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ARTICLE INFO ABSTRACT

Keywords: In this study, some selected clay samples were beneficiated and blended with quartz and feldspar in various
Raw clay proportions to develop composites with good thermal and structural performance for sustainable development.
Fired clay

X-ray fluorescence (XRF) analysis affirms the aluminosilicate nature of the clay samples and other trace oxides.
The pore volume of the fired bulk composites disappears at 1200 °C leading to a decline in apparent density,
apparent porosity, and water absorption. Furthermore, this study revealed that at the same temperature, the bulk
density (1.69, g/\ em?, 1.78, g/cm®, 1.78 g/cms), modulus of rupture (33.2 kg/! em®, 39.34 kg/cmg, 38.88 kg/ cm),
and total shrinkage (23.6 %, 22.3 %, 20.6 %) were maximum. Additionally, the results showed that the relative
plasticity of the clay samples improved with the addition of feldspar and quartz from 1.27 to 1.33 and 1.35 for
the fired composites (BO1: 50 % clay, 30 % feldspar, 20 % quartz, and CO1: 50 % clay, 25 % feldspar, 25 %
quartz), respectively. Results obtained from thermogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC) analysis confirmed the clay samples to be thermally stable. The X-ray diffraction (XRD) patterns of
all the fired composites showed major peaks, with quartz content being the highest at 27.5° (26) angle, albite
presenting the lowest non-clay mineral content. Based on the analyses conducted in this study, it could be
inferred that the clay sample is suitable for thermal insulation and structural applications.

Green composites
Sustainable development
Thermogravimetric analysis

1. Introduction temperatures [6]. Significantly, the clay material can retain its shape,
strength, chemical, and dimensional integrity at high temperatures.
These potentials make materials that would be subjected to these con-

ditions, refractory materials, for instance, very useful in the production

Harnessing the abundant clay deposits on the landscape of many
developing countries across the world could catalyze the emergence of

sustainable manufacturing industries [1,2]. In the past, Mucke et al. [3]
reported that virtually all the regions of the world are naturally endowed
with enormous deposits of clay. However, Dansarai et al. [4] argued that
new applications of the identified clay deposits could bring about eco-
nomic prosperity globally. According to Ugwuoke and Amalu [5], clay is
a mineral on the surface of the earth that occurs as a result of digenetic
and hydrothermal alteration of rocks. This non-metallic material pos-
sesses massive heat capacity and can withstand high temperatures and
pressures, thermal shock, chemical attacks, and heavy loads at elevated
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of devices and equipment like furnaces, incinerators, crucibles, elec-
trical insulators, and other metallurgical furnace linings where resis-
tance to high temperatures is of the essence. These devices are
significant in the processing of raw materials into finished goods in
manufacturing industries. Clay materials occur geologically as particles
with phyllosilicates or sheet structures. They have diameters ranging
from less than 2 pm to 100 pm and are most naturally in solids, sedi-
ments, sedimentary rocks, hydrothermal deposits, and abundantly in
every part of Nigeria.
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Several investigations have been reported on several clay deposits
with remarkable success. For example, Amkpa et al. [7] studied the
Alkaleri clay deposit in Bauchi State, Northeastern Nigeria to verify the
suitability of the high silica and alumina deposits for refractory appli-
cations. Conclusion made centers on the improvement of the cold
crushing strength, firing shrinkage, and bulk density because of me-
chanical activation through the sintering process. Findings made were
comparable to that of Ojonimi et al. [8], which investigated the Egba-
hieme clay deposit in Kogi State, North Central Nigeria. Both deposits
share similar properties, including the unavoidable inclusion of impu-
rities. In a similar study, Ajala & Badarulzaman [9] isolated the Aloji
clay deposit from a site in Kogi State for investigative studies. Findings
from the investigation indicated that the Aloji fireclay possesses suffi-
cient attributes for application in foundry technology as refractory
fireclay bricks. Similarly, Okpanachi et al. [10] reported on Kaduna,
Tagwai, and Gbakoita clay deposits located in Niger State, Nigeria.
While Kaduna clay was found physically suitable for both fire and sili-
ceous fire clay, Tagwai clay could only withstand 1200 °C maximum due
to its low refractoriness, thermal shock resistance, and bulk density,
despite its good linear shrinkage, apparent porosity, and cold crushing
strength. Of the three clay deposits, Gbakoita clay was found to perform
poorly as a refractory material, falling below standard specifications for
the application. Each of these independent studies established the fact
that Nigeria’s clay deposits are rich in silica and alumina and satisfy the
physical, mechanical, and thermal requirements for many applications.
Another area of application of clay that dates back to the pre-colonial era
is in building materials, especially reinforced bricks and blocks. More
research efforts have to be dedicated to this area because of the huge
housing deficit in Nigeria in the face of the rising cost of conventional
cement, a major component of building blocks.

Clay minerals are special materials whose properties are largely
influenced by their geographical location, relative humidity, chemical
composition, and processing parameters. The thermal and chemical
stability of clays has endeared them to applications in building services,
heat treatments, and electrical power infrastructure. The type of reac-
tion that will take place during the thermal processing of clays depends
on the specific minerals that make up the clay [11]. Recent studies on
chemical, phase, and thermal analyses to determine the composition of
the raw materials and production technology have been presented by
Kostova et al. [12]. Their results suggest that clay type cannot be
determined by one method alone. Therefore, a combination of different
methods is critical for the accurate identification of mineralogical
components of clay deposits and their suitability for various
applications.

The primary contributions of this study is the exploration of the
synergistic effects achieved by blending quartz and feldspar with clay.
This combination harnesses the unique properties of each component to
create composites with enhanced thermal and structural characteristics.
Furthermore, this study was designed to investigate selected clay sam-
ples towards developing products from clay deposits, with many of them
seeking to compare the properties of products made from them across
different regions of the world. Through meticulous synthesis methods,
characterization, and applications-driven research, these composites are
poised to revolutionize industries ranging from construction to
manufacturing. Embracing the potential of these innovative materials is
essential for addressing global challenges and advancing towards a more
sustainable future. Overall, the novelty and major contribution of this
study lies in its exploration of the synergistic properties of quartz and
feldspar-blended clay composites, their tailored applications across
various sectors, and their role in advancing sustainability as well as ef-
ficiency in materials science and engineering.
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2. Materials and methods
2.1. Materials

The major raw material (clay sample) used in this study was mined
from Okitipupa, South West Nigeria. This area falls within Latitude 6°36’
28.31" N and Longitude 4°46' 27.75" E on the globe. The geographical
location is rich in several grades of mineral resources, including clay
minerals, that met the specifications of numerous manufacturing and
service sectors. The clay additive (processed quartz) was sourced from
Enugu State, in southeastern Nigeria. While beneficiated feldspar was
obtained from Abeokuta, in the southwest of Nigeria.

2.2. Experimental method

The clay sample from the collection site was dried, crushed, and
screened, then packaged using the procedure described in Shan et al.
[13]. A 3 kg measure of the clay was weighed and soaked in 10 L of
water. This was then mixed for 15 min using an electrically powered
mechanical mixer, within which the lighter impurities were expected to
separate themselves from the clay and float while heavier impurities
settled at the bottom of the containing vessel. The mixture was then
allowed to settle for 3 days. The resulting mix was decanted and
dewatered, dried further in an electric oven, and passed through sieves
of 425 pm and 180 pm meshes. Subsequently, the raw clay was blended
with quartz and feldspar in different proportions to yield various sam-
ples, as indicated in Table 1.

The beneficiated clay sample was then mixed with water in a ratio of
6:1 (sample to water) to make it malleable. The malleable mixture was
then used to produce 10.0 mm diameter by 65.0 mm height cylindrical
test specimens and 70.0 mm length x 25.0 mm width x 15.0 mm height
rectangular test specimens in a lubricated metallic mold. The samples
were left to harden under atmospheric conditions for 168 h for slow but
steady drying, followed by oven-drying at 110 °C for 4 h to remove
moisture that could not be removed by natural drying, thus forming the
raw clay (AO1) and green/dried composites (BO1 and CO1) which were
subsequently subjected to higher temperature at 1100 °C during firing
exercise in the furnace.

2.3. Evaluation of the raw clay and the composites

X-ray fluorescence was carried out to determine the elemental
composition of the raw clay sample using X-ray diffraction equipment
(Model Phillips PW-1800). A water absorption test was performed on the
fired raw clay and the blended clay composites following the procedure
described in Medupin et al. [14]to study the samples’ durability and
behavior in weathering. The moisture content of the clay samples was
determined after drying in the oven at 110 °C for 24 h, according to the
method reported by Shuaib-Babata et al. [1]. The calculation of
apparent porosity, that is the relationship of the volume of the open
pores in the specimen to its exterior volume, was done according to the
method described by Chindaprasirt [15], and Aluko & Ikubuwaje [16].
The bulk density of the specimen expressed in g/cm®, which is the
quotient of its dry weight, was determined following the method used by
Aluko & Ikubuwaje [16]. The flexural strength of the fired clay speci-
mens (modulus of rupture) was determined by a 3-point bend test ac-
cording to ASTM C133-97 as reported by Samad et al. [17]. Cylindrical
geometry samples were used (5.0 mm diameter and 65.0 mm span).

Table 1

Categorization of clay mixtures.
Sample Clay (g) Feldspar (g) Quartz (g)
AO1 100 0 0
BO1 50 30 20

Cco1 50 25 25



astm:C133
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Both dried and fired clay and their composites were analyzed for
modulus of rupture (MOR) using Equation (1).
3pL

Modulus of rupture = SBIE (@)

where p = load at rupture, L = distance between the center line of the
lower bearing edges of the equipment, B = width of composite, and H =
thickness of composite (cm).

2.4. Thermal analyses

Thermal analyses are critical analytical techniques for material
characterization due to the unique ways in which various materials
respond when exposed to varying degrees of thermal energy. In this
study, differential scanning calorimetry (DSC), differential thermal
analysis (DTA), and thermogravimetric analysis (TGA) were used to
evaluate the thermal behavior of the fired clay and fired composites.
Combined DSC-DTA was conducted using thermal analysis (TA) equip-
ment (MDCS;600-2920). A 6.40 mg measure of each sample was placed
on the sample pan while the reference pan was empty. The temperature
was then increased from the ambient temperature to 1200 °C at a
heating rate of 10 'C/min. Simultaneous thermal conductivity and
structural reactions were acquired in the DSC and DTA modes, respec-
tively. The coupled DSC-DTA device was interfaced with a laptop
computer, while data acquisition and analysis were done using universal
thermal analysis software. Thermogravimetric analysis (TGA) was con-
ducted using another TA instrument (TGA1000-2950). This device makes
use of high-melting metal (platinum) as the material for the sample pan.
Nitrogen gas was used as the inert gas also to purge the sample inside the
heating chamber of the instrument before heating was initiated. The
TGA analysis was done at a heating rate of 10 'C/min.

3. Results and discussion
3.1. Chemical analysis of the raw clay and blended clay composites

The geochemical composition of raw clay (AO1)) and blended clay
composites (50 % clay, 30 % feldspar, 20 % quartz (BO1), and 50 % clay,
25 % feldspar, and 25 % quartz (CO1)) obtained from XRF is presented
in Table 2. The analysis shows that the clay belongs to the fireclay group
with silica and alumina compositions in the range of 50-55 % and
15-45 %, respectively [18]. The clay could be considered an alumino-
silicate clay, with alumina and silica having the highest percentage of
oxides. The higher percentage of SiO5 for AO1 explains the sandy nature
of the clay sample [19], while the low amount of CaO and the absence of
MgO in the clay sample is due to the absence of CaCO3 [20].

The value of the Al,03/Fe,Os ratio is said to play a significant role in
the determination of the industrial application of fireclay samples.
Garcia-Valles et al. [20] reported that if this ratio is less than 5.5, the
clay is a high plastic clay, maybe iron-rich, and is suitable for the

Table 2
Geochemical composition of the raw clay and blended clay composites.

Predominant oxides % Distribution of oxides

AO1 BO1 Cco1

SiO, 50.701 64.118 64.034
Al,O3 33.919 24.484 24.915
Fe,03 1.849 1.207 1.070
TiO, 2.816 1.903 1.811
CaO 0.128 - -

P05 0.432 0.472 0.420
K0 0.155 2.932 2.491
Z,.0 0.104 - -

LOI 9.700 4.600 5.000
Si02/AlL03 1.495 2.619 2.570
Al,03/Fe;03 18.345 20.285 23.285
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manufacture of building bricks and yellow-grey tableware. It can be
observed also that the inclusion of the additives to the clay increased the
Si04/Al,03 ratio. For all the samples, the SiO5/Al;03 ratio is less than 3
%, which signals the presence of high-quality quartz in the studied clay
[21]. Additionally, color-forming impurities like Fe,O3 and TiO5 were
found to be low and significantly reduced upon the addition of quartz
and feldspar to unblended clay. According to Merga et al. [22], low iron
content would contribute to the reduction of gas formation at high
temperatures when Fe;O3 transforms into Fe3O4 [23]. In the same vein,
the slightly high loss on ignition of 9.7 % can be attributed to the loss of
structural hydroxide which occurred during the conversion of kaolinite
clay to metakaolinite phase formation at a lower temperature of 500 °C.
Therefore, it can be inferred from the mineralogical analysis that the
studied clay is suitable for structural application and less prone to
porosity-induced failure with the appropriate addition of the additives,
quartz, and feldspar.

3.2. Physical properties

Fig. 1 shows how the physical properties of the bulk composites of
each sample vary when exposed to different temperature conditions in a
furnace environment. The apparent density, apparent porosity, and
water absorption of the composites decrease with increased firing tem-
perature (See Fig. 1la, b, and c), while the bulk density, modulus of
rupture, and shrinkage of the composites increased with increased firing
temperature (see Fig. 1d, e, and f). Previous research has demonstrated
that the melting of feldspar at temperatures around 1100 °C leads to a
liquid/glassy phase that occupies the voids in the microstructure,
responsible for densification [24,25]. Merga Tullu et al. [23] reported
that feldspar melts as the firing temperature increases and fills up
microstructural pores within the composites. Consequently, the pore
volume continues to disappear until the temperature reaches 1200 °C.
Apparent density, porosity, and water absorption have minimum values
while bulk density, modulus of rupture, and total shrinkage have
maximum values as shown in Fig. 1. It was also observed that the
relative plasticity of the clay samples improved upon the blending of
feldspar and quartz, from 1.27 to 1.33 and 1.35 for BO1 and COl,
respectively. This implies that the bulk clay samples become more
malleable as their plastic properties are improved, thus providing added
benefits during manufacturing activities.

3.3. Thermal analysis, DSC, TGA/DTG

The thermal properties of the unfired clay sample and unfired com-
posites of different compositions containing feldspar and quartz were
studied to investigate the effect of the additives on the thermal stability
of the materials. Differential scanning calorimetry (DSC) measurements
were performed on composites of samples at the heating rate of 10 °C/
min, in the temperature range of 300 up to 480 °C, without additional
processing before DSC measurement. Temperatures characteristic for
thermal transitions of the material were read out from the second
heating scan. The heating profiles of raw clay are shown in Fig. 2. The
DSC thermograms of clay reinforced with various weight fractions of
feldspar and quartz are presented in Figs. 3 and 4. Clear endothermic
peaks are observed to be located at the same location in the heating
curves. The crystallization of neat clay can be observed at approximately
433 °C, while the onset temperature of degradation and crystallization is
observed to have slightly changed. It is obvious that the initial degra-
dation temperature (Topser), Which is an indication of the thermal sta-
bility of the materials, had the lowest value for the unfired clay. The
incorporation of feldspar and quartz into the clay sample shows slight
changes in the onset of the composite, as can be seen in the thermo-
grams. Additionally, it can be observed that the change in the percent-
age of feldspar and quartz components did not affect the thermal
stability of the composite clay, not even on the dried clay (Figs. 2-4).
This further buttresses the fact that the clay sample is naturally
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Fig. 4. DSC of 50 % clay, 25 % feldspar, 25 % quartz.

thermally stable and can withstand temperature fluctuations.

The derivative heat flow curves indicate a constant rate of degra-
dation between 330 °C to 430 °C before the peak. There appears to be no
difference in the reinforced and the unreinforced materials which im-
plies that the effect of the reinforcement is not felt in the thermal sta-
bility characteristics of the clay sample. The rate of heating and the heat
flow profiles for the three DSC thermograms corroborate the fact that the
clay studied is thermal stable with or without the feldspar and quartz
reinforcement.

The TGA measures the weight change as a function of temperature in
the scanning mode or as a function of time in the isothermal mode in a
controlled atmosphere [14]. The thermal stability curve of the raw clay
is displayed in Fig. 5. The principal events from the thermographs affirm
what was discussed in the DSC thermographs. The clay undergoes
thermal degradation with a total weight loss of about 0.13 %. When
subjected to a furnace temperature between 30 and 1000 °C, the initial
loss was insignificantly low. The thermogravimetric analysis affirmed
the fact that the clay analyzed is indeed thermally stable and that the
processed materials were free from e impurities. This further confirms
the applicability of this clay in structural industry.

The differential thermal analysis (DTA) thermographs in Figs. 6 and
7 indicate that no significant weight loss took place beyond 250 °C. As
decomposition advances with a notable rise in temperature, more ma-
terials get degraded leading to insignificant weight loss. Between step
one and step two, only about 0.041 mg representing less than 1 % of the
material analyzed was lost. However, at higher temperatures (between
350 °C and 650 °C), there was a slight increase in the amount of
decomposition. Again, this was insignificant compared to the amount of
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weight loss in the first step and other material types [26-28]. The ma-
terial appears to have been completely stabilized after this stage as the
amount of residue remained 99 % of the initial amount between 650 °C
and 995 °C. This observation is similar to the derivative temperature
difference profile shown in Figs. 6 and 7.

3.4. Microstructure analysis
The X-ray diffraction (XRD) patterns of the fired clay and fired

composites were measured to identify the major clay and non-clay
minerals such as kaolinite, albite, quartz, and orthoclase present in the

Table 3
XRD quantitative phase analysis of Okitipupa clay.
Minerals Formula PDF # Quantity (%)
name AO1  BOlI €Ol A0l BOl COl
Quartz SiO, 01- 04- 00- 52 44 42
085- 015- 002-
0865 8431 0471
Kaolinite Al,Si>05(0H)4 00- 00- 00- 33 37 18
058- 058- 003-
2004 2028 0052
Orthoclase Al,Os3. 00- 00- 00- 8.3 11 32
K20-6Si0, 002- 002- 002-
0475 0534 0534
Albite NaAlSizOg 00- 00- 00- 6 7.6 8

003- 003- 003-
0451 0451 0451
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Fig. 8. XRD patterns of Okitipupa clay (a) AO1: 100 % clay, (b) BO1: 50 % clay, 30 % feldspar, 20 % quartz, (c) CO1: 50 % clay, 25 % feldspar, 25 % quartz.

bulk samples. The composition of these major phases is presented in
Table 3 showing quartz (SiO2) content the highest for each of the bulk
samples peak at 27.5° (20) angle (Fig. 8). While albite (NaAlSizOg)
presents the lowest non-clay mineral content. Shan et al. [13] com-
mented on the complexity of mineral compositions of natural clay and
the challenges associated with controlling them artificially. Hence, the
difficulty in investigating the influence of mineral content on the dy-
namic properties of clay. The authors also reported that although the
plasticity index plays a significant role in the investigation of the dy-
namic properties of natural clay, variations occasioned by strong and/or
loose absorbed water are primarily important indicators of the plasticity
index in practical engineering. Therefore, the interrelationship between
clay and non-clay minerals determines the overall properties that
eventually dictate the application of the materials.

Generally, clay minerals are mainly small grains while the large
grain size populations as illustrated in the SEM images (Fig. 9) are non-
clay minerals [29]; the latter being from quartz. The SEM images

presented imply that the bulk materials contain a substantial amount of
large quartz grains. The high percentage of quartz in all the clay samples
is responsible for the patterns seen in the XRD (Fig. 8) and the distri-
bution in SEM images. The higher clay content promotes the bonding
behavior between clay and non-clay minerals, thus, favoring improved
mechanical strength of the bulk clay sample as observed in Fig. 1. This is
in agreement with results obtained from similar studies reported in the
past [30-32].

4. Conclusion

Quartz and feldspar-blended clay composites represent a paradigm
shift in material science, apparently offering unparalleled thermal effi-
ciency and structural performance. In this study, clay samples blended
with quartz and feldspar were investigated to determine their potential
areas of application. Investigation of the physical properties of the three
different categories of bulk clay studied confirmed their suitability in the

Fig. 9. SEM images of the specimens (a) AO1 (b) BO1 (c) CO1 after sintering at 1200 °C.
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built environment, as well as other structural applications. Findings
from this study further revealed that at the same temperature, the bulk
density (1.69, g/cm?, 1.78, g/cm3, 1.78 g/cm®), modulus of rupture
(33.2 kg/cm®, 39.34 kg/cm®, 38.88 kg/cm®), and total shrinkage (23.6
%, 22.3 %, 20.6 %) were at maximum. In addition, the results revealed
that the relative plasticity of the clay samples improved with the addi-
tion of feldspar and quartz from 1.27 to 1.33 and 1.35 for the blended
samples (BO1: 50 % clay, 30 % feldspar, 20 % quartz, and CO1: 50 %
clay, 25 % feldspar, 25 % quartz), respectively. The clay used in this
study has low iron content, and this contributes significantly to the
reduction of gas formation at high processing temperatures. This study
confirms that the addition of feldspar and quartz improves the plastic
properties of the materials for manufacturing purposes. The improved
plastic behavior of the blended clay samples enhances its formability,
thereby leading to higher product quality and reduced manufacturing
costs. Finally, the results of the microstructural analysis revealed a ho-
mogeneous distribution of the constituent parts of the bulk support, as
well as the physical and mechanical stability of the materials. The high
thermal stability of the clay increases the spectra of possible areas of
application as the clay shows a high level of purity with high residue
content after hydrolysis at 1200 °C. Future studies may consider inves-
tigating this clay sample for electrical insulation capacity for domestic
electricity distribution and electric vehicles.
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