 45, 46].

The diffraction patterns of the metakaolin samples
calcined at 900°C are shown in fig. 3b. The original
structure of the clay mineral is broken in the process
while the volatile matter present is removed. The
resulting material readily accepts and exchanges ions
in its structure as shown using equation 1.

600—900°C
241,8i,05(0H), — 2Al,Si,0,

+ 4H,0 D
The disappearance of the diffraction peaks observed in
the kaolin samples and the broad nature of the peaks in
the metakaolin of the
crystalline phase to an
amorphous phase. The diffraction patterns for the
zeolite-A from metakaolin calcined at 900 °C is shown
in fig. 3c. The patterns for zeolites produced from both

pattern are indicative

transformation from a

kaolin sources are similar with slight differences in
their intensities. The patterns are very similar to that
reported by Ugal et al, [27] produced from Iraqi kaolin.
The diffraction patterns have very high crystallinity
and based on the work of Chandrasekar [45], the
measure of crystallinity can be estimated from the sum
of the intensities of the 5 strong peaks (21.8°, 24.1°,
27.2°, 30° and 34.3°). The patterns are also similar to
the diffraction pattern for zeolite-A in the JCPDS
database with the presence of the characteristic
zeolite-A peaks (26 = 7-18° and 21 to 35°) [47]. Any
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extra peaks in the patterns are possibly due to the
impurities associated with silica in the original kaolin
samples.
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Figure 3: X-ray diffraction Patterns for (a) Ajebo and
Darazo kaolin measured at room temperature. (b)
metakaolin at 900°C and (c) Zeolite-A

3.6 Thermal Analysis

The TG/DTA plots of the kaolin samples from Ajebo
and Darazo measured from 20 °C to 700 °C on heating
are shown in Figure 4. Both samples show very similar
trends both in the TG and DTA measurements. The
mass losses from the TG measurements are 11.39 and
10.83 wt. % for the Ajebo and Darazo kaolin
respectively. These values are in close agreement with
the values of the loss on ignition (LOI) obtained from
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the chemical composition analysis in Table 2. The
thermal heat capacity of the Ajebo kaolin is -516 J/g
while that for Darazo kaolin is -463.1 ]/g. The onset of
dihydroxylation is after after heating for 88.7 minutes
for Ajebo kaolin and 88 minutes for Darazo kaolin.

The DTA curve shows the exothermic and endothermic
reactions that take place as the samples are being
heated or cooled from a high temperature. Exothermic
reactions are observed before 60 °C and at
approximately 520 °C. The loss at 60°C could be
attributed to the effect of dehydration due to physically
adsorbed water while that of 520°C is due to loss of
chemically combined water as the phase present
transforms from kaolinite to metakaolin.

The thermal analyses results also indicate that the
dehydroxylation of kaolinite starts from around 440°C
for both samples.

3.7 Scanning Electron Microscopy

The Scanning electron micrographs of Ajebo kaolin,
metakaolin and zeolite-A are shown in figures 5a - 5c
while the micrographs of the Darazo kaolin, metakaolin
and zeolite-A are shown in figure 5d - 5f respectively.
The morphologies of the samples in each category are
similar for the kaolin from Ajebo and Darazo. Kaolin
samples typically have layered morphology and
clusters of the kaolin are observed. Metakaolin
samples are typically amorphous and have a
morphology that appears to be spherical [28, 48]. Raw
materials used to produce zeolites have an effect on the

size of the zeolite-A crystals. Naturally occurring raw
materials like kaolin tend to favour the formation of big
crystals most possibly because of the ions of many
elements which are present as impurities [49].
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Figure 4: Thermogravimetric/Differential thermal
analysis (TG/DTA) curves heating 20 °C to 70(°C for
(a) Ajebokaolin and (b) Darazo kaolin.

Figure 5: Scanning electron micrographs of (a) kaolin (b) metakaolin, (c) zeolite-A from Ajebo, (d) kaolin (e)
metakaolin and (f) zeolite-A from Darazo kaolin
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Cubic crystalline structures with well-defined edges are
observed on the micrographs of the zeolite-A samples.
Aggregates of particles which are believed to come
from the amorphous gel can also be observed. The
expected reaction leading to the formation of the
zeolite-A crystals according to Gualteri et al, [25] is
shown in Eq. 2.
241,Si,0; + 2NaOH + 3H,0
- 2(NaAlSio,) + 4H,0 (2)

The average size of the cubic shaped crystals for both
zeolites is approx. 3.6 pm which is large compared to
similar zeolite-A from other sources. They tend to serve
as nucleation sites for the crystals and also hasten the
crystallization kinetics. The nature of the metakaolinite
used to synthesize the zeolite can also determine the
shape of the crystals as sodalite instead of Zeolite-A
will be produce when kaolin or kaolin without
complete metakaolinization is used [48]. The Si/Al
ratio to some extent affects the shape of the crystals.
According to Ismail et al, when the Si/Al ratio is 1.5,
beveled as opposed to sharp well defined edges are
obtained [50].

4. CONCLUSION

A bimodal grain size distribution is observed in both
kaolin samples and their average grain sizes are less
than 1 um. The TG/DTA curves confirm the presence of
kaolinite in both samples and the de-hydroxylation
cycle on heating which is initiated from approx. 440°C
and complete conversion to metakaolin is reached at a
temperature of 540 °C. A weight loss of 11.39 and
10.43% are observed for the Ajebo and Darazo
kaolinite samples respectively. The FTIR spectra
confirmed presence of the characteristic -OH
stretching and bending which are characteristic of
kaolinite samples as well as the Al-OH, Si-OH and Si-O-
Al bands. The temperature of conversion slightly varies
with that from the thermal analysis. The obtained
spectra for the zeolite-A samples are similar to other
zeolite-A in the literature. The XRD pattern clearly
shows the presence of kaolinite peaks with the main
characteristic peaks of kaolinite (12.35 and 24.88 °)
clearly observed. The patterns for the metakaolin and
zeolite indicate that an amorphous and crystalline
phase corresponding to zeolite-A crystals are obtained
respectively. Well defined cubic crystals with sharp
edges were obtained for the zeolite while an
amorphous morphology was obtained for the
metakaolin.
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