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Abstract 

Kaolin-based ceramic materials include Clay, feldspar, kaolinite and silica clay are important industrial materials which often 

need treatment, commonly known as beneficiation, to improve the quality of ceramic alumina present in the kaolin materials. 

However, there is limited information on the impact of beneficiation on the thermophysical properties of kaolin in Nigeria for 

space application. The kaolin was sourced from Ijero, Ekiti State, Nigeria. Kaolin was wet beneficiated from 0 to 46 hours as 

established by literature, while compositions were determined using X-Ray Fluorescence (XRF). The thermophysical properties 

(Water Absorption, porosity, density, and swelling rate) and Thermo-Gravimetric Analysis (TGA) and Differential Thermal 

Analysis (DTA) of the Beneficiated Kaolin (BK) were determined and compared with Unbeneficiated Kaolin (UBK). The results 

from XRF yielded for UBK sample 73.0% 𝑆𝑖𝑂2, 22.22% 𝐴𝑙2𝑂3 and 69.94% 𝑆𝑖𝑂2, 28.23% 𝐴𝑙2𝑂3) for BK. This implies an 

improvement in the chemical composition of the BK sample. A tremendous improvement in porosity and density was noticeable 

in the sample BK compared to UBK. The TGA and DTA curves revealed a weight loss of 2% to 10% for the UBK sample, but 

a weight loss of 2% to 5% was observed for BK. This implies an enhancement in the thermophysical properties of BK. The 

percentage weight loss enhances the stability and contributes to the strength of kaolin-based ceramic materials under temperature 

loading, and sample BK is hereby recommended for space application. 
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1. Introduction 

With the goal of adding value to Nigeria's otherwise un-

used vast mineral deposits, research efforts have intensified 

in response to the country's drive to boost its GDP in ac-

cordance with the Vision 20-2020 mandate, as well as the 
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development and application of its natural mineral re-

sources. According to the Ministry of Solid Minerals De-

velopment in 2015 and the Raw Materials Research and 

Development Council (RMRDC), kaolin is one such min-

eral that has drawn interest, with deposits estimated to be 

over 3 billion metric tons [1]. Commercial kaolin comes in 

a variety of purity levels. The selling price of kaolin in-

creases with its purity level. Kaolin with relatively high im-

purity levels is typically used as the primary ingredient in 

ceramics and can be purchased at reasonable cost from 

chemical stores. Before being used in the space industry, 

automobile industry and medicinal fields, this kaolin needs 

to be cleansed. [2-5]. 

By removing impurities like iron and undesired elements 

from kaolin clay, the upgrading process known as "benefica-

tion" helps the material reach the proper particle size and size 

distribution for use in final applications [6]. Chemical, me-

chanical, and physical techniques are used in well-established 

beneficiation processes, such as froth flotation, gravity and 

magnetic separation, reductive roasting, hydrocyclone size re-

duction, selective flocculation, and acid treatment/leaching. 

Grinding and drying are also part of the kaolin beneficiation 

process [7, 8]. The quantity and kind of related mineral impu-

rities determine the best techniques for clay mineral beneficia-

tion. Despite being quite effective in eliminating pollutants, 

these techniques are also expensive, difficult, and harmful to 

the environment. Unlike other approaches, wet beneficiation 

processes are typically more cost-effective, environmentally 

friendly, and energy-efficient [9]. In order to employ kaolin 

minerals as an adsorbent, filler, medicinal excipient, and raw 

material for refractories, numerous researchers have investi-

gated their beneficiation and characterisation [10] and ceramic 

bodies [8]. Therefore, it is critical to enhance the quality of 

kaolin clays in order to potentially satisfy the demands of the 

ceramics sector. Despite the fact that there have been rela-

tively few studies published in the literature about the charac-

terisation and beneficiation of Ijero kaolin [11, 12]. 

According to reports, 35 million tons of kaolin reserves are 

available across various sites in Nigeria's Ekiti state, where 

kaolin was extracted [13]. Only by studying their properties 

will these enormous kaolin reserves be able to be used for 

more significant economic gains. This study's primary goal 

was to examine how beneficiation affects Nigerian kaolin's 

mineralogical characteristics and how it improves its thermo-

physical qualities. 

2. Materials and Methodology 

The materials used for the research work are kaolin-based 

ceramic (High alumina brick) materials from the Ijero deposit, 

Ijero local government area of Ekiti State, south-west, Nigeria. 

The sampling area is located between 11° 28 and 11°37N, and 

19° 00 and 19°13 GPS coordinates. 

2.1. Beneficiation Process of Kaolin-based Ceramic Material 

 
Figure 1. (a) Un-Beneficiated Kaolin (UBK) (B) Beneficiated Kaolin BK. 

To effectively minimise the iron oxide impurities and en-

rich the alumina content, the wet beneficiation process was 

employed. Removing iron oxide is crucial to prevent pore 

blockage, fouling on active catalyst sites, and deactivation and 

also increase porosity [14]. The method used in this study is 

consistent with previous research conducted by [15]. Prior to 

processing, the Un-Beneficiated Kaolin (UBK) sample were 

allowed to air dry. The unbeneficiated kaolin was crushed and 

ground. The ground kaolin clay was soaked overnight in water 

in a predetermined ratio of 0.1 g/L. The mixture was plunged 

by stirred for 2 hours, then left to settle for 30 minutes. The 

supernatant water was decanted, and the sedimented kaolin 

clay was sieved using a mesh size 65um. Beneficiated Kaolin 

(BK) was obtained, and both BK and UBK samples were char-

acterised to examine the highest alumina obtained and their 

thermophysical properties. 
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2.2. Characterisation of the Un-Beneficiated 

(UBK) and Beneficiated (BK) Samples 

Using X-ray Fluorescence (XRF) 

Crystal structure and chemical content are what character-

ise kaolin-based ceramic materials. The major elements were 

determined by Energy Dispersive X-ray fluorescence spec-

trometer (EDX3600B) with a filament current of 350Ua. The 

pulverised unbeneficiated and beneficiated samples were 

mixed with lithium tetraborate for chemical analysis. 

2.3. Thermophysical Properties 

2.3.1. Porosity and Density 

Porosity of the sample was determined using Helium Pyc-

nometer plus Bulk volume method through Archimedes setup. 

[16]. The test procedure employed to ascertain these charac-

teristics complies with ASTM C 20-80a, which is the industry 

standard test procedure for porosity and density. From true 

and apparent density, the percentage of porosity was calcu-

lated through equation (1). 

% 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = [1 − (
𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑇𝑟𝑢𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
)] × 100%     (1) 

Using this method, apparent density and percent porosity 

were measured for all samples, and graphs of porosity against 

density were plotted to determine the relationship between 

change in porosity and density of the samples. 

2.3.2. Water Absorption 

The rate at which materials swell under thermal loading is 

directly related to their percentage of water absorption. This 

characteristic is critical, as it indicates the maximum amount 

of moisture that kaolin-based ceramic materials can absorb 

without compromising their structural integrity [16]. Moisture 

absorption tests were conducted in accordance with the ASTM 

C 20-80a standard. The samples underwent a drying process 

in an oven at 100°C for 4 hours. The dried weight and soaked 

weight of the samples were measured and recorded. The per-

centage of water absorption was calculated using Equation (2). 

𝑀𝐶 =
𝐺𝑊−𝐺𝐷

𝐺𝐷
× 100%                 (2) 

𝑀𝐶= Moisture content, 𝐺𝑊 = Mass of the wet sample, 𝐺𝐷 

= Mass of the sample after drying. 

2.3.3. Determination of Thermal Conductivity 

At room temperature, the thermal conductivity was meas-

ured in a steady-state scenario. A heat conduction apparatus 

was used for the test. The test was conducted using circular 

test specimens with dimensions of 40 mm in diameter and 4 

mm in thickness. The specimens were placed between the 

equipment's colder and warmer faces and clamped in place. 

The power input of 5 watts was chosen, and it was kept there 

for 30 minutes until steady-state conditions were met. All six 

sensor locations—three on the heater part and three on the 

cooler section—had their temperatures T recorded. Fourier's 

law was used to compute the thermal conductivity as follows: 

𝐾 =
𝑄𝑑𝑋

𝐴.∆𝑇
                        (3) 

Where 𝑄 is the quantity of heat supplied, 𝑑𝑋 is the spec-

imen thickness, 𝐴 is the cross-sectional area of the specimen, 

and ∆𝑇 is the temperature difference between the two circular 

faces. 

2.4. Thermo-Gravimetric Analysis (TGA) and 

Differential Thermal Analysis (DTA) 

Behaviors 

Thermal analysis of UBK and BK samples of kaolin-based 

ceramic materials was conducted using a NETZSCH STA 449 

F3 Jupiter thermal analyser. This Simultaneous Thermal Anal-

ysis (STA) technique enabled the study of Thermogravimetric 

Analysis (TGA) and Differential Thermal Analysis (DTA) be-

haviors. The analyzer's temperature range was set between 

40°C and 900°C, with a heating rate of 10°C/min in a nitrogen 

atmosphere. The weight loss and temperature changes during 

the process were recorded in ThermoGravimetric (TG) and 

Derivative ThermoGravimetric (DTG) formats. 

3. Results and Discussion 

3.1. Beneficiation Effect on Kaolin-based 

Ceramic Materials 

Table 1 presents the chemical composition of kaolin-based 

ceramic materials, both UBK and BK samples. It is essential 

to determine the highest level of 𝐴𝑙2𝑂3 present in the kaolin-

based ceramic material because of the attribute under temper-

ature loading. The results presented in Table 1 show the ele-

mental as well as the chemical composition of the investigated 

kaolin-based ceramic before and after beneficiation. It shows 

that beneficiation increased the amount of alumina oxide 

(𝐴𝑙2𝑂3) in the kaolin-based ceramic from 22.22 to 28.23%, 

while UBK kaolin-based ceramic was 22.22%. The BK sam-

ple showed the highest aluminium oxide obtained. The silicon 

oxide (𝑆𝑖𝑂2) decreased from 73.0 to 69.94% for UBK and BK 

samples, respectively. This is an indication of increased min-

erals and quartz, although this is in tandem with the claim by 

[17]. Iron (Fe) behaves differently under thermal conditions, 

due to the difference in its corrosive nature [18]. The results 

show that the iron (Fe) content was reduced by 49.4% from 

4.01 to 2.03% for the UBK and BK samples, respectively. 

This indicates the reduction of iron in the structure of BK com-

pared to the UBK sample. 
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Table 1. Chemical composition of Kaolin-based ceramic materials. 

Chemical Composition SiO2 AI2O3 Fe2O3 MnO CaO P2O5 K2O TiO2 MgO 

UBK Sample  73.0 22.22 4.01 0.05 0.84 0.72 1.50 0.01 0.45 

BK Sample  69.94 28.23 2.03 0.14 0.21 0.41 0.20 0.10 0.34 

 

3.2. Thermophysical Properties 

Table 2 displays the thermophysical parameters UBK and 

BK samples. These values were derived by averaging three (3) 

readings from the experiment. The explanations of each of the 

sample’s properties are made in the following subsections. 

3.2.1. Porosity and Density 

Figure 2 shows that the value of the porosity of the UBK 

was 15.350%, while BK was 35.28%. It was found that poros-

ity improves tremendously with the BK result and is within 

the acceptable range of (20-40%) as suggested for ceramic 

material under temperature loading [16]. It was observed from 

the results of the bulk density test that the values of bulk den-

sity significantly decreased from 5.56 to 2.47 (g/cm3). This 

decrease in bulk density can be traced to an increase in appar-

ent porosity and water absorption. This is in agreement with 

some research conclusions that noted the correlation between 

bulk density, apparent porosity and water absorption and 

hence, stated that less dense materials are highly porous and 

less likely to shrink [5, 18]. 

Table 2. Thermophysical properties of the UBK and BK samples. 

Properties UBK BK 

Density (g/cm3) 5.56±4.26 2.47±3.51  

Porosity% 15.35±2.13 35.28±3.26 

Water absorption% 12.35±3.21 9.23±2.45 

Swelling rate 3.5±5.24 2.08±3.13 

Thermal Conductivity (w/m.k) 1.45 1.22 

 
Figure 2. Rate of porosity with density of UBK and BK. 

3.2.2. Water Absorption 

The percentage of water absorption rate of Un-Beneficiated 

Kaolin (UBK) and Beneficiated Kaolin (BK) samples is pre-

sented in Table 2. There was a steady decrease in water intake 

in the BK sample. At inception, the UBK sample stood at 
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12.35%, slightly higher than the value of the BK sample at 

9.23% However, there was no appreciable change in the rate 

of absorption at BK because it has attained the saturation stage. 

Kaolin-based ceramic material that absorbs higher moisture is 

not desirable for high-strength applications. A comparison of 

the water absorption and swelling rates between the UBK and 

BK samples reveals a noticeable disparity, as illustrated in 

Figure 3. The results indicate that sample BK exhibit a distinct 

difference in water absorption behaviour, with the overall av-

erage water absorption rates being observed. It was observed 

that the UBK absorbed more moisture than the BK sample. 

The lesser the moisture absorbance rate of kaolin-based ce-

ramic, the better its strength and compatibility for composite 

and the indication of suitability in a stringent environment. 

Also, there was a reduction in the swelling rate of sample BK 

compared to UBK. The relationship that exists between water 

absorption and the swelling rate is that the higher the swelling 

rate, the higher the water absorption of the materials. 

 
Figure 3. Rate of water absorption of UBK and BK samples. 

 
Figure 4. Comparison of TGA/DTA of (a) UBK and (b) BK. 

3.3. TGA and DTA 

The TGA and DTA are illustrated in Figure 4. The graph 

provides valuable insights into the thermal stability of both 

UBK and BK samples. The thermal decomposition of both 

samples resulted in distinct weight loss patterns, with signifi-

cant degradation occurring between 400°C and 550°C. Ther-

mal analysis revealed that the evaporation and release of water 

molecules occurred at similar temperatures for both unbenefi-

ciated and beneficiated kaolin-based ceramic materials (UBK 

and BK). The initial weight loss phase, spanning 200°C to 

350°C, was attributed to moisture loss, resulting in a weight 

reduction of approximately 9-10% across all samples. As the 

temperature increased, the initial decomposition temperature 

(IDT) phase commenced within the range of 400°C to 550°C. 

For each sample, there were variations in the weight loss and 

the temperature at which the thermal reaction took place. 

Three mass losses and three endothermic peaks were seen in 

the DTA curves for the samples. At temperatures between 

100°C and 200°C, the first part of the TGA and DTA curves 

revealed a negligible weight loss of 2% to 10% for the UBK 

sample, but a weight loss of 2% to 5% was observed for BK. 

A significant weight loss was observed in all samples between 
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400°C and 500°C during the initial decomposition tempera-

ture reaction. This weight loss was attributed to the removal 

of absorbed and interlayer water, consistent with the findings 

of [1]. The unique structure and chemical and mineralogical 

compositions of kaolin-based ceramics distinguish them from 

one another. According to the illustrations in Figure 4a and 4b, 

the findings indicate the superiority of the BK sample over the 

UBK sample, such as reducing the exothermicity of the pyrol-

ysis reaction, limiting the generation of combustible gases, 

and decreasing the thermal conductivity of the burning mate-

rials. Consequently, kaolin-based ceramic samples with a 

lower percentage of weight loss exhibit good strength, which 

is also in agreement with the report of [13]. The percentage 

weight loss enhances the stability and contributes to the 

strength of ceramic materials under temperature loading and 

is hereby recommended for furnace lining application. 

4. Applications of BK in the Space 

Industry 

Space hardware cannot tolerate impurities like iron, which 

creates hot spots, or volatiles that outgas in vacuum. Benefi-

ciation reduces Fe2O3 to <0.5% and delivers predictable 

shrinkage, strength, and thermal stability. Because it is inex-

pensive, lightweight, and stable at high temperature, benefi-

ciated kaolin (BK) is used wherever a low outgassing, non-

melting ceramic is needed. BK serves as a refractory liner in 

small thrusters and solid rocket motors. It is also used as a 

filler in ablative nozzle throats. Also, BK is a good material 

for Thermal Protection Systems (TPS) with low thermal con-

ductivity and low mass, BK performs well in re-entry materi-

als. When blended into silica/phenolic ablatives, it forms a sta-

ble char layer. NASA and other agencies have tested kaolin-

based composites for TPS applications. High-purity kaolin fi-

bers and papers are used for internal insulation, gaskets, and 

cable wraps inside spacecraft. They exhibit minimal outgas-

sing and withstand thermal cycling in vacuum. 

5. Conclusion 

It has been reported by researchers that millions of tons of 

kaolin reserves are obtainable across different deposits in Ni-

geria. These huge kaolin reserves can only be harnessed for 

greater economic benefits if their characteristics are studied. 

Therefore, this study investigated the effects of beneficiation 

on the mineralogical properties and its enhancement on the 

thermophysical properties of Nigerian kaolin. These findings 

indicated the superiority of beneficiated kaolin BK over un-

beneficiated kaolin UBK, such as reduction of water absorp-

tion, swelling rate of BK compared to UBK sample. The exo-

thermicity of the pyrolysis reaction for both UBK and BK 

shows that the BK sample has high porosity and is less dense 

compared to UBK, with lower porosity with higher density. 

Consequently, kaolin-based ceramic samples with a lower 

percentage of weight loss exhibit good strength and have ther-

mal stability, which has been demonstrated by the BK sample. 

Based on the tremendous enhancement in the thermophysical 

properties of the BK sample, it is recommended for space ap-

plications. 

Abbreviations 
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TGA Thermo-Gravimetric Analysis 
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