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Abstract. This research aims to investigate chemical, physical, mineralogical
and optical properties of Ethiopian kaolin with mechanical, wet beneficiation,
chemical modification and thermal treatment (calculations) for their appropri-
ateness of industrial application. The effect of beneficiation and calculation
methods of treatment on the structure of kaolin was studied using complete
chemical analysis (AAS), X-ray diffraction, Fourier transforms infrared spec-
trometer analysis (FTIR) and Thermal analysis comparatively with the reference
kaolin were studied. Complete silicate analysis showed that the Fe2O3 and TiO2

were reduced via beneficiation and beneficiation with surfactant from 1.908% to
0.201% and 0.87% to 0.056%, respectively. Physico-chemical characterizations,
thermal analysis effect of calculations results show that improvement to a very
high grade with a chemical composition close to that of ideal kaolin. Benefi-
ciation with a surfactant, followed by calcination at 850 °C, showed a further
decrease in Fe2O3 and TiO2 impurities. XRD results revealed that all charac-
teristics reflection of kaolin and quartz were showed as major peaks upon cal-
culations and as well as the reference kaolin. The basic properties for industrial
grade specification significantly increased after a certain treatment in compar-
ison with reference (imported) kaolin.
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1 Introduction

Kaolinite is hydrous aluminum silicate member belonging to the dioctahedral1:1 kaolin
mineral group. Indeed, kaolinite is the most widespread phase amongst the other kaolin
polymorphs, namely halloysite, dickite and nacrite [1].

The theoretical structural formula of kaolin minerals is Al2Si2O5 (OH) 4 that means
46.54% SiO2, 39.50% Al2O3 and 13.96% loss on ignition as structurally bonded
hydroxyls. Raw kaolin, however, shows some contents of other elements, due to the
presence of the cited associated mineral impurities [2, 3]. Kaolinite normally appears as
stacked pseudo hexagonal platelets, <2 lm in size, with a common booklet like shape.
Each kaolinite layer is considered as a strong dipole, where the siloxane surface is
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hydrophobic and dominated by negative charges, while the aluminum surface exhibits
positive charges and is hydrophilic. Thus, the individual layers of kaolinite are strongly
bonded by hydrogen and dipolar interactions [4].

Industrial usage of kaolin minerals exhibits physicochemical and mineralogical
characteristics which make them very useful in many different applications [5–7].
These characteristics is important for the utilization of kaolinite in a varied field of
industrial applications [2, 7]. The applications depend on the physical, chemical,
mechanical, and rheological properties of kaolin minerals that act as an active com-
ponent or as excipient by controlling the efficiency of the dosage forms, and/or
improving the drug bioavailability [3, 8–14]. Amorphous calcined kaolin is the water-
soluble, more unstable and dissolves more quickly than its crystalline form. Conse-
quently, an amorphizing agent (dispersant) is necessary to help this process and to
stabilize amorphous active ingredient in the solid dosage form [15].

The most important physical tests and parameters recommended to qualify kaolin
grades as diluents in solid dosage forms include bulk and tapped density of powder,
powder fineness, moisture or loss on drying, hardness, friability, disintegration time,
dissolution or active ingredient release profile [16, 17].

Currently; Ethiopia imports the China kaolin for Water Dispersible Powder
(WDP) propoxur formulation even though there is kaolin deposit here in Ethiopia. This
is because Ethiopian kaolin expected to be high in impurity prior to iron compounds as
the information gathered from the Ethiopian geological survey. This is the problem not
to use for different industrial application including for propoxur WDP formulation as a
carrier. To confirm this problem, the raw Ethiopian kaolin has undergone a certain
treatment phase and characterization to form the amorphous alumina-silicate kaolin.
Thus, investigating physic-chemical characterizations of the domestic kaolin together
with different treatment methods (beneficiation, is aimed at removing impurities like
feldspar, iron oxide, etc. and thermal (calcination) make it suitable for different indus-
trial application grade is an important issue specifically propoxur WDP formulation.

2 Methodology

2.1 Materials and Chemicals

Kaolin (bombowuha kaolin) used in this study was supplied from Ethiopian petroleum,
minerals and biofuel corporation, Addis Ababa. The reference (China) kaolin was
supplied from Adamitulu pesticide factory sharing company. All chemicals, reagents,
and material that were used are of analytical grade and were purchased from Addis
Ababa, Ethiopia.

2.2 Beneficiation

For the separation of impurities from kaolin, produce kaolin products to meet the needs
of various industrial applications; wet treatment (beneficiation) process is an important
step according to the procedures reported by [18]. Ground kaolin were dispersed in
water and surfactants (1% of dried kaolin) were added. The powdered sample was
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soaked in deionized water for 24 h (one day). The layers were separated by decanta-
tion. The fine clay slurry has been dried at 60 °C and sieved about less than 75 µm so
as to the fine grits for further analysis and characterization.

2.3 Thermal Treatment (Calcinations)

The beneficiated kaolin was activated through calcination in a muffled furnace from
550–850 °C for 3 h to form reactive state metakaolin. The heating processes derive off
water from the mineral kaolin and collapse the material structure, resulting in an
amorphous alumina-silicate (Al2O3.2SiO2).

2.4 Thermal Analysis

Thermogravimeter (model ATAT2012) was used for the thermal studies. The TG/DSC
measurements were carried out from room temperature up to 1000 °C with air atmo-
sphere in a flow rate approximately 15 mL/min.

Instrument temperature was calibrated by heating indium (melting point = 156.6 °C)
as a standard at 10, 15 and 20 °C/min [19].

2.5 Mineralogy Study with XRD

Qualitative and quantitative characterizations of the phases and the number of phases
that is present in were determined by Rigaku MiniFlex 300/600) with Ni-filtered Cu Ka
radiation at different calcinations temperature and as well the reference (China) kaolin
having D/teX Ultra 1D silicon strip detector and Standard Sample Holder. Scan
axis = 2theta/theta, continuous scanning measurement mode, wave length 1 of
1.54059, with a speed of 0.12 s/step.

2.6 Chemical Analysis

There are different methods accessible for the determinations of elemental analysis
techniques for clay minerals (kaolin). In this study notably lithium metaborate fusion,
HF attack, gravimetric and AAS analytical methods, from the geological survey of
Ethiopia to determine oxide compositions. Digestion of samples with hydrofluoric and
nitric acids (total decomposition) and fusion with lithium metaborate at 950 °C was
employed [20]. Analytical Procedures were used as the method reported by [21] and
elemental concentrations in milligram per liter in the solution have been converted into
weight percentage oxide composition as shown in Eq. 1.

Elements wt%ð Þ ¼ mg=l* dilution factorð Þ � 0:01ð Þ
grams of sample

ð1Þ
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2.7 Fourier Transformation Infrared (FTIR) Analysis

The FTIR spectra were used for qualitative characterization of surface functional
groups of the kaolin. The samples were mixed with KBr and then ground, desorbed and
pressed to obtain IR transparent pellets. The percent transmittance was recorded using a
PerkinElmer frontier spectrophotometer. The spectra were collected within a scanning
range of 400–4000 cm−1.

2.8 Performance Analysis of Formulated WDP Propoxur

Dissolution Rate: The dissolution rate of the propoxur formulations in water medium
was done according to USP XXIII paddle method [22]. The stirring speed was 80 rpm
and the temperature was maintained ambient. Aliquots (10 ml) were withdrawn at the
0–180 min with 20-min interval and analyzed for the amount of active ingredient
dissolved with spectrophotometry at 410 nm using a UV–visible spectrophotometer
(PerkinElmer lambda 35) as the Eq. 2.

%propoxur released ¼ Amount of propoxur released mgð Þ � 100
dose ðmgÞ ð2Þ

Where, df = dilution factor; Vd = volume of dilution medium

Dispersion Stability: Dispersion stability was carried out by accurately weighing
0.5 g of the sample, which was added to 200 ml of distilled water and was stirred on an
orbital shaker for about 20 min at ambient temperature and allowed to stand in
cylinder. 30–180 min with 30 min’ interval and residue settled at the bottom was
separated by decanting the solution, which was dried on an aluminum foil and weighed,
from which percentage yield of complex dispersed in water was calculated, which
indicates its dispersion stability [23]. The Dispersion stability is determined by cal-
culating the % yield of dispersion as shown in Eq. 3.

%Yield of dispersion ¼ P
P0

� 100 ð3Þ

Where P = weight of sample dispersed in water and
P0 = weight of original sample

Wettability: About 2 g of the sample was weighed and pour uniformly and quickly in
the beaker containing 100 ml of hard water (342 ppm) and start the stopwatch
simultaneously [24]. The time (seconds) was noted when the whole material is com-
pletely submerged in the water.
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3 Results and Discussions

3.1 Differential Scanning Calorimeter (DSC) Analysis

Ethiopian kaolin, where the samples are taken, is poorly ordered kaolin as the dehy-
droxylation peak shows 514 °C. The thermal analysis gives information on weight
loss; recrystallization, decomposition and phase transformation reveal the thermal
behavior of the kaolinite structure [25]. A large release of moisture and volatile matters
has seen concurrent with the weight loss and endothermic in the TG/DSC data. In
kaolin composition as can be seen in Fig. 1, DSC/TG signatures a strong case for the
presence of lattice energy. Information about interactions between mineral components
is obtained from DSC value where the thermal effects at temperatures up to 514 °C
have clearly observed. Beneficiated kaolin showed two endothermic and exothermic
peaks at 309 and 940 °C, and 85 and 514 °C respectively Fig. 1. The DSC curve of
kaolin showed a broad characteristic melting endotherm with a maximum at 940 °C.
Finally, the recrystallization and transformation of dehydrated substance to mullite,
cristobalite, and quartz were observed at the endothermic peaks at 940 °C is charac-
teristic for metakaolin dissociation and formation of spinel. That means a higher degree
of structural order produces a higher endothermic peak while a smaller particle size
leads to a lower endothermic peak [26].

Fig. 1. TG–DSC signals of beneficiated Ethiopian kaolin.
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3.2 Mineralogy with XRD

X-ray diffraction (XRD) result reveals structural defects in kaolin because of variability
in the peak positions and modulation of their intensities in kaolin XRD patterns. XRD
identification of order/disorder is challenging because of overlapping peaks and
interferences in kaolin [27, 28]. The degree of kaolinite XRD patterns exhibits
broadband between 2theta = 21.03 and 28.12 showed diffuse halo peak which is a
characteristic amorphous phase present metakaolins [29]. At those peaks of kaolin was
observed in all calcination temperatures with an intensity which increases the rate of
calcination. This corresponds with the variation of loss on ignition in metakaolin. The
diffraction pattern shown in Fig. 2 give kaolin and quartz as the major minerals in
kaolin as well as reference (China) kaolin. The Pattern illustrates the beneficiated
kaolin at different calcination temperature and reference kaolin. It was clear that the
kaolin is mainly composed of kaolinite mineral as indicated from peaks existing at 2h
values are 21.03, 24.11, 25.133, 27.95, 27.91 and 53.29 has been reported in previous
studies [30]. This indicates that the kaolin used in this research is ideal kaolin with
anorthic (triclinic) lattice structure. High proportion of quartz mineral was detected
from peaks existing at 2h values 26.88 both in the reference and domestic kaolin and
small proportions 39.92 and 50.75 [31] from the reference kaolin but not the domestic
kaolin and also it is clearly shown by the patter, as the temperature increases the
intensity increases together with amorphousness increase by decreasing the quartz peak
at 2h values 26.88. Therefore, thermally activate kaolin produces structural changes
promoting its reactivity. Figure 2 shows a small proportion of titanium oxide (anatase)
2h values 24.4–25.28 both in reference and Ethiopian kaolin.

Fig. 2. X-ray diffraction patterns of kaolin at different calcination temprature (550 °C, 650 °C,
750 °C and 850 °C) and reference (china) kaolin
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3.3 Chemical Composition

The chemical composition of kaolin was determined by AAS as summarized in
Table 1. The common chemical composition analysis detected is the basic components
of the kaolin mineral aluminum oxide, silicon oxide and (LoI). It can be seen that the
treated kaolin shows better improves the quality of the raw kaolin to almost pure
kaolin. It is unluckily that the composition of Fe2O3 decreases from 1.908 to 0.201 in
Calcined kaolin with a surfactant which is even lower than the china kaolin. This made
known a slight decrease in TiO2 and Fe2O3 contents in the kaolin with a simple
calcination temperature but further reduction in both TiO2 and Fe2O3 was obtained
after beneficiation with a surfactant. It can be seen that anatase (titanium oxide) is
concentrated in the fine end of the kaolin particle size distribution [32]. Characteris-
tically, kaolin with less than one percent of iron oxide is considered to be the best
quality for a variety of applications. Thus, most important is the increase of the Al2O3

content from 32.71 to 39.80% and the SiO2 increase from 44.8 to 51.37% with drops of
LOI from 15.9 to 1.9 due to simple moisture removal and hydroxyl removal of kaolin
to produce metakaolin, which is the most active form of kaolin. The major oxide
composition analysis tells us a substantial reduction from the kaolin to beneficiation
with a surfactant. This confirms that the chemical composition of the treated kaolin
with different treatment mechanisms having 51.37% SiO2 and 39.80% Al2O3 which is
high-quality grade kaolin for industrial application [33].

3.4 FTIR Analysis

As can be seen from the spectra Fig. 3, the bands placed between 3702.17 cm−1

regions corresponds to Si-OH stretching vibration from the raw and reference kaolin
and the 3628.54 cm−1 bands correspond to the inner layer OH (Al-O-H) stretching the
raw and reference kaolin obtained by [28, 34]. But no any peak at those of the calcined
kaolin. From this, it can be deduced that there is no OH from the calcined kaolin. The
absorption band at 1107 cm−1 is assigned to Si-O in-plane stretching vibration. The
bands placed at 1080.21 cm−1 regions correspond to skeleton Si-O-Si in-plane
stretching vibration. The frequency vibration 910 cm−1 indicated as OH deformation
linked to cationic iron and aluminum. The FTIR spectra depict the predominance of

Table 1. Chemical composition of raw, reference (china), beneficiated, Beneficiated with
surfactant and calcined (850 °C) kaolin

SAMPLES SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O TiO2 LOI

Raw 44.8 32.71 0.434 1.908 1.51 0.79 0.019 0.87 15.9
Metakaolin without
beneficiation

46.4 37.1 0.289 0.983 1.12 0.427 0.038 0.67 2.03

Calcined with beneficiation 47.48 38.80 0.325 0.462 0.27 0.544 0.050 0.52 2.01
Calcined and beneficiation
with surfactant

51.37 39.80 0.325 0.201 0.17 0.104 0.050 0.056 1.90

Reference (China) kaolin 46.6 38.8 0.06 0.51 0.08 0.03 0.12 0.48 1.93
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kaolin mineral in the studied sample and did not show any peak for impurity such as
smectite. The spectral region between 803.89 cm−1 is very sensitive against the crys-
talline and purity of the kaolin mineral. AL-OH (“gibbsite-like”) layer shows at
785.68 cm−1 [35]. Si-O-Al bending vibration and Si-O bending vibration shows at
564.78 and 463.8 cm−1 respectively. The bending vibrations of water molecules
adsorbed to kaolin surface (hygroscopic moisture) are responsible for the bands at
1660 cm−1. As can be seen from Fig. 3, the raw kaolin clearly shows a sharp peak at
those bands but the calcined and reference kaolin is an insignificant exhibit. Calcined
kaolin has enhanced percent transmittance than the raw kaolin also higher than the
reference kaolin. Behind to this is, the structure of kaolin breaks down and the iron-
containing minerals are converted to oxides compositions that pass on color with low
brightness to the product.

3.5 Performance Analysis of Formulated WDP Propoxur

Dissolution Rate: The dissolution profiles of the formulated WDP propoxur can be
observed that with raw kaolin, calcined kaolin, beneficiated kaolin and beneficiated
kaolin with surfactant have shown Fig. 4 us in increasing the solubility of the propoxur
technical ingredient. It is seen that the formulation with surfactant gives higher Dis-
solution of formulated product with kaolin have been observed that the formulations
with raw, calcined, beneficiated and beneficiated with surfactant increase its solubility
of propoxur technical. As can be seen the formulated WDP propoxur with beneficiated
kaolin surfactant gives a higher percentage of the dissolved active ingredient as
compared to that of raw, calcined and simple beneficiated kaolin. This is due to the fact

Fig. 3. FTIR- spectra of kaolin (Raw, Calcined and reference (China) kaolin)
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that interaction between the chemical modifiers (surfactant) mixed together on the
kaolin surface. Dissolutions were compared to modified and without modified kaolin.
The dissolution percentage was lower with formulated WDP propoxur in raw kaolin as
compared to that of beneficiated kaolin, calcined kaolin and beneficiated kaolin with a
surfactant. This excellent percent dissolution is due to the role of surfactant which can
form suspensions of the propoxur technical. It is observed that active ingredient
showed no significant change in UV absorbance after that room temperature. The
values ranged from 65.8% to 95.96% for solutions at room temperature in raw and
treated kaolin. This insured solution stability of active propoxur during the period of
dissolution testing.

Dispersion Stability: The dispersion stability expressed as the constancy of the
number of particles per unit volume, point out the confrontation to settling and
coagulation. In uneven dispersions, the concentrations of particles in the upper dis-
persion layers decrease because of settling and/or flocculation. As can be seen,
Ethiopian raw kaolin has low dispersion stability but the beneficiated with surfactant
have high dispersion ability [36].
Dispersion stability depends on the surface area, the particle size distribution, and the
solubility of the kaolin mineral in the dispersion medium that is water. If dispersion is
stabilized to hinder flocculation and the particle size remains in the colloidal state,
below about 0.3 mm, the Brownian motion will prevent settling of particles [36]. The
colliding particles become attached to each other unless their surface is modified or
some measure has been taken to overcome the attraction between particles. One of the
most important functions of a dispersant/surfactant chemical modifier is to hinder the
approach of the particles to the close distance where attractive forces dominate and
stabilize the dispersion against formulations of WDP propoxur flocculation.

Fig. 4. Dissolution profile studies on formulations of WDP propoxur for raw, calcined,
beneficiated and of beneficiated with surfactant.
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As it can be seen from Fig. 5, the dispersion stability of formulated product with
calcined kaolin, beneficiated kaolin and of beneficiated kaolin with surfactant increased
sequentially when compared to that of raw Ethiopian kaolin, which indicated that the
treatment of kaolin with thermal wet and chemical not only affects the solubility but
also the dispersion stability. It can be interpreted from Fig. 5 that the formulated
product with beneficiated kaolin and with surfactant show much better dispersion
stability that can be attributed to the presence of surfactant molecules in the kaolin
structure have the power to form a suspension. Also, the dispersion stability of for-
mulation simple beneficiated with water is slightly comparable to that of the formu-
lation of beneficiated with a surfactant, while that of formulation calcined indicates that
the dispersion stability of the formulation which is lower. But have moderate dispersion
stability than the raw kaolin.

Wettability: The wetting property studied is immersion wetting. From the results
(Table 2) of the wettability test, it is quite evident that the wetting time for formulation
of beneficiated with surfactant is lower as compared to that of calcined and benefici-
ated, which is much lower when compared to raw kaolin, and had resulted due to the
decrease in interfacial tension at the solid-liquid interface by the adsorption of the
chemical modifier (surfactant) mix together on the kaolin surface causing an
enhancement of the wetting property.

Fig. 5. Dispersion studies on formulations of WDP propoxur for raw, calcined, beneficiated and
of beneficiated with surfactant
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Further, it can be made clear that surfactant molecule adsorbed on the surface by
Van der Waals attraction get used to the hydrophilic group towards the aqueous
solution, thus increasing the hydrophilicity of the absorbent particles and depiction
them more wettable with an aqueous solution [37].

4 Conclusion

Ethiopian specifically bombowuha kaolin was successfully modified using beneficia-
tion, chemical modification, and Thermal treatments. The calcination temperature has
an ability to increase the brightness and decrease the color values giving an
improvement in optical properties. In the present research, a successful beneficiation of
Ethiopian kaolin was achieved through a mechanical process of particle separation
based on a wet beneficiation method. The beneficiation of the kaolin improves it to a
suitable grade for industrial materials. It is demonstrated that chemical modification
(with surfactant) can improve the quality of the kaolin further. The characteristics of
Ethiopian kaolin clays from western region deposit of the bombowuha led to the
following conclusions: the calcination treatment can be adequate starting from 500 °C
for the thermal treatments to produce metakaolin as can be seen from TG/DSC analysis.
The low weight loss from the thermal analysis conforms as no more organic matter and
is poorly ordered kaolin which is suitable to use for the different industrial application.

The china clays (reference kaolin) and Ethiopian kaolin are highly kaolinitic and
have same in physic-chemical and mineralogical properties. Treated Ethiopian kaolin
(with mechanical and thermal treatment) is found to have properties closer to that of
chain kaolin even by far it is better compared to the reference kaolin based on their
particle property and pH value. Impurities in raw Ethiopian kaolin are much higher
than the chain kaolin clay and it is the ‘iron-containing titania’ which impacts the
optical, chemical and mineralogical properties. However, the treatment processes
(beneficiation and calcination) reduces the iron percentage to a lower level than that the
reference kaolin. These titania particles with iron in their structure influence the white
shade of clay and make it inferior to the domestic kaolin. Calcination first decreases (up
to 700 °C) the brightness and whiteness and increases (up to 1200 °C) giving an
overall improvement in optical properties. In the end, it can be concluded that treated
Ethiopian kaolin (calcined, beneficiated and with surfactant) significantly increased the
kaolin high-grade quality for industrial application.

Table 2. Wetting time of formulation on raw, calcined, beneficiated and of beneficiated with
surfactant kaolin

Formulation Wetting time (second)

Raw 34.2
Calcined without beneficiation 13.5
Beneficiated with water 10.1
Of beneficiated with surfactant 6.87
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