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A B S T R A C T   

Previous studies in Uganda have primarily explored kaolin’s applications in composites, pottery, 
bricks, and insulation, neglecting its potential for coatings and paints, which is crucial for 
industrialization and saving foreign exchange. This study investigates the transformation of 
kaolin through various treatments and analyzes their impacts on its physical and chemical 
properties for potential use in coating applications. Thermal analysis, X-ray Fluorescence Spec-
troscopy (XRF), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), scan-
ning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS), and transmission 
electron microscopy (TEM) techniques were employed to assess these alterations. The results 
show that thermal treatment of kaolin at 45.9 ◦C had minimal impact on mass loss, while the 
crystallinity of kaolinite was found to be lost around 600 ◦C, resulting in structural changes. XRF 
result demonstrates variations in SiO2 and Al2O3 composition, with low TiO2 content desirable for 
paint and coating applications. XRD results showed well-defined diffractions associated with 
kaolinite in all treated and untreated kaolin samples. The presence of K-feldspar and quartz are 
also identified. However, the thermal treatment at 800 ◦C transforms kaolinite into metakaolin, 
essential for enhancing coating properties. SEM-EDS results indicate increased porosity and 
reduced impurities in the thermal-treated sample, which might enhance the whiteness and suit-
ability of pigment and binder dispersion in coatings. TEM images confirmed the hexagonal nature 
of kaolinite platelets and demonstrated the amorphous nature of kaolin nanoparticles with 
ammonium molybdate treatment, which led to the delamination and exfoliation of kaolinite 
layers, improving dispersibility. Kaolin thermally treated exhibited good crystallinity, solid 
growth, cubic morphology, and uniform size distribution. These findings suggest that tailored 
treatments can optimize kaolin’s properties, making it a promising additive for high-performance 
coatings.   

1. Introduction 

The market growth of material coatings is fueled by increased construction activities worldwide and the growing urban population 
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[1]. These factors have emerged as significant drivers behind the rising demand for material coatings in various industries [2]. 
However, addressing the significant environmental burdens associated with building and construction materials is important. These 
burdens pose global concerns due to their adverse effects on air quality, human health, and contribution to climate change [3,4]. 
Among the building materials, paints and coatings produced from chemical-based pigments are identified as one of the major haz-
ardous pollutants by the World Health Organization (WHO) [5], which could lead to different types of cancers [6,7]. Alkyd semi-gloss 
paint, alkyd resin, and titanium dioxide (TiO2) are significant contributors to energy consumption and environmental emissions in 
chemical-based pigments. These factors contribute to the release of volatile organic compounds (VOCs), carbon dioxide (CO2), sulfur 
dioxide (SO2), nitrogen oxides (NOx), and chemical oxygen demand (COD) into the environment [2,8]. Apart from alkyd resin and 
TiO2 pigments, oxygenated and hydrocarbon solvents pose significant environmental and human health hazards in coatings. When 
these solvents are used in poorly ventilated areas, their vapors can irritate the eyes, skin, and lungs. They can contribute to various 
health issues, including kidney damage, muscle weakness, respiratory problems, and liver disorders [2,4,8]. 

These challenges have led to different approaches to energy consumption management and bio-based materials such as pigment to 
increase efficiency and reduce environmental pollution, including greenhouse gas emissions [9–11]. One such positive alternative for 
chemical-based and mineral fillers is kaolinite, which may fill the demand gaps with significant reductions in the environmental 
impacts. 

Kaolinite is a precious and versatile mineral widely utilized across various industries. This is primarily due to its unique physical 
and chemical properties, as well as its surface chemistry and crystal structure [12]. It is used extensively in the ceramics [13], re-
fractory [14], rubber [2], fillers [15], cement [16], and pharmaceutical industries [17]. Kaolinite is a mineral found in numerous 
countries worldwide, although only a few deposits are of high quality. The classification of raw kaolinite into different grades typically 
influences its price and determines its suitability for specific industrial applications. These graded classifications help to differentiate 
the various qualities of kaolinite and guide its utilization in various industries. Among industrial applications, kaolinite minerals can be 
used as a pigment and extender in paint and coating formulations [18], often a less expensive alternative to TiO2. These enhancements 
offer several benefits to paint, including reduced weight per container, significantly extended product lifespan, and improvements in 
opacity, gloss, color, and viscosity [19]. 

With increasing and new applications of kaolin resources, promising deposits are worth exploiting in any strategic location. In 
Uganda, kaolin deposits occur abundantly in different regions, yet detailed investigation of raw materials, characterization, phase 

Fig. 1. Experimental process.  
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evaluation, and their processing are limited in this research. Most research conducted in Uganda regarding kaolin deposits has 
centered around exploring its use as a reinforcement in composites and pottery, as a source of materials for bricks, and as an insulator 
[16,20–23]. On the contrary, the potential usefulness of these kaolin deposits for producing paints and coatings has not been 
considered, which is very important as far as the industrialization of a nation and saving foreign exchange is concerned. 

It is crucial to conduct characterization and treatment to improve raw materials’ physical and chemical properties. These are 
particularly important in optimizing the raw materials for specific applications, including creating coatings and paints with desired 
properties and improved stability. Previous studies have predominantly examined treatment or beneficiation methods for the kaolin 
[15,24–29], but few have specifically investigated the impact of different treatment methods on kaolin and characterizing the resulting 
treated kaolin [14,30,31]. These processes can potentially induce changes in physical and chemical properties, including morphology, 
crystal structure, particle size distribution, and pH, which can subsequently affect the formation of kaolin [32,33]. Consequently, there 
is a need for a dedicated study focusing on different treatment methods of kaolin and their effects on characterization to address this 
research gap. Such a study would contribute valuable insights into the impact of treatment processes on kaolin properties and provide a 
more comprehensive understanding of its behavior and applicability in various applications. 

The objective of the present study is to characterize the Mutaka kaolin deposit located in Mitooma district, southwestern region of 
Uganda. The focus is on different treatments of kaolin mineral samples and characterizing the resulting treated kaolin. The ultimate 
aim is to treat and characterize by identifying the promising candidates among various kaolin samples to produce low-cost coating 
pigments. By characterizing the kaolin and enhancing its properties through treatment, the study seeks to establish the potential of this 
kaolin deposit as a cost-effective pigment for manufacturing kaolin-based coatings and paints. 

2. Materials and methods 

2.1. Materials and chemicals 

The mineral was collected from the Mutaka kaolin deposit in the Mitooma district, southwestern Uganda. The present study utilized 
a range of laboratory-grade chemicals, including oxalic acid, ammonium molybdate, and iron standard solution. Using laboratory- 
grade chemicals ensures high purity and consistency, minimizing the potential for impurities or variations that could affect the ac-
curacy and reliability of the results. Fig. 1 depicts the schematic representation of the experimental procedure layout. 

2.2. Milling and particle size distribution 

This study used lumpy Mutaka kaolin deposits weighing 1 kg each to prepare powders. A Thomas grinding machine was employed 
to break up the agglomerates and achieve a finer particle size. The lumpy kaolin deposits underwent grinding to facilitate the size 
reduction process. Subsequently, the kaolin deposit was further processed in a cascading ball mill, using alumina balls as grinding 
media. This milling step aimed to reduce the particle size of the kaolin further and obtain fine powders suitable for subsequent 
characterization and beneficiation processes. 

Following the milling process, the particle size distribution of the kaolin powders was examined using a TSS-200 vibratory sieve 
shaker. The sieve shaker was equipped with a four-stack sieve setup arranged according to the ISO 3310 standard. The nominal 
aperture sizes of the sieves used were 600 μm, 300 μm, 200 μm, and 150 μm, with the sequence from top to bottom. The sieve shaker 
was operated for 10 min to assess the extent of milling achieved for the Mutaka kaolin samples. After the sieving process, the sets of 
powders that passed through the sieves with aperture sizes below 150 μm were selected for further analysis. 

2.3. Treatment of kaolin 

After the milling and particle size distribution analysis, the kaolin particles that passed through the 150 μm size sieve were carefully 
stored in a dry vacuum environment. The study involved five different treatments of the kaolin samples, namely, (i) oxalic acid 
treatment, (ii) ammonium molybdate treatment, (iii) beneficiated or de-ionized water treatment, (iv) untreated, and (v) thermal 
treatment. 

2.3.1. Oxalic acid treatment 
In this treatment, the kaolin sample was subjected to a concentration of 0.1 M oxalic acid in a solid-to-acid solution ratio of 1:10. 

The mixture was carried out in a 500 ml Pyrex® flask and stirred at 400 rpm for 20 min using a magnetic stirrer at 23 ◦C. After mixing 
the kaolin and oxalic acid solution, the resulting mixture was transferred into Falcon® tubes. The tubes were then centrifuged using a 
Megafuge™ 8 centrifuge at 4500 rpm for 10 min [31]. The supernatant, which contained the liquid portion of the mixture, was 
discarded, while the residue product, which consisted of the treated kaolin, remained in the Falcon® tubes. The residue was washed 
repeatedly with distilled water to remove unspent oxalic acid and other impurities. After the washing step, the kaolin sample was dried 
at 100 ◦C for 24 h. The treated sample was designated as sample A. 

2.3.2. Ammonium molybdate treatment 
Kaolin was treated with a solution containing small quantities of ammonium molybdate, utilizing a ratio of 1:10 (w/v). The 

resulting mixture was stirred and kept at a constant temperature of 23 ◦C for 20 min. Following this, the suspensions were subjected to 
centrifugation at 4500 rpm for 10 min, leading to the separation of the liquid supernatant, which was subsequently discarded. The 
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sample was then thoroughly washed with distilled water and dried following the procedure outlined in section 2.3.1. The kaolin 
sample treated in this manner was designated as sample B. 

2.3.3. Beneficiated treatment 
To ensure homogeneous mixing, 100 g of kaolin was added to deionized water and stirred for 20 min. Subsequently, the dispersion 

underwent centrifugation at 4500 rpm for 10 min, effectively separating the solid particles. The resulting sediment was subjected to 
multiple rinses with deionized water to remove residual impurities. Finally, the sample was dried at 100 ◦C for 24 h to achieve a 
complete moisture removal [31]. The dried samples were well-mortared for subsequent characterizations. The treated sample was 
designated as sample C. 

Fig. 2. TGA curves of (a) oxalic acid treated, (b) ammonium molybdate treated, (c) deionized water treated, (d) untreated kaolin, and (e) thermal 
treated kaolin. 
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2.3.4. Untreated and thermal treatment 
After milling and particle size distribution analysis, 100 g of kaolin particles that passed through a 150 μm sieve were carefully 

stored as sample D, which served as an untreated sample. Another 100 g of kaolin was subjected to thermal treatment using a Carbolite 
Gero HTF electric furnace at a temperature of 800 ◦C for 4 h, without nitrogen (N2) or airflow [33]. The sample remained inside the 
furnace until it cooled down to approximately 100 ◦C, and then it was further cooled in a desiccating chamber. The thermally treated 
sample was labeled as sample E. 

2.4. Characterization of kaolin samples 

2.4.1. Thermogravimetric (TGA) analysis 
The thermal analyses of both treated and untreated samples were determined using a TGA (SDT Q600 V20.9 Build 20), and it shows 

the relationship between changes in the weight of materials with time as heat is applied. The sample was weighed (~5 mg) and 
transferred into crucibles by heating it from ambient temperature to 1000 ◦C at 10 ◦C per minute under N2 atmosphere. Furthermore, 
the degree of conversion of the kaolinite dehydroxylation reaction was determined by analyzing the weight loss of the samples during 
calcination and the loss on ignition obtained from TGA analysis. 

2.4.2. X-ray diffraction (XRD) analysis 
Before conducting p-XRD analysis, the samples underwent a process of fine pulverization to ensure optimal effectiveness during the 

investigation. The diffraction patterns were then measured using a Philips X’ Pert Pro p-XRD instrument. The scan speeds were set at 
10◦/min, and the data was captured with a resolution of 0.02◦. For the analysis, a Cu K α1 radiation source with a wavelength of 1.54 
nm was utilized. The instrument was operated at a voltage of 40 kV and a current of 40 mA. Wide-angle measurements were conducted 
from 10 to 90◦ (2θ). 

2.4.3. Fourier transform infrared (FTIR) analysis 
The functional groups present in the samples were determined using an FTIR spectrometer model 4100 from Shimadzu. The FTIR 

analysis was conducted in the solid state, and small fragments of each silica sphere were powdered and deposited on the attenuated 
total reflectance (ATR) system for subsequent data acquisition. The wavenumber range explored during the analysis was from 4000 to 
500 cm− 1. 

2.4.4. Transmission electron microscopic (TEM) analysis 
TEM analyses were conducted using a Jeol JEM-2100F TEM machine equipped with a LaB6 source. To prepare the TEM samples, a 

small amount of the synthesized material was placed onto a TEM grid (Cu-grid) with a 200 mesh size, which had been coated with a 
thin carbon film. The TEM machine operated at an acceleration voltage of 200 kV. The images of the samples were captured using a 
digital charge-coupled device (CCD) camera connected to the transmission electron microscope. 

2.4.5. SEM/EDS analysis 
The SEM measurements were conducted utilizing a Tescan Vega 3 LMH instrument. The SEM operated at an accelerating voltage of 

20 kV and employed a secondary electron detector (SE). Additionally, the SEM was equipped with energy dispersive spectroscopy 
(EDS) capabilities. To enhance the conductivity of the materials, they were initially carbon-coated using the Agar Turbo Carbon coater. 

3. Results and discussion 

3.1. Thermal analysis 

Fig. 2(a) and (c) exhibit similar trends in the TGA and differential thermal analysis (DTA) curves, depicting the weight loss and 
endothermic peaks of kaolin samples treated with oxalic acid and de-ionized water. In the DTA curve, two distinct endothermic peaks 
were observed. The first endothermic peak, detected at 42.8 ◦C within the 20–100 ◦C temperature range, corresponds to removing 
absorbed water from the surface pores. Reducing the moisture content in kaolin, it becomes more stable and less prone to moisture- 
related issues, which is crucial for its use in coatings where moisture can lead to defects and reduced performance [34]. The second 
endothermic peak, observed at 500.7 ◦C within the temperature range of 495–505 ◦C, is attributed to the dehydroxylation of minerals 
within the sample, which results in the formation of amorphous metakaolinite, a property desirable in coating applications [35,36]. 
These peaks are accompanied by TGA weight loss between 9.208 and 9.766 wt%. 

Additionally, metakaolinite is a more reactive form of kaolin, and its presence can enhance the reactivity and performance of kaolin 
as an additive in coatings. It contributes to improved binding and adhesion properties, which are essential for coating applications 
[37]. However, the obtained curves suggest that during the gradual heating of the kaolin samples, the following processes and re-
actions occur successively [38]:  

Al₂O₃⋅2SiO₂⋅2H₂O (kaolinite) → Al₂O₃⋅2SiO₂ (amorphous metakaolinite) + 2H₂O                                                                                     

This reaction represents the dehydroxylation of kaolinite, which is characterized by endothermic peaks observed in the temper-
ature range of 500–590 ◦C. As a result of dehydroxylation, water molecules are released, leading to the formation of amorphous 
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metakaolinite. 
Fig. 2(b) and (d) showcases similar trends in the TGA and DTA curves, representing the weight loss and corresponding peaks of 

sample B (treated with ammonium molybdate) and sample D (untreated sample). In the TGA curve, three distinct endothermic peaks 
were identified. The first endothermic peak corresponds to the removal of adsorbed water, the second peak signifies the decomposition 
of impurities, and the third peak indicates the dehydroxylation reaction of the kaolin. The total weight loss observed was between 
11.15 and 11.34 %, occurring until a temperature of 498 ◦C. The rapid evaporation of water might lead to an accumulation of small 
binder particles in the coating surface layer, thereby creating porosity and surface energy differences due to local variations in 
thickness and density [39]. An exothermic peak was detected within the 635–970 ◦C temperature range. This peak likely indicates a 
phase transformation occurring from metakaolin to spinel formation. Notably, no discernible mass loss was observed throughout this 
phase transformation process. These thermal analysis results align with findings reported in the literature by Refs. [40,41]. As the 
temperature increases further, the kaolin transforms into a crystalline phase, as described by the equation:  

Al₂O₃ 2SiO₂ ⟶ 2Al₂O₃ 3SiO₂ + SiO₂ H₂O amorphous + γ Al₂O₃                                                                                                         

This transformation is accompanied by an exothermic peak between 800 and 1000 ◦C. 
A low weight loss of 0.788 % was observed for sample E when heated at 45.9 ◦C (see Fig. 2(e)). This indicates that the thermally 

treated kaolin experienced minimal mass loss at this temperature. The crystallinity of kaolinite is known to be predominantly lost 
around 600 ◦C. The kaolinite structure changes at this temperature, and the original hexagonal layer structure becomes disorganized. 
This structural transformation contributes to the low mass loss observed in the thermally treated kaolin sample. 

3.2. XRF analysis 

As presented in Table 1, the XRF analysis results indicate variations in the composition of SiO2 and Al2O3, ranging from 41.70 % to 
49.98 % and 35.17 %–39.20 %, respectively. The loss on ignition, which represents the amount of organic and volatile compounds, 
varied between 9.60 % and 17.36 %. These values were closest to the theoretical kaolin composition, suggesting that the kaolinite was 
enriched after clay description and classification. The high SiO2 content observed in all raw kaolin samples indicates that SiO2 is the 
primary oxide present, followed by Al2O3 [42]. In this study, a small amount of TiO2 (0.004 %) was detected in the kaolinite-rich 
samples, which is even lower than the amounts reported in the literature. High levels of TiO2 can affect the whiteness and bright-
ness of kaolin when used in paint and coating applications. 

3.3. XRD analysis 

The untreated kaolin samples and those treated with oxalic acid, ammonium molybdate, and de-ionized water exhibit well-defined 
diffractions at specific 2θ values (see Fig. 3). These peaks, observed at 2θ values of 12.20–12.45◦, 20.02–20.19◦, 24.82–21.01◦, 37.89◦, 
55.04◦, and 63.1◦, are typically associated with kaolinite [25,30]. The diffraction patterns of all kaolin samples also reveal peaks at 2θ 
values of 20.82–21.65◦, 27.38◦, and 30.03◦, which are characteristic of K-feldspar, except sample E. However, the highest intensity 
peaks of quartz are observed at 26.74–27.02◦ of 2θ values. This stability is crucial in coatings to ensure the additive’s properties remain 
consistent. These findings are consistent with previous studies [47–49] that reported these peaks as associated with quartz. Compared 
to sample E, the x-ray diffraction patterns obtained in samples A, B, C, and D indicate that samples are rich in kaolinite, K-feldspar, and 
quartz, which provides a range of properties that can benefit coatings. 

The acid treatment (sample A) applied to the kaolin samples did not significantly impact the primary reflections of the kaolin 
minerals, as evidenced by the XRD diffraction patterns. Compared to the other treated samples, the thermal treatment (sample E) 
resulted in a notable change, as depicted in Fig. 3. The XRD diffraction peaks associated with kaolin minerals disappeared, while the K- 
feldspar peak remained visible in the calcined kaolinite. This indicates that the thermal modifications at 800 ◦C caused the absence of 
kaolin d001 reflections, regardless of whether they originated from major halloysite, kaolinite, or included their iron oxide impurities. 
Different treatments had varying impacts on these minerals. Notably, thermal treatment resulted in the transformation of kaolinite into 
metakaolin, which is essential for enhancing certain coating properties. 

Table 1 
XRF composition of untreated kaolin and those reported in the literature.   

Oxides 
Chemical composition (% w/w)  

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 P2O5 LOI Reference 

Raw Indian Kaolin 45.22 38.43 0.52 0.04 0.033 0.84 0.18 0.269 0.03 12.00 [43] 
Raw Algerian Kaolin 41.70 35.80 0.801 1.16 0.183 0.301 N. D 0.070 N. D 17.364 [44] 
Raw Ghanaian Assin-Fosu Kaolin 49.79 35.17 0.76 0.200 1.14 0.60 2.14 0.14 0.03 9.6 [45] 
Raw Ugandan Buvumbo Kaolin 49.98 35.97 0.34 <0.01 0.33 0.99 0.025 0.02 0.06 12.61 [21] 
Raw Ugandan Migade Kaolin 49.90 35.62 0.54 <0.01 0.34 0.78 0.044 0.05 0.11 12.85 [21] 
Raw Ugandan Mutaka Kaolin 48.80 36.00 0.238 0.09 0.038 1.14 0.004 0.004 0.009 12.60 This study 
Beneficiated Ugandan Mutaka Kaolin 45.20 39.20 0.417 0.135 0.059 0.760 <0.040 0.012 0.002 13.70 [46] 

LOI-Loss on ignition in weight %, N. D-no data. 
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3.4. FTIR analysis 

Fig. 4 depicts the FTIR spectra of untreated kaolin and the samples treated with oxalic acid, ammonium molybdate, heat, and de- 
ionized water. In Fig. 4(a)–4(d), the FTIR results show that the OH stretching vibrations are observed in the wavenumber range of 3707 
to 3576 cm− 1. These hydroxyl groups can potentially interact with other components in coatings, enhancing adhesion and perfor-
mance. Within the range of 1200-500 cm− 1 (refer to Fig. 4(a)–(d)), the γSi-O stretching vibrations of kaolinite exhibit distinct peaks at 
1103, 1094, 980, and 847 cm− 1. These frequencies correspond to the specific molecular vibrations of kaolinite. Additionally, the FTIR 
spectrum of the samples reveals a prominent band at 779 cm− 1, which can be attributed to quartz, based on previous studies [31,50]. 
Furthermore, an intensity band observed at 947 cm− 1 is associated with the Al–Al–OH groups present in the sample. This band 
provides information about the presence of these particular chemical groups. Moreover, the bands detected at 606 and 589 cm− 1 

correspond to the γSi-O stretching vibrations, as reported in a study by Ref. [51]. Additionally, the band observed at 503 cm− 1 cor-
responds to the γSi-O-Al stretching vibrations. These spectral features suggest the presence of illite and K-feldspars in the sample, 
consistent with the results obtained from XRD analysis. 

Fig. 4(e) illustrates the thermal treatment of the kaolinite sample, resulting in the formation of metakaolin at 800 ◦C. The figure 
shows that the sharp OH bands, typically in the OH-stretching band range of 2500–3800 cm− 1, vanish entirely. This disappearance is 
evident in Fig. 4(e). Additionally, the bands at 1110-980 cm− 1, corresponding to Si–O stretching vibrations, and those at 847 and 779 
cm− 1 also cease to exist. These findings are consistent with the X-ray diffraction (XRD) results, indicating the destruction or alteration 
of the kaolinite structure as a consequence of the thermal treatment (heating to 800 ◦C). The changes in the infrared (IR) spectral 
features align with the XRD data, affirming the transformation of kaolinite into metakaolin due to the applied thermal conditions. 

3.5. SEM-EDS analysis 

The SEM images in Fig. 5 display different treated and untreated kaolin samples and reveal certain observations and comparisons. 
Compared to the oxalic acid leaching process (Fig. 5(a)), sample E and sample B formed a more porous structure. This finding is 
consistent with the literature reported by Refs. [30,52]. Increased porosity can enhance the material’s ability to absorb and hold onto 
other coating components. This can lead to better dispersion of pigments, binders, and other additives, improving the overall per-
formance and coverage of the coating [53]. In contrast, untreated kaolin may have a less porous structure, making it less effective at 
absorbing and holding onto these components. A recent investigation showed that the porosity increased with increasing kaolin in the 
coating layer [39]. Additionally, the thermal treatment applied to the Mutaka kaolin (sample E) resulted in significant modifications, 
as evident in the EDS compositions presented in Table 2. This treatment caused dehydroxylation, producing amorphous metakaolin 
from the Mutaka mineral, as described by Ref. [33]. Regarding the beneficiation and untreated kaolin results, the SEM images in Fig. 5 
(c) and (e) indicate that larger kaolin particles were fragmented, resulting in fewer aggregations and the formation of a platelet 
structure. This structural change led to an increase in surface area. Both micrographs, Fig. 5(c) and (e), demonstrate a disorderly 
arrangement of particles, suggesting a generally amorphous nature. Furthermore, these particles appear dispersed alongside crys-
talline silica particles. 

Fig. 6, which displays the EDS layered images, provides insights into the interaction of various elements and electrons within the 
kaolin matrix. The EDS analysis of all samples indicates a significant and intimate mixture of silicon (Si) and aluminum (Al) throughout 
the kaolin samples, suggesting preserving the original kaolin structure despite the different treatments. 

Table 2 presents the results of the EDS analysis, showing a notable reduction in silicon content in the raw kaolin sample after 
undergoing treatments with deionized water, thermal treatment, oxalic acid, and ammonium molybdate. The silicon weight per-
centages are reported as follows: 26.5 wt% for raw kaolin, 23.6 wt% for beneficiated kaolin, 22.2 wt% for thermally treated kaolin, 
17.6 wt% for kaolin treated with oxalic acid, and 21.9 wt% for kaolin treated with ammonium molybdate. This reduction in silicon 

Fig. 3. XRD spectrum of untreated and treated samples. § = kaolin; * = K-feldspar; Δ = quartz.  
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content indicates a decrease in the amount of sand, which is a major impurity in kaolin. The lower silicon content is desirable, as it 
reduces impurities and increases the whiteness of the additive for coating. 

In the case of potassium (K), the high reactivity of this element during heating leads to a decrease in its concentration compared to 
raw kaolin. Specifically, the concentration of K decreases from 9.1 wt% in raw kaolin to 8.0 wt% after heating. Also, when treated with 
oxalic acid, which is a weak acid, the alkaline elements, including K, undergo reactions that reduce their concentration. The increased 
concentration of oxygen observed in the elemental analysis is representative of the strong bonds formed from silica and alumina. These 
elements contribute to the formation of stable bonds within the kaolin structure. This reduction can be beneficial for coatings, as the 
high reactivity of potassium during heating may lead to undesirable reactions that affect coating properties. Additionally, when 
alkaline elements react with the acidic-leaning elements, such as Al, the concentration of the acidic elements decreases. This is the case 
for Al, which experiences a reduction in concentration when it reacts with alkali. The effervescent reaction of ammonium molybdate 
with kaolin causes a subsequent decrease in the concentration of highly reactive K. As a result, the concentration of K is further reduced 
in this treatment. 

Furthermore, the decrease in impurities, particularly iron oxide, contributes to the whiteness observed in the treated kaolin samples 
compared to the raw kaolin. This reduction in iron oxide impurity is crucial for kaolin’s application as a filler material in paint. The 

Fig. 4. FTIR spectrum of (a) oxalic acid treated, (b) ammonium molybdate treated, (c) deionized water treated, (d) untreated kaolin, and (e) 
thermal treated kaolin. 
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whiteness of kaolin is an important property in paint applications, and thus, the treatment of raw kaolin is necessary to achieve the 
desired whiteness when used as a filler material [34]. The high oxygen weight percentage in the EDS analysis represents hydroxide 
groups contributing to the kaolin structure bonding. The treatments of raw kaolin generally reduce the number of oxygen bonds, 
indicating a decrease in hydroxide groups. However, the oxalic acid treatment stands out as it provides additional hydroxyl groups to 
the kaolin matrix, increasing oxygen bonds. 

Fig. 5. SEM images at a spatial resolution of 10 μm for (a) oxalic acid treated, (b) ammonium molybdate treated, (c) deionized water treated, (d) 
untreated kaolin, and (e) thermal treated kaolin. 
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Table 2 
Elemental composition of kaolin samples by EDS.  

Elements Sample A Sample B Sample C Sample D Sample E 

wt% σ wt% Σ wt% σ wt% σ wt% σ 

O 52.8 0.5 47.2 0.7 39.5 1.0 51.5 0.4 44.4 1.4 
Si 17.6 0.2 21.9 0.4 23.6 0.6 26.5 0.3 22.2 0.7 
Al 16.3 0.2 13.4 1.2 15.4 1.8 12.9 0.2 14.3 2.3 
C 8.9 0.8 9.5 0.2 12.7 0.4 – – 11.1 0.4 
K 4.4 0.1 8.0 0.2 8.7 0.3 9.1 0.2 8.0 0.4 

Note: σ-standard deviation. 

Fig. 6. EDS mappings at a spatial resolution of 10 μm for (a) oxalic acid treated, (b) ammonium molybdate treated, (c) deionized water treated, (d) 
untreated kaolin, and (e) thermal treated kaolin. 
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3.6. TEM analysis 

Fig. 7(a)-(e) displays TEM micrographs and crystalline structures of kaolin samples subjected to different treatments. In all the 
images, the hexagonal nature of kaolinite platelets is visibly apparent. This characteristic is attributed to the crystal structure of 
kaolinite, which comprises stacked layers of aluminum octahedra and silicon tetrahedra. Notably, certain layers within the structure 
adopt a hexagonal arrangement, giving rise to platelets with a hexagonal shape (refer to Fig. 7(a)-(b) and 7(d)–(e)). In Fig. 7(a), the 
micrograph provides a distinct view of the kaolin nanoparticles, exhibiting an amorphous characteristic with an average size distri-
bution of 23 nm. The micrograph also reveals individual crystals in the form of flakes, showcasing a pseudohexagonal morphology. 

Moving to Fig. 7(b)–a noticeable distinction can be observed, with a clearer and more organized arrangement of particles resulting 
from the mass concentration of kaolin. This is evident from the dark shades in the TEM image, particularly after treatment with 
ammonium molybdate, compared to the untreated kaolin sample. We also noticed a significant increase in kaolinite flakes peeled off as 
layers in the ammonium molybdate-treated samples. This observation suggests that the treatment with ammonium molybdate had a 
pronounced effect on the delamination and exfoliation of the kaolinite layers, separating individual platelets or flakes. These changes 
can contribute to the dispersibility and homogeneity of kaolin in coatings. Furthermore, Fig. 7(e) presents sample E, which exhibits 
good crystallinity, solid growth, and a cubic morphology, accompanied by a uniform size distribution. This finding aligns with the 
literature discovered by Ref. [54]. These crystalline shapes and the random nature of the structure lead to high absorptivity and 
porosity of the mineral, which are characteristics that lead to easy wettability in liquid systems [34]. 

4. Conclusion 

This study aims to assess, treat, and characterize the promising candidates among various kaolin samples for producing low-cost 
coating pigments. From the results, the following conclusions were obtained. 

Fig. 7. TEM images of (a) oxalic acid treated, (b) ammonium molybdate treated, (c) deionized water treated, (d) untreated kaolin, and (e) thermal- 
treated kaolin. 
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1. Sample E exhibits minimal mass loss at 45.9 ◦C, indicating the thermal treatment had limited impact. The crystallinity of kaolinite is 
lost around 600 ◦C, resulting in structural changes and low mass loss in the treated sample.  

2. The loss on ignition, representing organic and volatile compounds, ranges from 9.60 to 17.36 %. These values closely resemble the 
composition of theoretical kaolin, suggesting the enrichment of kaolinite after clay description and classification. The high SiO2 
content indicates it is the primary oxide, followed by Al2O3. Trace amounts of TiO2 were detected in the kaolinite-rich samples, 
lower than reported in the literature.  

3. Acid treatment does not significantly affect the primary reflections of the kaolin minerals in the XRD patterns. However, thermal 
treatment results in the disappearance of kaolin mineral peaks while the K-feldspar peak remains visible. This indicates that the 
thermal modifications cause the absence of kaolin reflections, leading to the transformation of kaolinite into metakaolin, which can 
enhance coating properties.  

4. Sample A to D shows a band indicating quartz’s presence at 779 cm− 1, while the Al–Al–OH groups are associated with an intensity 
band at 947 cm− 1. In the 1200-500 cm− 1 and 606-589 cm− 1 range, the bands correspond to γSi-O stretching, and the band at 503 
cm− 1 corresponds to γSi-O-Al stretching. These bands suggest the presence of illite and K-feldspars, as confirmed by XRD patterns. 
In sample E, the OH bands and Si–O stretching bands disappear completely, indicating the destruction of the kaolinite structure due 
to the thermal effect.  

5. Sample B and E show a more porous structure than sample A. Sample D leads to significant modifications in Mutaka kaolin, 
producing amorphous metakaolin. Sample C and E exhibit fragmentation of larger particles, forming a platelet structure and 
increasing surface area. The treatments also reduce iron oxide impurity, resulting in whiter kaolin, which can positively impact 
coating properties, including adhesion and performance.  

6. All the TEM images confirm the hexagonal nature of kaolinite platelets and reveal the amorphous nature of the kaolin nanoparticles 
with sample A. Treatment with ammonium molybdate enhances particle arrangement and causes increased delamination of 
kaolinite layers, improving dispersibility and homogeneity in coatings. Sample E shows desirable characteristics with good crys-
tallinity, solid growth, cubic morphology, and uniform size distribution. 

While other treatments had their benefits and modified specific properties of kaolin, the thermal treatment demonstrated a unique 
set of advantages, including high thermal stability and structural transformation. These qualities make it a promising candidate as an 
additive in coatings, as it can potentially enhance the coating’s performance and durability, especially under elevated temperature 
conditions. 
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